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Editorial on the Research Topic
 Insights in infectious agents and disease: 2021




The emergence and spread of infectious diseases with pandemic potential occurred trough human history, and were recently reviewed in the section Infectious Agents and Disease by Piret and Boivin (2021). Major pandemics and epidemics involved bacterial infectious diseases such as plague, cholera, or tuberculosis since past centuries, and viral infectious diseases such as flu and the most recently COVID-19 which emerged at the end of 2019, spread globally, and caused millions of deaths. Many infectious diseases leading to pandemics are caused by zoonotic pathogens, originating from an animal source (livestock, wildlife, or companion animals). In addition, some of them may be transmitted to humans through intermediate hosts such as arthropods, which allow them to be grouped as vector-borne and zoonotic infectious diseases.

The present Research Topic, consisting of 36 published articles, provides an overview of recent developments in the field of bacterial, viral, parasitic, and fungal infectious diseases. This overview can be structured according to the type of infectious agent concerned, i.e., mainly bacterial, viral, or fungal, and in the order of importance according to the number of articles published for each infectious agent type. It also reflects the current content of the section Infectious Agents and Disease of Frontiers in Microbiology.


1. Bacterial infections

A number of articles dealt with bacterial diversity, epidemiology, and antimicrobial resistance. Gyamfi et al. identified, using VNTR profiling, new Mycobacterium ulcerans genotypes in Buruli ulcer endemic communities in Ghana and Côte d'Ivoire. This molecular epidemiology study suggested evidence of possible transmission of M. ulcerans from the environment, particularly water bodies from aquatic plants, to humans through open lesions on the skin. Shao et al. reported the phenotypic and molecular characterization of a K54-ST29 hypervirulent Klebsiella pneumoniae isolate causing multi-system infection in a patient with diabetes. Community-acquired infection caused by hypervirulent K54 K. pneumoniae with diabetes is a particular concern in East Asia. Among zoonotic pathogens, Streptococcus suis causes invasive infections in humans and pigs. Kerdsin et al. reported the genomic characterization of Streptococcus suis serotype 24 clonal complex 221/234 from human patients. The strains were analyzed and classified according to their antimicrobial resistance genes, pathotyping, virulence-associated gene profiles, and minimum core genome typing. Regarding pathogen transmission, and in particular transmission of tick-borne pathogens, in a hypothesis and theory article, Chang et al. discussed the role of ranged horses in the eco-epidemiology of Rickettsia raoultii infection in China. R. raoultii gene sequences were indeed detected in both horses and their ticks. In the field of epidemiology, a study of Lang et al., performed in hospitals from Seesen/Germany, reported risk factors of patients with diarrhea for having Clostridioides (Clostridium) difficile infection. Among significant factors identified were the use of diuretics and a diet poor in vegetables.

Five articles of the Research Topic focused on antimicrobial-resistant pathogens and means to combat their emergence and spread. Yao et al. reported the genomic characterization of a uropathogenic Escherichia coli ST405 isolate harboring several distinct plasmids carrying blaCTX-M antibiotic resistance genes encoding extended-spectrum beta-lactamases. The coexistence of two blaCTX-M variants in the same strain increases the risk of the emergence of new blaCTX-M variants. Regarding detection of antimicrobial-resistant bacteria, Hayashi-Nishino et al. reported the identification of bacterial drug-resistant cells by the convolutional neural network in transmission electron microscopy images. The proposed method was highly accurate in classifying cells and differentiating between enoxacin-resistant and enoxacin-sensitive cells based on bacterial cell envelope differences. Another bacterial pathogen of concern regarding antibiotic resistance is Neisseria meningitidis. Zhang Y. et al. reported the epidemiology of meningococcal disease and carriage, genotypic characteristics and antibiotic resistance of N. meningitidis isolates in Zhejiang province, China, during the period 2011–2021. Regarding antimicrobial chemotherapy, a study of Spoto et al. proposed active surveillance cultures and procalcitonin in combination with clinical data to guide empirical antimicrobial therapy in hospitalized medical patients with sepsis. Among possible means to combat the emergence and spread of antimicrobial-resistant microorganisms, Ratia et al. provided a mini-review on gold-derived molecules as new antimicrobial agents. Gold complexes, with their broad-spectrum antimicrobial activities and unique modes of action, appear particularly relevant among several investigated families of derivatives.

Several articles dealt with virulence factors, pathogenicity mechanisms, infection models, immune response, or infectious pathology. Ferrell et al. reviewed the current knowledge on virulence mechanisms of Mycobacterium abscessus and their implications for vaccine design. Continued research into M. abscessus pathogenesis is of importance for the future development of safe and effective vaccines and therapeutics to reduce global incidence of this emerging pathogen. Cabral et al. reviewed the modulation of the cellular response to Mycobacterium leprae and pathogenesis of leprosy. Ménard et al. reviewed the cross-talk between the intestinal epithelium and Salmonella Typhimurium, with a focus on the mechanisms developed by S. Typhimurium to cross the intestinal epithelium and access to sub-epithelial or systemic sites and survive host defense mechanisms. Schultz M. et al. reported the role of Staphylococcus aureus lipoproteins in inducing bone resorption in a mouse model of S. aureus septic arthritis. The effect was suggested to be mediated by the lipoproteins' lipid-moiety through monocytes/macrophages. In the field of microbial pathogenesis, Yamazaki et al. reported, using a murine model of infection, that the increased vascular permeability due to spread and invasion of Vibrio vulnificus in the wound infection exacerbates potentially fatal necrotizing disease caused by this pathogen. Helicobacter hepaticus infection is linked to chronic hepatitis and fibrosis in BALB/c mice. Cao et al. investigated the mechanism underlying the mouse model of H. hepaticus-induced hepatocellular carcinoma, and showed that H. hepaticus infection promotes the progression of liver preneoplasia via the activation and accumulation of high-mobility group box-1 (HMGB1). Controlled human infection models (CHIMs) have been used to provide invaluable insights in the pathogenesis, host-pathogen interaction and evaluation of vaccines. Sztein and Booth, reviewed CHIMs to fully comprehend the human response to enteric infections, in particular enteric fevers caused by typhoidal Salmonella spp., with emphasis on the contributions of CHIMs to uncover the complex immunological responses to these organisms and to provide insights into the determinants of protective immunity.

Regarding infectious pathology, Zimmermann et al. provided additional insight through a case report and review of the literature on reactive arthritis caused by C. difficile ribotype 027. This pathology is characterized by the fact that patients suffer from diarrhea or colitis after taking antibiotics, toxigenic C. difficile or only the toxins are detectable in the stool and there are no other explanations for the arthritis and diarrhea. Örgel et al. studied during a period of 24 months bacterial colonization and infection rates in patients with transcutaneous osseointegrated prosthetic systems after lower limb amputation. The dominant bacteria identified were Gram-positive bacteria consisting of the following species: Staphylococcus aureus, other Staphylococcus spp., and Streptococcus spp. This study highlighted that the soft tissue inside and around the transcutaneous stoma is colonialized by multiple taxa that changes over time, and a stable Gram-positive dominated bacterial taxa could be a protective factor for ascending periprosthetic infections.

In the field of immune response that concerns both bacterial and viral pathogens, Schultz B. M. et al. reviewed the role of extracellular trap release during bacterial and viral infection. Neutrophil extracellular traps (NETs) are supra-molecular structures produced to kill or immobilize several types of microorganisms, including bacteria and viruses. The contribution of the NET release process to acute inflammation or the prevention of pathogen spreading depends on the specific microorganism involved in triggering this response.



2. Viral infections

The COVID-19 disease, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), emerged at the end of 2019 and spread rapidly in human population all over the world becoming the first major pandemic of the 21th century, affecting hundreds of millions people and causing millions of deaths. Several variants have emerged in multiple successive waves during 3 years, leading health and governmental authorities to impose drastic prevention measures, such as lockdown for several months, a situation that was not known previously to the global population, and which resulted in critical economical situations in many countries. On the other hand, this pandemic and associated research has greatly contributed to increase our knowledge regarding all aspects of a viral infectious disease, and to develop rapidly new diagnostic, therapeutic, prevention, and vaccine strategies.

Markarian et al. reviewed the identifying markers of emerging SARS-CoV-2 variants in patients with secondary immunodeficiency. Immunodeficient patients are one of the vulnerable cohorts that are the most susceptible to this virus, and chronic infections in the presence of anti-COVID-19 treatments may potentially lead to the evolution of the virus in the host. Amino acid modifications identified occurred in a variety of viral proteins, including those involved in pathogenesis such as spike proteins. Some of them were identified as recurrent de novo changes that can potentially play in SARS-CoV-2 pathogenesis and evolution. Garanina et al. studied antibody and T cell immune responses to SARS-CoV-2 peptides in COVID-19 convalescent patients. Their data highlighted how humoral immune responses and cytotoxic T cell responses to some of these peptides could contribute to SARS-CoV-2 pathogenesis. Regarding SARS-CoV-2 transmission, Huang et al. reported an integrated analysis revealing the characteristics and effects of SARS-CoV-2 maternal-fetal transmission. SARS-CoV-2 spreads by air with a transmission rate of up to 15%, but the probability of its maternal-fetal transmission through the placenta is reported to be significantly lower at around 3%. Cellular and viral-associated factors contributing to this transmission were investigated in the study of Huang et al..

In terms of vaccine candidates, Liu et al. reported that bacterially (E. coli)-expressed SARS-CoV-2 receptor binding domain fused with cross-reacting material 197A-domain elicits high level of neutralizing antibodies in mice. This type of vaccine candidate was developed as a less expensive and accessible vaccine option (relative to the mostly used DNA-based vaccines for example), particularly for developing countries. Zhang L. et al. evaluated an oral SARS-CoV-2 spike protein recombinant yeast candidate and showed that this vaccine candidate prompted specific antibody and gut microbiota reconstruction in mice. Besides respiratory issues, some COVID-19 patients have gastrointestinal symptoms and intestinal flora dysbiosis. The use of the yeast recombinant candidate could fulfill both the agent-driven immunoregulation and gut microbiome reconstitution (as probiotic). In another study, Zhang H. et al. assessed two inactivated vaccines against SARS-CoV-2 for inducing neutralizing antibody and their level of persistence in a Chinese population of vaccine recipients. Neutralizing antibody levels persisted for only 6 months after the second dose of vaccine, and therefore a third vaccine dose was recommended. In addition, Zhuang et al. reviewed the protection duration of COVID-19 vaccines. With a continued adaptation of SARS-CoV-2 to transmission and concomitant immune escape, the authors concluded on the urgency to make continued efforts to optimize vaccine, implement prime and booster campaigns, and further explore multiple and additional layers of protection against infection. It is also highly important to monitor the evolution and mutation patterns of SARS-CoV-2, to establish a forecasting model for viral mutations. The knowledge on the characteristics of future variants may enable shortened timelines to vaccine and therapeutic drug development and help in the control of future COVID-19 outbreaks.

In relation with COVID-19 and other viral or bacterial infections, Velappan et al. proposed in a perspective article warning signs of potential black swan outbreaks in infectious disease. Black swan events in infectious disease describe rare but devastatingly large outbreaks.

Regarding viral, bacterial, or parasitic pathogen transmission, Guo et al. reviewed the association of common zoonotic pathogens with concentrated animal feeding operations (CAFOs). Animal farming has intensified significantly in recent decades, with the emergence of concentrated animal feeding operations in industrialized nations. This led to heavy environmental contamination with pathogens which promoted the emergence of hyper-transmissible and virulent pathogens. Among them were highly pathogenic avian influenza viruses, hepatitis E virus, E. coli O157:H7, S. suis, methicillin-resistant S. aureus (MRSA), and Cryptosporidium parvum. The authors conclude on control measures that should be developed to slow down the dispersal of zoonotic pathogens associated with CAFOs and prevent the emergence of new pathogens of epidemic and pandemic potential.



3. Fungal infections

Acosta-España and Voigt provided a mini-review on risk assessment, clinical manifestation, prediction, and prognosis of mucormycosis and their implications for pathogen- and human-derived biomarkers. Mucormycosis is a fungal disease caused by members of the fungal order Mucorales, with various clinical pictures, ranging from rhinocerebral via pulmonary to gastrointestinal forms and occurs especially in immunocompromised hosts. A major issue is misdiagnosis with other infections, whilst rapid and precise diagnosis is mandatory because symptoms are non-specific and the disease can rapidly progress with often a fatal outcome. Therefore, this mini-review explores several possibilities to address or prevent the misidentification issues, such as early prediction of host susceptibility to mucormycosis using single nucleotide polymorphisms in human host genes together with risk assessment and early diagnosis to reduce mortality in patients suffering from mucormycosis. Dogra et al. provided another mini-review on mucormycosis in the context of the COVID-19 crisis, focusing on pathogenesis, diagnosis, and novel treatment strategies to combat the spread. The COVID-19 pandemic has indeed paved way for secondary ominous fungal infections like mucormycosis. This mini-review summarizes current and imminent approaches that could aid effective management of such secondary infections in a global pandemic situation. The authors propose the development of new antifungal drugs, antimicrobial peptides, and nanotechnology-based approaches for drug delivery to help combat this infection and curb its spread. Another fungal disease affecting immunocompromised hosts is reported by Taverne-Ghadwal et al., with the epidemiology and prevalence of oral candidiasis in HIV patients from Chad in the post-HAART (highly active antiretroviral therapy) era. The authors studied the prevalence of several Candida species and showed that the prevalence of oral candidiasis was significantly higher in untreated than in HAART-treated HIV-positive patients. The species distribution was similar to other countries around the world, with C. albicans being dominant. HAART therapy reduced oral candidiasis caused by C. albicans and led to a species shift toward non-albicans Candida species.

In addition to studies or reviews dedicated to the specific pathogens cited above, Martynova et al. reviewed the inflammasome contribution to the activation of Th1, Th2, and Th17 immune responses. Inflammasomes are cytosolic polyprotein complexes formed in response to antigens of all infectious agent types. Regarding immune responses, Arch et al. provided a review on Drosophila melanogaster as a model to study innate immune memory. This non-mammalian model as been widely used for innate immune research since it naturally lacks an adaptive response.

Two articles of this Research Topic dealt also with the importance of microbiota in infection and infectious pathology. Negi et al. provided a mini-review on neonatal microbiota-epithelial interactions that impact infection. Wang et al. reviewed the role of the microbiome in male infertility, including its association with microbial infection in the genital tract.
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Streptococcus suis is a zoonotic pathogen that causes invasive infections in humans and pigs. Although S. suis serotype 2 is prevalent among patient and swine infections, other serotypes are occasionally detected in humans. Of these, serotype 24 clonal complex (CC) 221/234 are recognized as emerging clones of human infection. Genomic exploration of three S. suis serotype 24 CC221/234 strains revealed antimicrobial resistance genes, pathotyping, virulence-associated gene (VAG) profiles, minimum core genome (MCG) typing, and comparison of the genomes. Based on these analyzes, all three serotype 24 strains were MCG7-3 and should be classified in the intermediate/weakly virulent (I/WV) group. All selected serotype 24 strains were susceptible to several antibiotics including β-lactam, fluoroquinolone, and chloramphenicol. Resistance to tetracycline, macrolide, and clindamycin was observed and attributed to the genes tet(O) and erm(B). Genomic comparison revealed the strains S12X, LSS66, LS0L, LS0E, 92–4,172, and IMT40201 that had phylogenetic affinity with serotype 24 CC221/234. Analysis of 80 virulence-associated genes (VAG) showed that all three serotype 24 strains lacked 24 genes consisting of adhesin P, epf, hyl, ihk, irr, mrp, nadR, neuB, NisK/R, ofs, permease (SSU0835), rgg, revS, salK/R, sao, sly, spyM3_0908, srtBCD, srtF, srtG, SSU05_0473, virA, virB4, and virD4. Eleven specific sequences were identified in the 3 serotype 24 genomes that differed from the genomes of the representative strains of epidemic (E; SC84), highly virulent (HV; P1/7), I/WV (89–1,591), and avirulent (T15 and 05HAS68).

Keywords: sequence type, serotype, genome, Streptococcus suis, antimicrobial-resistant gene


INTRODUCTION

Streptococcus suis, an important swine pathogen, also causes invasive infections in humans who have been in close contact with infected pigs or contaminated pork-derived products (Goyette-Desjardins et al., 2014). The number of reported human cases, especially in Southeast Asian countries, has substantially increased in the past few years (Goyette-Desjardins et al., 2014; Segura, 2020). Among the 29 described serotypes of S. suis, serotype 2 is the most common cause of human infections (Goyette-Desjardins et al., 2014; Okura et al., 2016). However, human cases have also been reported due to the rare serotypes 4, 5, 7, 9, 14, 16, 21, 24, and 31 (Nghia et al., 2008; Callejo et al., 2014; Goyette-Desjardins et al., 2014; Hatrongjit et al., 2015; Kerdsin et al., 2017; Liang et al., 2021).

S. suis strains affecting humans include sequence types (STs) 1, 3, 7, 9, 11, 20, 25, 28, 101, 102, 103, 104, 105, 107, 126, 134, 144, 146, 233, 298, 337, 379, 380, 381, 382, 391, 392, 393, 395, 512, 513, 514, 515, and 516, based on multilocus sequence typing (MLST) (Goyette-Desjardins et al., 2014; Kerdsin et al., 2018). However, most human clinical STs are grouped into limited clonal complexes (CCs) consisting of CC1, CC16, CC94, CC20, CC25, CC28, CC104, CC221/234, and CC233/379 (Okura et al., 2016; Hatrongjit et al., 2020). CC1 has been found worldwide, including in Europe, Asia, Australia, and South America, while CC20 (ST20) has been described as important in the Netherlands (Hatrongjit et al., 2020). Furthermore, ST7 (CC1), responsible for the 1998 and 2005 epidemics, was mostly present in China, while CC16 and CC94 were predominant in Europe, although human cases were reported in Thailand (Hatrongjit et al., 2020). CC25 or CC28 were reported in North America and were also recovered in Thailand, Korea, Japan, and Australia (Hatrongjit et al., 2020). Finally, CC104, CC221/234, and CC233/379 were endemic to Thailand (Hatrongjit et al., 2020).

In previous study, we reported three human cases of S. suis serotype 24 that belonged to the clonal complex (CC) 221/234 (Kerdsin et al., 2018). Of these three cases, two and one belonged to ST221 and ST234, respectively. S. suis serotype 24 CC221/234 has also been documented in Thailand since 2011 (Kerdsin et al., 2011). To date, seven human cases infected by S. suis CC221/234 strains have been reported; five of them were serotype 24 and the rest belonged to serotypes 5 and 31 (Kerdsin et al., 2011, 2016, 2018; Hatrongjit et al., 2015). Among seven S. suis CC221/234 cases, four were documented in northern Thailand, whereas two cases and one case were reported in central and eastern Thailand, respectively (Kerdsin et al., 2011, 2016, 2018; Hatrongjit et al., 2015). CC221/234 is an emergent clone that has caused human infections in Thailand (Hatrongjit et al., 2020).

Whole-genome sequencing (WGS) approaches have increasingly been used to investigate S. suis strains. Among 29 serotypes, WGS has been applied to the serotype 2 strains worldwide for, as examples, characterization of outbreaks, evaluation of S. suis reinfection, determining the population structure of S. suis strains, and identifying pathotypes or virulence traits (Estrada et al., 2019; Hatrongjit et al., 2020). Several studies have also been conducted on serotypes other than serotype 2 including serotypes 3–9, 14, 16, 19, 20, 21, 22, 26, and unencapsulated strains, although most of them were of swine origin (Hu et al., 2011; Wang et al., 2013a,b, 2014; Baig et al., 2015; Yoshida et al., 2017; Zheng et al., 2018; Niemann et al., 2019; Stevens et al., 2019; Bunk et al., 2021; Liang et al., 2021; Nicholson et al., 2021). To date, there has been no WGS performed on S. suis serotype 24 strains recovered from humans. Herein, we describe the genomic analysis of three S. suis serotype 24 CC221/234 strains recovered from human patients (Kerdsin et al., 2018). This study could provide insight into genomic characteristics, putative virulence genes, genetic relationships, and the prediction of pathogenic capacity of this serotype.



MATERIALS AND METHODS


Bacterial Strains and Antimicrobial Susceptibility

Three S. suis serotype 24 strains, belonging to CC221/234, were recovered from blood samples of individual sepsis cases and consisted of two ST221 (ID33329 and ID39565) and one ST234 (ID32098). ID39565 was recovered in 2012 from Central Thailand, whereas the ID33329 and ID32098 strains were isolated in 2010 in Northern Thailand (Kerdsin et al., 2018).

The broth microdilution technique was used according to the standards defined in the M100 (31st edition) Clinical and Laboratory Standard Institute (CLSI) guidelines to determine the minimum inhibitory concentrations (MICs) of penicillin (≤0.12 μg/ml = susceptible; 0.25–2 μg/ml = intermediate; ≥ 4 μg/ml = resistance) (Clinical and Laboratory Standards Institute [CLSI], 2021). Susceptibility to other antimicrobials, such as ceftriaxone cefepime, azithromycin, erythromycin, tetracycline, clindamycin, levofloxacin, and chloramphenicol, was determined using the disk diffusion technique following the 2021 CLSI-M100 guidelines (Clinical and Laboratory Standards Institute [CLSI], 2021). Since there are currently no breakpoints recommended for S. suis, those for the viridans group streptococci were used, as defined in the guidelines (Clinical and Laboratory Standards Institute [CLSI], 2021). The Streptococcus pneumoniae ATCC 49619 strain was used for quality control purposes.



Whole-Genome Sequencing

Bacterial genomic DNA samples extracted using ZymoBIOMICS DNA Kits (Zymo Research, CA, United States) were sequenced using the Oxford Nanopore Technologies (ONT) and Illumina platforms. Library preparation for ONT sequencing followed the rapid barcoding DNA sequencing protocol with the SQK-RBK004 kit without DNA size selection (preserve the plasmid DNA) and the libraries were sequenced using a single R9.4.1/FLO-MIN106 flow cell on a MinION Mk1B sequencer. We base called and demultiplexed the raw data using Guppy v3.4.5 (ONT) specifying the high-accuracy model (-c dna_r9.4.1_450bps_hac.cfg). The ONT adapters were trimmed using Porechop v0.2.4.1 Quality control of ONT reads was undertaken using Nanoplot v1.28.1.2 For the Illumina platform, the sequencing library was generated using a NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs, United Kingdom), following the manufacturer’s recommendations. The genomic DNA was randomly fragmented to a size of 350 bp and the fragments were A-tailed and ligated with the adapter. Libraries were sequenced using the Illumina HiSeq platform with the 150 paired-end sequencing strategy. We applied Fastp v0.19.5 (14) with default parameters for the quality filtering of Illumina reads. Adapters were trimmed using Skewer v0.2.2 (Jiang et al., 2014). The quality checking of Illumina reads was performed using FastQC v0.11.8.3 Hybrid assemblies with the ONT and Illumina data were performed using Unicycler v0.4.8 (Wick et al., 2017) and the genome sequences were checked for quality using QUAST v5.0.2 (Gurevich et al., 2013). Genome sequences were submitted to the NCBI Prokaryotic Genome Annotation Pipeline (PGAP v4.12) for annotation. The default parameters were used for all software unless otherwise specified.



Bioinformatics Analysis

Antimicrobial resistance genes were detected using ResFinder 4.1 (Bortolaia et al., 2020). Plasmid replicons were analyzed using PlasmidFinder 2.1 and PLACNETw (Carattoli et al., 2014; Vielva et al., 2017). Sequence type (ST) was confirmed using the PubMLST database.4 Minimum core genome (MCG) sequence typing was done according to a procedure described elsewhere (Chen et al., 2013a). The completed genome of strain ID39565 was used as the reference genome for comparative genomic analysis using BRIG (BLAST Ring Image Generator) v0.95 (Alikhan et al., 2011), and the results were used to draw a circular graphic of the genome comparison. The core- and pan-genome analyses of the S. suis strain ID39565, ID32098, and ID33329 were performed using Roary v3.13.0 (Page et al., 2015). The core and accessory genes among the three genomes were counted and visualized using VennDiagram v1.6.2 (Chen and Boutros, 2011).

Eighty virulence-associated genes (VAG) described in S. suis were used to determine their presence in the serotype 24 strains using MyDbFinder 2.0, Center for Genomic Epidemiology (Supplementary Table 1; Fittipaldi et al., 2012; Zheng et al., 2014a,2018; Estrada et al., 2021). Out of 80 VAG, the presence or absence of 22 VAG described in a previous study was analyzed using unweighted average linkage (UPGMA) with the DendroUPGMA program via http://genomes.urv.cat/UPGMA/ (Garcia-Vallvé et al., 1999; Dong et al., 2015). Mobile genetic elements, restriction-modification (RM) system, and the clustered regularly interspaced short palindromic repeats (CRISPR)-Cas system were analyzed using Mobile Element Finder (Johansson et al., 2021), Restriction-Modification Finder (Roer et al., 2016) via Center for Genomic Epidemiology,5 and CRISPRCasFinder6; Couvin et al., 2018), respectively.

To search for the genetically closest relatives to the three serotype 24 strains, a modular single genome analysis was conducted following the core genome multilocus sequence typing (cgMLST) approach by BacWGSTdb 2.0 (Feng et al., 2021). The genetically closest relatives were chosen for 5–10 strains based on small numbers of allelic differences with selection thresholds of 100–500, depending on the strains under current study. The phylogenetics of the serotype 24 strains and the closest relatives selected from BacWGSTdb were conducted using a reference genome-based single-nucleotide polymorphism (SNP) strategy with CSI phylogeny (Kaas et al., 2014). The phylogenetic tree was visualized using the iTOL V4 software (Letunic and Bork, 2019). S. suis serotype 2 S735, a type strain (accession no. CP003736), was used as the reference sequences for SNP analysis.

In addition, genome comparisons were undertaken between the three genomes of the serotype 24 strains to serotype 2 genomes of epidemic (E) strain SC84 (FM252031), highly virulent (HV) strain P1/7 (CP003736), intermediate/weakly virulent (I/WV) strain 89–1,591 (GCA_000440595), and the avirulent strains T15 (CP006246) and 05HAS68 (CP002007) (Jiang et al., 2009; Zheng et al., 2014b; Yao et al., 2015), using the Mauve software and following the previous instructions (Darling et al., 2010). BLASTN was used to search for the sequence homology of unique genes or coding sequences identified in the serotype 24 strains.7



Accession Number

The genome sequences of the three S. suis serotype 24 strains were deposited in the NCBI GenBank under Bioproject accession number PRJNA691075 with Genbank accession numbers of CP068708, CP076517, and CP082778 for the strain no. ID33329, ID39565 and ID32098, respectively.




RESULTS AND DISCUSSION


General Genomic Information

The completed genomes of the three S. suis serotype 24-CC221/234 were 2,138,155 bp, 2,169,193 bp, and 2,137,421 bp for strains ID33329 (ST221), ID39565 (ST221), and ID32098 (ST234), respectively. Strain no. ID33329 contained 2,047 genes, 1,975 coding sequences (CDS), 4 of each gene 5S rRNA, 16S rRNA, and 23s rRNA, 56 tRNA genes, and 4 ncRNA genes. The ID39565 had 2,100 genes, 2,028 CDS, 4 of each gene 5S, 16S, and 23S rRNA genes, 56 tRNA genes, and 4 ncRNA genes. ID32098 contained 2,051 genes, 1,979 CDS, 4 of each gene 5S, 16S, and 23S rRNA genes, 56 tRNA genes, and 4 ncRNA genes.

As shown in Figure 1, comparative genomic analysis and a Venn diagram of three S. suis serotype 24-CC221/234 strains revealed 92, 18, and 14 unique genes present only in strains ID39565, ID32098, and ID33329, respectively. In addition, 1,925 genes were commonly found in these three strains, whereas 13 genes were present in strains ID39565 and ID32098, and 12 genes were found in strains ID39565 and ID33329, respectively. There were 31 genes present in strains ID32098 and ID33329.
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FIGURE 1. (A) Comparative genomic circular map of Streptococcus suis strain ID39565 constructed using BRIG v0.95. The features are as follows (ring from center to outside): ring 1 is genome size; ring 2 is GC content; ring 3 is GC skew; rings 4 to 6 are comparative genomic maps of S. suis strains ID39565, ID32098, and ID33329, respectively, with ID39565 genome as the reference. Blank spaces in the ring represent matches with less than 50% identity to the reference genome (ID39565). (B) Venn diagram depicting unique and shared genes between the genomes of the S. suis serotype 24 strains ID39565 (left), ID32098 (right), and ID33329 (bottom). Each strain is represented by one color, and the number of genes is displayed in the same color. Numbers in intersectional regions indicate genes shared by two or three strains.




Antimicrobial Resistance

As recently reported with other strains (Bamphensin et al., 2021), the MIC values on penicillin revealed intermediate resistance for strains ID33329-ST221 (MIC of 0.75 μg/ml) and ID32098-ST234 (MIC of 0.38 μg/ml). These two strains had numerous substitutions in PBP2B and PBP2X, as described elsewhere (Bamphensin et al., 2021). However, the strain ID39565 (ST221) was susceptible to penicillin (MIC ≤ 0.06 μg/ml) in the current study. The three serotype 24 strains were susceptible to ceftriaxone, cefepime, levofloxacin, and chloramphenicol. Resistance to tetracycline, erythromycin, azithromycin, and clindamycin was detected for all strains. Worldwide antimicrobial resistance data available for S. suis indicate that S. suis samples recovered from both humans and pigs have high resistance to tetracycline and moderate to high resistance to macrolides, such as erythromycin (Hoa et al., 2011; Chen et al., 2013b; Hernandez-Garcia et al., 2017; Yongkiettrakul et al., 2019; Ichikawa et al., 2020; Matajira et al., 2020; Dechêne-Tempier et al., 2021).

ResFinder 4.1 identified tet(O) and erm(B) which confer to resistance on tetracycline and macrolide-lincosamide-streptrogramin (MLSB) resistance, respectively, in these three strains. No other antimicrobial resistant genes were detected in these current strains. Several studies have also demonstrated that tet(O) and erm(B) are commonly found in S. suis strains from pigs and humans worldwide (Chen et al., 2013b; Bojarska et al., 2016; Zhang et al., 2020; Dechêne-Tempier et al., 2021; Yongkiettrakul et al., 2021). As shown in Figure 2, the organization of the tet(O) and erm(B) genes was identical in strains ID32098 and ID39565. ID33329 showed a similar genetic organization to both these strains; however, the genes IS30 family transpoase and MobA protein were inserted between the genes N-6 DNA methylase and 23S rRNA methyltransferase attenuation leader peptide. In addition, the AAA family ATPase gene was observed instead of the helicase RepA family protein gene in the strain ID33329. The erm(B) gene was flanked by the ISL3 family transpoase and IS630 family transpoase genes in ID32098 and ID39565; however, the erm(B) gene of ID33329 was flanked by the ISL3 family transpoase and IS30 family transpoase genes.


[image: image]

FIGURE 2. Genetic organization of tet(O) and erm(B) genes in all three Streptococcus suis serotype 24 strains.




Analysis of Mobile Genetic Elements and Defense Systems

PlasmidFinder revealed no REP type plasmid in the strains. However, PLACNETw identified MOBP and MOBV in all three genomes of the serotype 24 strains based on mobility types according to the amino acid sequences of the relaxase proteins. Most of the integrative and conjugative elements (ICEs) found in S. suis genomes encoded a canonical relaxase of the MOBP family, in contrast with integrative and mobilizable elements (IMEs). Diversity of canonical relaxase of the MOBC, MOBV, or MOBQ, or non-canonical relaxase (MOBT) was detected (Libante et al., 2019). All three serotype 24 strains seem to contain ICE with MOBP and IME with MOBV.

All strains contained five insertion sequence (IS) families, namely, ISL3, IS110, IS982, IS4, and IS200/IS605. CRISPRCasFinder showed one CRISPR element with a DR (direct-repeat) consensus sequence length of 24 bp (AGCTTGTAGGGCGTGTTCAATTCC) in the strains ID39565 and ID32098, while strain ID33329 contained 2 CRISPR elements with a DR consensus sequence length of 24 bp (GGAATTGAACACGCCCTACAAGCT) and 48 bp (GGTCACATAGAAATGTGAAA-GTGACCATTTGAAAACC CGAGCTTGAAA), respectively. The CRISPR/Cas system has been reported in several S. suis serotypes and clonal complexes (Okura et al., 2017; Zhu et al., 2021). A recent study demonstrated that RM and CRISPR/Cas systems were related to the S. suis clade and that CRISPR components were absent in clade 1 S. suis strains but present in all clade 2 strains (Zhu et al., 2021). The CRISPR DR consensus sequence length of 36 bp (GTTTTACTGTTACTTAAATCTTGAGAGTACAAAAAC) was present in S. suis clade 2, that was different from our strains which contained either 24 or 48 bp (Zhu et al., 2021).

None of the strains contained any RM system based on using the Restriction-Modification finder. Toxin-antitoxin (T-A) and abortive infection (Abi) systems, which defend against invading genetic material through different mechanisms from those of the aforementioned systems by limiting phage spread via altruistic cell suicide, were also detected in the genomes of ID33329 (JM964_03790, JM964_03810, JM964_04400), ID39565(KPA27_05665, KPA27_06250, KPA27_06265), and ID32098 (JSY00_05380, JSY00_05960, JSY00_05975). Both systems have been identified in S. suis, with either a T-A or Abi systems coexisting with the RM system (Okura et al., 2017). The diversity of these defense elements described above may be related with phenotypic differences in various clades or lineages of the S. suis.



Virulence-Associated Genes

Twenty-four out of 80 VAG were absent in all three strains consisting of: adhesin P, epf, hyl, ihk, irr, mrp, nadR, neuB, NisK/R, ofs, permease (SSU0835), rgg, revS, salK/R, sao, sly, spyM3_0908, srtBCD, srtF, srtG, SSU05_0473, virA, virB4, and virD4 (Supplementary Table 1). The classical VAG pofile (epf/sly/mrp) was completely absent in our strains. A recent study suggested that epf, mrp, and sly are mostly associated with serotype 2 and 14 strains but not in other serotypes (Estrada et al., 2021). That study proposed ofs and srtF as virulence markers for all serotypes. Unfortunately, none of the three strains in the current study contained these markers, so they may be considered as unknown-pathogenic or commensal pathotypes based on the Estrada scheme (Supplementary Table 1; Estrada et al., 2021). It should be noted that the proposition of such markers was done after the analysis of exclusively North American strains (Estrada et al., 2021). More studies are needed to establish whether both genes are present in European and/or Asian isolates.

Another study described the presence of copper-exporting ATPase 1 and type I restriction-modification system S protein genes as makers for S. suis disease-associated strains and a putative sugar ATP-binding cassette transporter gene as a marker for non-disease-associated strains (Wileman et al., 2019). In addition, our strains lacked both disease-associated marker genes suggesting non-disease-association (Supplementary Table 1). However, the strains in the current study were isolated from ill patients, indicating a certain pathogenic potential. Therefore, extensive evaluation of marker genes for pathotyping of S. suis serotypes other than serotype 2 should be done.

Dong et al. (2015) have shown 18 profiles of VAG (VG1–VG18) in S. suis serotype 2 strains from China based on 22 VAG consisting of: gdh, srtA, pgdA, manN, iga, purD, DppIV, salK/R, fbps, endoD, dltA, epf, spyM3_0908, mrp, neuB, rgg, gapdh, ciaR/H, SspA, sly, ofs, and SMU_61-like. That study revealed S. suis serotype 2 strains could be divided into 2 clusters (A and B) with differences in the distribution of VAG (Dong et al., 2015). As shown in Figure 3, three main clusters (A, B, C) were identified based on the UPGMA tree in the current study. Cluster A consisted of VG1–VG5 with the absence of VAG in the range of 6–8 genes. Cluster B was divided into subclusters B1 and B2. Subcluster B1 contained VG6–VG13 and lacked VAG in the range of 1–3 genes, whereas subcluster B2 consisted of VG14–VG18 and lacked 2–5 VAG. Interestingly, 6 VAGs, epf, sly, endoD, rgg, SMU_61-like, and SpyM3_0908, were rarely found in cluster A, but in contrast, these genes were highly distributed in cluster B (Dong et al., 2015; Zhu et al., 2021). These six VAGs were found to be characteristic of the virulent group of serotype 2 strains (Dong et al., 2015). Cluster C contained our three strains that lacked 8 VAG of the Dong scheme: salK/salR, epf, spyM3_0908, mrp, neuB, rgg, sly, and ofs. A recent study showed that S. suis serotypes 3 and 7 had VAG profiles classified into cluster I or cluster A in the current study (Zhu et al., 2021). In contrast with our serotype 24 strains, the VAG profile was distinguished into cluster C with the absence of neuB and ofs that were present in clusters A and B. Overall, clusters C and A lacked some similar VAG components; however, the presence of endoD and SMU_61-like in cluster C was lacking in cluster A; similarly, mrp and neuB in cluster A were absent in cluster C.
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FIGURE 3. Clustering of S. suis serotype 24 strains based on profiles of virulence-associated genes. VG is virulence-associated gene profile. Filled squares refer to presence of virulence-associated genes and blank squares represents absence of virulence-associated genes. Clustering was conducted using the unweighted average linkage (UPGMA) method with DendroUPGMA program. Cluster A, B, and C are shown on the tree.


Variation in the VAG distribution may have been associated with the virulence or pathogenesis of S. suis, as diseased-associated S. suis strains seem to contain more virulence factors than non-diseased associated strains (Weinert et al., 2015). A zebrafish model demonstrated that cluster B was virulent, whereas cluster A showed relatively low virulence (Dong et al., 2015). Based on these results, the virulence of the strains in cluster C needs to be clarified in the future. However, these three strains were isolated from patients, indicating they have a certain pathogenic potential.



Genomic Comparison

MLST analysis of our three S. suis serotype 24 strains confirmed two ST221 (ID33329 and ID39565) and one ST234 (ID32098) strains that belonged to CC221/234. Analysis of the MCG group showed that all strains were MCG group 7 (subgroup 7–3). This MCG7-3 group contained diverse S. suis strains and carried the lowest number of VAG, especially the 3 classical VAGs, epf, sly, and mrp (Chen et al., 2013a; Zheng et al., 2014a). This may indicate that our strains should be considered as intermediate/weakly virulence (I/WV) concordant with a previous study (Chen et al., 2013a). In addition, the CDS2157 gene encoding RNA binding S1, present in all I/WV and virulent (V) strains but not in the epidemic or highly virulent (E/HV) strains described elsewhere, was analyzed in the current study (Zheng et al., 2014a). All three serotype 24 strains contained the CDS2157 gene, suggesting that they may be either I/WV or V group (Supplementary Table 1).

As shown in Figure 4, the serotype 24 strains were clustered together with the closest relatives of strains S12X, LSS66, LS0L, LS0E, 92–4172, and IMT40201. This cluster contained different serotypes and STs. These closest relative’s strains were from pigs. SNP differences of our three serotype 24 strains compared to the type strain S735 were 13,582, 13,674, and 13,699 SNPs for ID32098, ID33329, and ID39565, respectively. Among the closest relative’s strains, strain LS0E (ST858) was very closely related to our three serotype 24 strains than to others with different SNPs of 10,302, 10,328, and 10,546 for ID33329, ID32098, and ID39565, respectively. The serotype 24 cluster was distinguished from cluster of avirulent (T15 and 05HAS68) or I/WV (89–1591), while the cluster of E/HV (SC84, P1/7) was located far from other clusters. It might be that these serotype 24 strains are in the I/WV group following their position in the tree and the description above. In addition, the clinical data of these three patients indicated that they had predisposal conditions such as alcohol abuse in two patients (ID33329 and ID32098) and liver cirrhosis in the third patient (ID39565) (Kerdsin et al., 2018). These underlying conditions could increase the susceptibility to the infection in these patients.
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FIGURE 4. Whole-genome phylogeny analysis of S. suis serotype 24 and close relatives generated by CSI Phylogeny and visualized with interactive tree of life tool. The whole genome sequence of S suis serotype 24 strains in the current study are highlighted in yellow. Antimicrobial-resistant genes were shown in each strains. Filled squares refer to presence of antimicrobial-resistant genes and blank squares represent absence of antimicrobial-resistant genes.


We compared these three serotype 24 genomes with the representative genomes of E strain SC84 (ST7), HV strain P1/7 (ST1), I/WV strain 89–1,591 (ST25), and avirulent strains T15 (ST19) and 05HAS68 (ST28). As shown in Figure 5 and Table 1, in total, 11 coding sequences or genes were present in only the serotype 24 strains and were absent in the representative strains of E, HV, I/WV, and avirulent. These genes encoded a YSIRK-type signal peptide-containing protein, a KxYKxGKxW signal peptide domain-containing protein, a low temperature requirement protein A, an ABC transporter ATP-binding protein/permease, an aquaporin, helix-turn-helix transcriptional regulator, a Cd(II)/Zn(II)-sensing metallo regulatory transcriptional regulator CadX, a CadD family cadmium resistance transporter, a SpaH/EbpB family LPXTG-anchored major pilin, a class C sortase, and a hypothetical protein. However, we detected unique sequences only in ID32098 and ID39565. PTS sugar/fructose/glucitol transporter and aldose 1-epimerase family protein genes (JSY00_01370-JSY00_01385), and clumping factor (JSY00_10255) were present in only ID32098, whereas the bacteriophage cluster gene (KPA27_02655-KPA27_02925) was detected in ID39565.
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FIGURE 5. Multigenome comparisons among S. suis serotype 24 strains ID33329, ID39565, ID32098, and serotype 2 stain SC84, P1/7, 89–1591, T15, and 05HAS68 performed using the Mauve software. Each color region refers to a locally collinear block (LCB). Colors are arbitrarily assigned to each LCB by the software. Vertical peaks in each LCB denote the variance of conservation. LCBs below the centerline of genomes are in reverse complement orientation.



TABLE 1. Distribution of 11 specific genes identified in S. suis serotype 24 strains of the current study and other S. suis strains available in the GenBank database using BLASTN search.
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Of the 11 specific-genes found in all serotype 24 strains in the current study, three regions were classified, namely, R1 (the aquaporin, transcriptional regulator, CadX, and CadD), R2 (the YSIRK- and KxYKxGKxW-signal peptide domain-containing protein and the hypothetical protein), and R3 (the SpaH/EbpB family LPXTG-anchored major pilin, and the class C sortase) (Table 1 and Supplementary Table 2). BLASTN analysis revealed that R1 (2,055 bp) was highly specific in this sequence to our strains only. The cadmium resistance transporter (cadD) and its regulator (cadX) of R1 were present in the serotypes 24 strains (100% identity) and S. suis strains CZ130302 and 9401240 (isolated from pig in China and human in the Netherlands, respectively), with 99% identity (Table 1). The aquaporin and the transcriptional regulator genes of R1 could be detected in 75–84% of the sequence coverage in S. suis strains 1081, 0061, 9401240, NJ3, and the SS389 (Table 1).

LPXTG or related motif gene-coding proteins including a SpaH/EbpB family LPXTG-anchored major pilin, class C sortase, YSIRK- and KxYKxGKxW type signal peptide-containing proteins have still unknown functions, but these proteins have been suggested as being associated with host cell adhesion and invasion (Fischetti et al., 1990; Gagic et al., 2013). BLASTN searching revealed that some S. suis strains also contained these protein genes with an identity range of 95–100%, including strains SS389, HN105, WUSS351, HA1003, NJ3, 9401240, 1081, and 0061, as shown in Table 1.

The low temperature requirement protein A has been found to be essential for growth at low temperatures as reported in Listeria monocytogenes (Zheng and Kathariou, 1995). Our study showed 100% identities of the genes in S. suis strains WUSS351, HN105, LS9N, YZDH1, FJSMS, and AH681 (Table 1). ABC transporter ATP-binding protein/permease plays an important role in the transportation of various substrates, serves as an efflux pump, or is involve in biofilm formation (Chaiden et al., 2021). Another study reported that the presence of ABC transporters in the virulent-to-humans SS2, SS14 strains, and non-virulent-to-humans SS7 strains indicated their possible involvement for the survival and then the pathogenesis of virulent S. suis in the host-simulated environment (Chaiden et al., 2021). We detected the ABC transporter ATP-binding protein/permease gene in several S. suis strains such as YSJ17, AKJ18, AH681, HN136, LS9N, and CZ130302 (Table 1).




CONCLUSION

Genomic exploration of three S. suis serotype 24 of CC221/234 revealed 11 specific sequences that were found in the serotype 24 genomes that are different from those of the representative E, HV, I/WV, and avirulent strains. Based on the schematic systems of pathotyping and the VAG profile used in the serotype 2, the three serotype 24 CC221/234 strains may be classified as in the V group or the I/WV group. These strains belong to MCG7-3 and carried tet(O) and ermB for resistance to tetracycline, macrolide, and lincosamide.
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Helicobacter hepaticus Infection Promotes the Progression of Liver Preneoplasia in BALB/c Mice via the Activation and Accumulation of High-Mobility Group Box-1
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It has been documented that Helicobacter hepaticus (H. hepaticus) infection is linked to chronic hepatitis and fibrosis in male BALB/c mice. However, the mechanism underlying the mice model of H. hepaticus–induced hepatocellular carcinoma is not fully known. In this study, male BALB/c mice were infected with H. hepaticus for 3, 6, 12, and 18 months. H. hepaticus colonization, histopathology, expression of proinflammatory cytokines, key signaling pathways, and protein downstream high-mobility group box-1 (HMGB1) in the liver were examined. Our data suggested that the H. hepaticus colonization level in the colon and liver progressively increased over the duration of the infection. H. hepaticus–induced hepatic inflammation and fibrosis were aggravated during the infection, and hepatic preneoplasia developed in the liver of infected mice at 12 and 18 months post-inoculation (MPI). H. hepaticus infection increased the levels of alanine aminotransferase and aspartate aminotransferase in the infected mice. In addition, the mRNA levels of IL-6, Tnf-α, Tgf-β, and HMGB1 were significantly elevated in the liver of H. hepaticus–infected mice from 3 to 18 MPI as compared to the controls. In addition, Ki67 was increased throughout the duration of the infection. Furthermore, HMGB1 protein was activated and translocated from the nucleus to the cytoplasm in the hepatocytes and activated the proteins of signal transducers and activators of transcription 3 (Stat3) and mitogen-activated protein kinase (MAPK) [extracellular regulated protein kinases 1/2 (Erk1/2) and mitogen-activated protein kinase p38 (p38)] upon H. hepaticus infection. In conclusions, these data demonstrated that male BALB/c mice infected with H. hepaticus are prone to suffering hepatitis and developing into hepatic preneoplasia. To verify the effect of HMGB1 in the progression of liver preneoplasia, mice were infected by H. hepaticus for 2 months before additional HMGB1 recombinant adenovirus treatment. All mice were sacrificed at 4 MPI, and the sera and liver tissues from all of the mice were collected. Immunology and histopathology evaluation showed that HMGB1 knockdown attenuated the H. hepaticus–induced hepatic and fibrosis at 4 MPI. Therefore, we showed that H. hepaticus–induced liver preneoplasia is closely correlated with the activation and accumulation of HMGB1.
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INTRODUCTION

Liver cancer, which has displayed consistently in incidence and mortality in the past decades, is one of the main causes of cancer death and a major health problem in both developed and developing countries (Torre et al., 2015; Chen W. et al., 2016). The pathogenesis of liver cancer includes complex interactions between the host and the environment. In addition to a disordered lifestyle and behavior habits, infection with pathogenic microorganism, such as hepatitis B virus, hepatitis C virus, and Schistosoma, is also a potential factor known to enhance the risk of cancer (Ringelhan et al., 2017). It has been reported that these pathogens are the causes of many chronic liver diseases including hepatocellular carcinoma (HCC), which is the second leading cause of death from malignancy following lung cancer (Ferlay et al., 2015). In addition, because of the close anatomical and physiological connection between the gut and liver, gut microbiota are thought to be one of the triggers of chronic liver diseases and HCC (Milosevic et al., 2019). Several studies have revealed that Helicobacter species, a class of intestinal pathogenic bacteria, were found in the tissue and serum samples among cirrhotic subjects and patients with hepatic carcinoma (Spinzi et al., 2001; Fox et al., 2010), suggesting that animals infected with Helicobacter species may prove to be a new model to investigate the mechanisms of gut microbiota–associated liver carcinogenesis.

Helicobacter hepaticus, a member of the Helicobacter species, might contribute to the progression of various liver diseases in humans (Hamada et al., 2009). Serodiagnosis and immunoblotting assays have implicated Helicobacter hepaticus (H. hepaticus) infection in the pathogenesis of hepatitis, liver cirrhosis, and HCC (Murakami et al., 2011). However, H. hepaticus has yet to be isolated from any liver samples of patients suffering from hepatic diseases (Yang et al., 2013), suggesting that the condition of artificial culture in vitro is not mature enough. H. hepaticus infection has been recognized to result in chronic active hepatitis similar to that seen in humans, which may lead to the formation and development of hepatobiliary carcinogenesis in certain strains of mice (A/JCr, 129/SvEv, Rag2–/–, and BALB/c mice) (Fox et al., 1996). Furthermore, it has been documented that various rodent strains have shown a link between H. hepaticus infection and host immunity in disease pathogenesis (Whary et al., 2001; Garcia et al., 2008), which manifests in a manner similar to patients with hepatic diseases.

Our previous study demonstrated that H. hepaticus infection induced severe liver inflammation and fibrosis in male BALB/c mice at 6 months post-inoculation (MPI), which was dependent upon hepatocytes releasing and transferring a cytokine, interleukin-33 (IL-33), to the cytoplasm and extracellular region (Cao et al., 2020a,b). In addition, released IL-33 plays a pivotal role as the first pro-inflammatory cytokine to sound the alarm during hepatocellular necrosis or damage to the barrier of the liver (Moussion et al., 2008). High-mobility group box-1 (HMGB1), another alarmin, shares many characteristics with IL-33, including cellular localization, functions, and involvement in various hepatic pathologies, such as HCC (Arshad et al., 2012; Suren et al., 2014). We hypothesized that excessive extracellular HMGB1 would aggravate chronic hepatic injury during the development of H. hepaticus–induced liver fibrosis in BALB/c mice. Here, we demonstrated, for the first time, that H. hepaticus infection induced liver preneoplasia in male BALB/c mice and found that HMGB1 was robustly activated in the liver during H. hepaticus infection. In summary, a murine H. hepaticus infection model in mice on a BALB/c background has the potential to be used in research to simulate the development of human hepatic carcinogenesis, which would allow for the exploration into mechanisms underlying the pathogenesis of hepatic preneoplasia.



MATERIALS AND METHODS


Mice and Bacterial Strains

Forty male BALB/c mice (free of Helicobacter spp. parasites and exogenous murine viral pathogens) were bred and maintained in a specific pathogen-free facility. The animal experiments were conducted in line with China Laboratory Regulation Act (2017) under a Project License [SYXK(SU)2017-0044] authorized by Jiangsu Provincial Science and Technology Department and approved by Institutional Animal Care and Use Committee of Yangzhou University. Mice with free access to food and water were maintained in a room at 22–26°C with 40–60% relative humidity under a 12-h:12-h light-to-dark cycle. H. hepaticus 3B1 (ATCC 51449) was cultured on Brucella agar plates (BD, United States) supplemented with 5% sheep blood and antibiotics (amphotericin B, vancomycin, and cefoperazone) for 4–5 days under microaerobic conditions (85% N2, 10% CO2, and 5% O2) at 37°C.



Experimental Design One

Helicobacter hepaticus 3B1 (ATCC 51449) was collected from plates and then resuspended in sterile PBS. The optical density (OD) of the culture was measured using a spectrophotometric, and the concentration of the bacteria for oral gavage was adjusted to 1 × 109 colony-forming unit (CFU)/ml on the basis of the OD600 as described previously (Xu et al., 2018). Forty 6-week-old male BALB/c mice were randomly divided into two groups (n = 20). One group was orally gavaged with H. hepaticus 3B1, another group was sham-dosed with PBS as a control. Mice were inoculated with 0.2 ml of fresh bacterial suspension by gastric gavage every other day for three times. Five mice from the H. hepaticus–infected and control groups were euthanized at 3, 6, 12, and 18 MPI. Serum and liver tissue from all of the mice were collected and processed as previously described (Cao et al., 2020a).



Biochemical Analysis

Blood from all of the mice was separated by centrifugation at 2,000 × g for 15 min at 4°C, and then, the serum was collected. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and hyaluronic acid (HA) levels were determined using a Nergy H1 Microplate Reader (BioTek, United States) and the corresponding kit (Nanjing Jiancheng Biology Engineering Research Institute Nanjing, China).



Histopathology

Colon and liver tissues were dissected, embedded in paraffin, cut into 5-μm-thick sections, and stained with hematoxylin and eosin (H&E) for morphological and evaluation. Sections of liver tissues were also stained with Sirius Red to assess the area and degree of hepatic fibrosis. The percentage of collagen area in the tissue sections was determined using ImageJ software. Tissue sections were scored by a boarded veterinary pathologist who was blinded to sample identity. Liver sections representing replicate samples from all mice was graded on a scale of 0–4 for hepatitis including lobular and portal hepatitis and staged on the same scale for fibrosis using criteria established by Scheuer (Scheuer et al., 2002; Rogers et al., 2004). A colon histology activity index (HAI) was generated by combining scores for all sub-categorical including inflammation, edema, epithelial defects, crypt atrophy, hyperplasia, and dysplasia, which were graded on a scale of 0–4 as previously described (Erdman et al., 2009).



Real-Time Quantitative PCR for Helicobacter hepaticus

Quantitative was performed to quantify colonization levels of colonic and hepatic H. hepaticus 3B1. The abundance of H hepaticus in the liver and colon was determined by using CdtB gene primers (F: atgaaagagactttattgcttca, R: agcctgtgcataccctcata) and the SYBR Green Master Kit (Roche, Mannheim, Germany) in an Applied Biosystems StepOne Real-Time PCR System. Genome copy numbers of the H. hepaticus were expressed per microgram of murine chromosomal DNA as previous described (Ge et al., 2005).



Quantitative PCR Analyses of Hepatic Cytokines

Total RNA from the caudate lobe of each liver tissue at 3–18 MPI was extracted, respectively, using TRIzol (Invitrogen, Carlsbad, CA, United States) following the recommendation of the manufacturer. Briefly, 100 mg of frozen liver fragments were homogenized in 1 ml of TRIzol by grinding the tissue into a fine powder with liquid nitrogen in a prechilled mortar. Total RNA was collected using water treated with diethyl pyrocarbonate (DEPC) (DNase free, RNase free, and Proteinase free). cDNA was synthesized from 1 μg of total RNA using a PrimeScript RT reagent with the gDNA eraser kit (Takara, Dalian, China). Transcript levels of hepatic IL-6, Tgf-β, Tnf-α, and HMGB1 genes were amplified by qPCR using the Faststart Universal SYBR Green Master (ROX) (Roche, Mannheim, Germany), and the mRNA level of the β-actin gene in each cDNA sample was measured and used for normalization. qPCR primers (IL-6: F: gagaggagacttcacagagg, R: gtactccagaagaccagagg; Tnf-α: F: catcttctcaaaattcgagtgacaa, R: tgggagtagacaaggtacaaccc; Tgf-β: F: tgcgcttgcagagattaaaa, R: ctgccgtacaactccagtga; HMGB1: F: ggactctcctttaaccgc, R: ttgtgatagccttcgctggg; and β-actin: F: aaagacctgtacgccaacac, R: gtcatactcctgcttgctgat) were synthesized by Shanghai Shenggong Biotech Co., Ltd. All samples were run in triplicate and the concentration of cDNA was 100 ng/μl. The qPCR cycling program was at 95°C for 30 s, followed by 40 cycles of 94°C for 5 s and 60°C for 30 s. The mean values of the triplicates from each sample and the relative expression level of each sample were calculated. Relative expression levels were calculated using the 2−ΔΔCt method.



Western Blot Analysis

Total proteins were isolated from the left lobe of each liver tissue. Proteins of cytoplasm were obtained using a Cytoplasmic Protein Preparation Kit (APPLYGEN, Beijing, China). Twenty micrograms of proteins of each sample was loaded onto a 10% Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), separated by electrophoresis, and transferred to poly vinylidene fluoride (PVDF) membranes. The membranes were incubated with the respective primary antibodies, including Stat3, phospho-Stat3, Erk1/2, phospho-Erk1/2, p38, phosphor-p38, α-SMA (1:1,000, Cell Signaling Technology, United States), and HMGB1 (1:1,000, Abcam, United States) for 16 h at 4°C. Subsequently, the membranes were incubated with secondary antibodies conjugated to horseradish peroxidase for 1 h. The proteins were visualized by Amersham ECL Select Western Blotting Detection Reagent.



Immunohistochemistry

Mice liver tissues embedded in paraffin were cut into 5-μm sections. The liver sections were required an antigen retrieval with citrate and incubated with primary antibodies of alpha smooth muscle actin (a-SMA) (1:200, Wuhan Servicebio Technology Co., Ltd., China), Ki67 (1:200, Abcam, United States), alpha-fetoprotein (AFP) (1:1,000, Abcam, United States), collagen I (1:200, Wuhan Servicebio Technology Co., Ltd., China), and HMGB1 (1:400, Abcam, United States) for 16 h at 4°C. The sections were developed with 3,3N-diaminobenzidine tertrahydrochloride (DAB) (VECTOR, United States). The nuclei were counterstained with hematoxylin for 1 min. These sections were observed under a light microscope.



ELISA Detection

Released HMGB1 in serum was detected using a specific ELISA kit (Solarbio, Beijing, China) with a microplate reader according to the instructions of the manufacturer.



Experimental Design Two

About 6-week-old male BALB/c mice were randomly divided into two groups, namely, the H. hepaticus infection group (H. h) and the group both infected by H. hepaticus and injected with AdshHMGB1 (AdshHMGB1 + H. h). Each group included five mice. Detailed experiments were as described before (Cao et al., 2020b). After all mice were sacrificed at 4 MPI, the sera and liver tissues from all of the mice were collected. Sections of liver tissues were also stained with Sirius Red.



Statistical Analysis

All statistical analyses were performed using SPSS statistical software. Generally, the colonization levels of H. hepaticus in tissues, cytokine mRNA levels, protein expression levels, and serum biochemistry were analyzed using two-tailed Student’s t-tests, and differences were considered statistically significant when p < 0.05.




RESULTS


Helicobacter hepaticus Infection Promoted Colonic and Hepatic Inflammation in BALB/c Mice

We previously documented that H. hepaticus colonization level increased from 8 to 24 weeks post-infection (WPI). We also showed that H. hepaticus infection aggravated pathological lesions in the intestine and liver of H. hepaticus–infected BALB/c mice (Cao et al., 2020a). To better elucidate the relationship between bacterial load and disease development, we determined the level of H. hepaticus colonization in the colon and liver of infected BALB/c mice until 18 MPI. qPCR results revealed that H. hepaticus was detected in the colon and liver of H. hepaticus–infected BALB/c mice at all the time points. However, there was no statistical difference in colonization level in the colon between 6 and 18 MPI and in the liver between 12 and 18 MPI (Figure 1).
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FIGURE 1. QPCR-based quantitation of the Helicobacter hepaticus cdtB gene in intestinal and hepatic segments. Copy numbers of the H. hepaticus genome are expressed per micrograms of mouse DNA in the respective samples. The samples of control groups negative for H. hepaticus are not shown. **p < 0.01 as compared to the control. Each group contained five mice.


Consistent with previous reports (Cao et al., 2020a), mice infected with H. hepaticus developed overt colonic pathology including disruption of the epithelial layer along with lymphocytes infiltration, as well as the loss of colonic glands, which extended throughout the entire colon during the later stages of infection (Figure 2A). The colonic pathology HAI score was significantly higher in the H. hepaticus–infected mice as compared to the control mice at all infection points (Figure 2B). Meanwhile, the H. hepaticus–infected mice at 12 MPI had statistically higher colonic HAI scores as compared to that at 3 and 6 MPI. However, the colonic HAI scores at 18 MPI were comparable to that at 12 MPI. For sub-categorical colonic lesions including inflammation, edema, crypt atrophy, epithelial defects, hyperplasia, and dysplasia, H. hepaticus infection groups developed more severe inflammation, edema, and epithelial defects at all time points as compared with control groups (Figure 2C). These results indicated that infection with H. hepaticus promoted chronic colonic inflammation.
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FIGURE 2. Helicobacter hepaticus infection induced chronic colitis. (A) H&E images of the colon from male mice of control and H. hepaticus–infected groups at 3, 6, 12, and 18 months (magnification, × 200). (B) The intestinal histologic active index (HAI) was calculated by combining scores for all sub-categorical lesions of mice in the control and H. hepaticus–infected groups at all time points. (C) Scores of sub-categorical lesions in the colons in all representative mice at all time points. Data are expressed as the means ± SD (n = 5). *p < 0.05 as compared to the control, and **p < 0.01 as compared to the control. Each group contained five mice.


To determine potential correction of hepatic lesions with H. hepaticus colonization in the liver of BALB/c mice, we next examined hepatic histopathology. Inflammatory lesions in the liver involved two aspects: lobular (acinar) hepatitis and/or portal hepatitis. These pathological manifestations consisted mainly of lymphocytes forming foci of spotty or confluent hepatocellular necrosis with Kupffer cells and neutrophil granulocytes (Figure 3A), which was similar to the features of human chronic active and chronic persistent hepatitis (Brunt, 2000). Consistent with H. hepaticus infection in A/JCr mice, lobular hepatitis lesions were evident at all sampled time points, whereas chronic portal inflammation was not fully prominent until 12 MPI (Rogers et al., 2004). To quantify the extent of hepatic lesions, the grading scores of separate components (lobular and portal activity) were added (Figure 3B). The results indicated that the H. hepaticus–infected mice shared significantly higher hepatic inflammatory scores as compared to the control mice at all time points. Moreover, the severity of H. hepaticus–induced hepatitis increased over the course of infection although the scores of hepatitis exhibited no statistical difference between 12 and 18 MPI. For sub-categorical hepatic lesions including lobular hepatitis and portal hepatitis, lobular hepatitis occurred before portal hepatitis (Figure 3C). Next, biochemical criteria, such as ALT and AST levels, were used as markers to determine liver function (Figure 3D). Increased serum ALT and AST levels were evident in H. hepaticus–infected mice as compared to the control mice, suggesting that mice infected with H. hepaticus endured liver damage.
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FIGURE 3. Helicobacter hepaticus infection induced chronic hepatitis. (A) H&E images of the liver from male mice of control and H. hepaticus–infected groups at 3, 6, 12, and 18 months (magnification, × 200). (B) The scores of the degree of hepatic inflammation were calculated by combining the sub-categorical hepatitis scores of mice in the control and H. hepaticus–infected groups at all time points. (C) Scores of sub-categorical lesions of liver in representative mice at all time points. (D) The levels of serum ALT and AST activity between the H. hepaticus–infected groups and control groups. Data are expressed as the means ± SD (n = 5). **p < 0.01 as compared to the control. Each group contained five mice.




Infection With Helicobacter hepaticus Aggravated Hepatic Fibrosis in BALB/c Mice

The expression of α-SMA is usually deemed as a sign of activated hepatic stellate cells (HSCs), which is the key event in the process of liver fibrosis (Dhar et al., 2020). The immunohistochemistry of α-SMA results indicated that more severe hepatic fibrosis was observed in H. hepaticus–infected mice livers as compared to the control mice (Figure 4A). Sirius Red staining results showed the distensible collagen area in BALB/c mice over the course of infection (Figure 4B). The liver fibrosis stage was 1.6 ± 0.418 at 3 MPI and progressed to 3.8 ± 0.274 at 18 MPI in mice infected with H. hepaticus (Figure 4C). However, because of the differences in staining sensitivity, Sirius Red staining embodied little difference in liver fibrosis between 12 and 18 MPI. Next, the increased level of serum hyaluronic acid was higher in H. hepaticus–infected mice as compared with the control mice (Figure 4D). Moreover, our data also showed that the expression of α-SMA was significantly elevated in the liver of H. hepaticus–infected mice compared to the control group (Figure 4E). Remarkably, uninfected BALB/c mice also showed mild liver fibrosis at 12 and 18 months, suggesting aged mice were at risk to spontaneously form liver fibrosis.
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FIGURE 4. Helicobacter hepaticus infection induced liver fibrosis. (A) Sirius red staining and immumohistochemical staining (IHC) of α-SMA images of liver sections at all time points (magnification, × 200). (B) Quantitative morphometry of collagen positive area. (C) The scores of the degree of liver fibrosis. (D) The levels of serum hyaluronic acid activity between the H. hepaticus–infected groups and control groups. (E) The expression level of α-SMA was detected and analyzed by Western blot. Data are expressed as the means ± SD (n = 5). *p < 0.05 as compared to the control. **p < 0.01 as compared to the control. Each group contained five mice.




Helicobacter hepaticus Infection Promoted Hepatocytes and Immunocytes Proliferation

Ki67 expression level indicates the status of cell proliferation, which is highly over expressed in cancer cells and has been proposed as a diagnostic marker of cancer (Yang et al., 2018). Immunostaining for Ki67 expression is the gold standard. A cutoff level of 10–14% positive staining is used to judge high risk of prognosis (Yang et al., 2018). Immunohistochemistry results showed that Ki67 was first visible in the liver of mice infected with H. hepaticus at 6 MPI and also evident in foci of cellular alterations and dysplastic nodules at 12 and 18 MPI (Figure 5A). The Ki67 labeling index per × 10 field was calculated in tertiary lymphoid tissue at different time points (Figure 5B), and the number of proliferating cells in H. hepaticus–infected groups was significantly increased compared with the control. AFP possesses a variety of biological functions, including its diagnosis in liver cancer (Wang and Wang, 2018). The immunohistochemistry results showed that AFP was visible in the liver of mice infected with H. hepaticus at 12 and 18 MPI (Figure 5C). Furthermore, immunoblot results showed that the level of AFP in the liver of mice in H. hepaticus–infected groups was higher as compared with controls (Figure 5D). Together, these lines of evidence demonstrated that H. hepaticus infection aggravated hepatic damage, which developed into hepatic carcinoma genesis.
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FIGURE 5. Helicobacter hepaticus infection induced cell proliferation and hepatic preneoplasia. (A) Immumohistochemical (IHC) staining of Ki67 images of the liver in H. hepaticus–infected and control mice at all time points (magnification, × 200). (B) The number of Ki67-positive cells was calculated and compared. Data are expressed as the means ± SD (n = 5). (C) Immumohistochemical (IHC) staining of AFP images of the liver in H. hepaticus–infected and control mice at 12 and 18 MPI (magnification, × 200). (D) Western blot and densitometric analysis of AFP and GAPDH of the liver in H. hepaticus–infected and control mice at 12 and 18 MPI. **p < 0.01 as compared to the control. Each group contained five mice.




Helicobacter hepaticus Infection Increased the Expression of Hepatic Inflammatory Cytokines

We previously reported that H. hepaticus infection caused liver inflammation and a significant upregulation of hepatic IL-6 and Tnf-α levels in male BALB/c mice starting at 8 WPI (Cao et al., 2020a). Likewise, the mRNA levels of these inflammatory cytokines were significantly increased as compared to the controls at 12 and 18 MPI (Figure 6) in the current study. In addition, it has been documented that Tgf-β family members (Tgf-β-1, Tgf-β-β-2, and Tgf-β-β-3) are induced and activated in a variety of fibrotic diseases (Govinden and Bhoola, 2003). In this study, we found that the mRNA levels of the fibrosis-related hepatic cytokine Tgf-β were statistically different between the H. hepaticus–infected and control groups at all time points.
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FIGURE 6. Helicobacter hepaticus infection upregulated the levels of inflammation-associated cytokines. Relative mRNA levels of hepatic IL-6, Tnf-α, and Tgf-β. Data are expressed as the means ± SD (n = 5). **p < 0.01 as compared to the control. Each group contained five mice.




Helicobacter hepaticus Infection Induced Hepatic Preneoplasia via the Activation and Release of High-Mobility Group Box-1, MAPKs (Erk1/2 and p38), and Stat3

It has been documented that HMGB1 plays a key role in biological processes that contribute to characters of chronic liver diseases and may serve as a marker for monitoring the surgical course in patients undergoing surgery for liver cancer (Hernandez et al., 2018; Cheng et al., 2020; Satoh et al., 2020). To investigate whether H. hepaticus–induced hepatic preneoplasia was associated with HMGB1, the level of HMGB1 in infected mice was detected. Immunohistochemical results demonstrated that H. hepaticus infection facilitated HMGB1 localization in the hepatocytes and immune cells at each time point (Figure 7A). Of note, the livers of control mice showed an increased HMGB1 signal in the nucleus of parenchymal cells with age, but hepatic architecture was normal. In addition, the mRNA and protein levels of HMGB1 were examined in the liver of both H. hepaticus–infected mice and controls at 3, 6, 12, and 18 MPI utilizing qPCR and Western blotting. Our results showed that both the mRNA and protein levels of HMGB1 were statistically increased in the H. hepaticus–infected mice as compared to the controls at all time points (Figure 7B). Furthermore, HMGB1 in serum was significantly increased further suggesting that hepatocytes were damaged upon H. hepaticus infection (Figure 7C). Because MAPK (Erk1/2 and p38) and Stat3 signaling pathways have been characterized in downstream of HMGB1 (Zhang et al., 2021), we investigated the mechanisms of H. hepaticus–induced hepatic preneoplasia and HMGB1 stimulation. The results indicated that phosphorylation of hepatic Erk1/2, p38, and Stat3 were significantly increased from 3 to 18 MPI in H. hepaticus–infected mice as compared to the controls (Figures 7D,E). Our data suggested that the activation of these proteins was correlated with progression of H. hepaticus–induced hepatic pathology in this mouse model.
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FIGURE 7. Helicobacter hepaticus infection promoted activation and release of HMGB1. (A) Immumohistochemical (IHC) staining of HMGB1 images in the liver of H. hepaticus–infected and control mice at all time points (magnification, × 200). (B) The mRNA and protein expression level of HMGB1 was detected and analyzed. (C) The level of serum HMGB1 was detected and analyzed. (D,E) Western blot and densitometric analysis of Stat3, p-Stat3, Erk1/2, p-Erk1/2, p38, p-p38, and β-actin. Data are expressed as the means ± SD (n = 5). **p < 0.01 as compared to the control. Each group contained five mice.




Knockdown of High-Mobility Group Box-1 Could Alleviate Liver Fibrosis in BALB/c Mice Infected With Helicobacter hepaticus

To prove the effect of HMGB1 in liver fibrosis, we knocked down the expression of HMGB1 in the liver of mice by adenovirus interference. The AdshHMGB1 + H. h group showed a mild liver fibrosis compared with the H. h group at 4 MPI (Figure 8A). Collagens are the principal components of the fibrotic scars that develop as a result of liver fibrosis (Karsdal et al., 2020). The immunoblot results showed knockdown of HMGB1 could decrease the expression of hepatic α-SMA and collagen I in BALB/c mice infected with H. hepaticus at 4 MPI (Figures 8B,C), suggesting the release of HMGB1 influenced the progression of liver fibrosis.
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FIGURE 8. Knockdown of HMGB1 expression could alleviate liver fibrosis in BALB/c mice infected with H. hepaticus at 4 MPI. (A) Sirius red staining of liver sections including AdshHMGB1 + H. h group and H. h group at 4 MPI. (B,C) Western blot and densitometric analysis of hepatic HMGB1, α-SMA, collagen I, and GAPDH of AdshHMGB1 + H. h group and H. h group at 4 MPI. Data are expressed as the means ± SD (n = 5). *p < 0.05 and **p < 0.01 as compared to the control. Each group contained five mice.





DISCUSSION

The liver performs an integral role in the body to maintain homeostasis and health and is a major synthesis and immunological organ with hundreds of functions such as metabolism, antigen surveillance, and immune tolerance (Tanwar et al., 2020). It has been documented that the liver is at high risk of suffering stimulation, injury, inflammation, and developing cancer by enhancing proliferation ability of the damaged cells (Finkin et al., 2015; Zhan et al., 2016). H. hepaticus has been shown to cause HCC in susceptible mouse strains (Fox et al., 1996), but the underlying mechanisms were obscure. We previously reported that H. hepaticus infection induced liver inflammation and cirrhosis in BALB/c mice by 6 MPI (Cao et al., 2020a). In this study, our data further demonstrated that H. hepaticus infection induced chronic hepatitis/cirrhosis progressed to hepatic preneoplasia by 18 MPI in this mouse model, whereas no obvious lesions was found in the livers of uninfected aged mice. Likewise, the worldwide morbidity and mortality of liver cancer in humans are influenced by age, environment, and immunity (Berruti et al., 2019; Franken et al., 2019). Previous studies have shown that H. hepaticus infection was associated with colitis and colorectal cancer in some immunodeficient mice. In this study, increased H. hepaticus in the colon only induced chronic colitis without cancer and tumor in male BALB/c mice during 18 months of infection, indicating that adaptive immune cells of immunocompetent mice normally serve to reinforce homeostasis and prevent cancer in the lower bowel (Fox et al., 2011). However, H. hepaticus persisted as a lifelong infection in the colon of BALB/c mice, which probably induced damage of the intestine epithelial barrier and transfer to the liver (Segura-Lopez et al., 2015). Infiltration of immune cells usually appeared in the livers of H. hepaticus–infected mice that developed liver cancer, indicating that chronic inflammation might progress to carcinogenesis(Han et al., 2019). In the current study, H. hepaticus infection in male BALB/c mice induced chronic hepatic inflammation throughout the process by stimulating the secretion of pro-inflammatory cytokines such as IL-6, Tnf-α, and Tgf-β, which resulted in the development of hepatic preneoplasia. Moreover, the released cytokines could activate HSCs, the main mediator of liver fibrosis (Seki et al., 2007). In addition, the degree of liver fibrosis in H. hepaticus–infected mice as revealed by Sirius Red staining and α-SMA analysis was more serious as compared to the controls and reached a high level at 12 MPI. In contrast to a previous study where male A/JCr mice infected with H. hepaticus presented with features of liver carcinoma at 12 MPI, no hepatic fibrosis was observed during the middle course of infection (Rogers et al., 2004), suggesting that different mouse strain may have different pathological characteristics. It is noteworthy to mention that the aged control mice were still at risk of developing mild liver fibrosis with age. Together, these lines of evidence are consistent with previous points that H. hepaticus infection in male BALB/c mice recapitulated some pathological features in the development of HCC in humans, which indicates that this model is suitable for anatomizing the mechanisms on human HCC caused by gut bacterial infection.

Ki67, a nuclear antigen expressed only in proliferating cells, is one of the most widely used proliferation markers in cancer cells linked with HCC (Shi et al., 2015; Sun and Kaufman, 2018). Our investigations of samples in vivo revealed that the number of Ki67 positive cells was much higher in the liver of H. hepaticus–infected mice than that of the controls after 12 MPI. These results are in agreement with a previous study that showed increased cell proliferation was also evident in liver of A/JCr mice with H. hepaticus infection (Rogers et al., 2004), indicating that H. hepaticus infection promoted proliferation of hepatic cells and probably induced hepatic tumorigenesis in male BALB/c mice. It has been reported that cytolethal distending toxin (CDT) plays a key role in arresting cell cycles and induces inflammation and hepatic carcinogenesis in H. hepaticus–infected mice (Ge et al., 2007), which may be a reason for the increase and accumulation of Ki67 in hepatocytes. In brief, our findings suggested that excessive cellular proliferation occurred in H. hepaticus–induced hepatic preneoplasia, which is feasible because longer infection duration is essential for the development of HCC in this model. High-mobility group box-1 is a typical damage-associated molecular pattern molecule and has been implicated in several inflammatory and cancerous diseases (Sims et al., 2010). It has been reported that the serum HMGB1 levels in patients with HCC were significantly higher than those with single chronic hepatitis and healthy controls (Tang et al., 2010), indicating that HMGB1 can be an important and reliable serous marker of chronic liver diseases and used to predict the processes in HCC patients. In this study, we observed that accumulation of HMGB1 was increased and passively released in the liver from necrotic hepatocytes, which, in turn, could activate monocytes, macrophages, and dendritic cells in the area of inflammation, and then promoted an intratumoral microenvironment favoring cell growth and proliferation (Naglova and Bucova, 2012). It has been reported that HMGB1 can be released to extracellular context by necrotic cells under hypoxia in growing solid tumor (Wang and Zhang, 2020). Then, extracellular HMGB1 promotes the release of cytokines such as IL-6 and Tnf-α by activating MAPKs and Stat3 pathways, which stimulates tumor cells proliferation, angiogenesis, EMT, invasion, and metastasis (Chen Y. et al., 2016; Bailly, 2020). Our data also showed that H. hepaticus infection upregulated these cytokines and the phosphorylation of Erk1/2, p38, and Stat3 in the livers of H. hepaticus–infected BALB/c mice at all time points, indicating that H. hepaticus infection induced these signaling pathways, and, in turn contributed to promoting liver carcinogenesis (Deng et al., 2019). Moreover, immumohistochemical staining results showed that H. hepaticus infection caused HMGB1 activation and translocation from the nucleus to the cytoplasm to promote liver carcinogenesis. In this study, we also demonstrated that knockdown of HMGB1 expression could alleviate liver fibrosis in BALB/c mice infected with H. hepaticus at 3 and 4 MPI. However, it was still unknown whether decreased HMGB1 ameliorated the development of liver carcinoma in the murine H. hepaticus infection model. Of note, the HMGB1 inside nucleus has intrinsic property to improve its different biological function, such as transcription, regulation of chromatin structure, and DNA damage repair (Tripathi et al., 2019). In this study, although the gene and protein levels of HMGB1 in the hepatocellular nucleus of control mice were increased, no obvious liver damage was found, implying that HMGB1 in the nucleus had no ability to cause a cascade of reactions. Together, H. hepaticus infection promotes hepatitis to develop hepatic preneoplasia by activation and accumulation of HMGB1.

In summary, our findings demonstrated that H. hepaticus infection in male BALB/c mice induces chronic hepatitis which progresses to liver preneoplasia. This pathogenic process is likely modulated via accumulation and release of HMGB1, which offers mechanistic clues for future studies.
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The havoc unleashed by COVID-19 pandemic has paved way for secondary ominous fungal infections like Mucormycosis. It is caused by a class of opportunistic pathogens from the order Mucorales. Fatality rates due to this contagious infection are extremely high. Numerous clinical manifestations result in damage to multiple organs subject to the patient’s underlying condition. Lack of a proper detection method and reliable treatment has made the management of this infection troublesome. Several reports studying the behavior pattern of Mucorales inside the host by modulation of its defense mechanisms have helped in understanding the pathogenesis of this angio-invasive infection. Many recent advances in diagnosis and treatment of this fungal infection have not been much beneficial. Therefore, there is a need to foster more viable strategies. This article summarizes current and imminent approaches that could aid effective management of these secondary infections in these times of global pandemic. It is foreseen that the development of newer antifungal drugs, antimicrobial peptides, and nanotechnology-based approaches for drug delivery would help combat this infection and curb its spread.
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INTRODUCTION

There is a surge of secondary infections amid the global COVID-19 pandemic. Mucormycosis has been reported in many countries as one of the COVID-19 related comorbidities. The region affected by the fungi appears black, which is why the disease is commonly referred as “black fungus.” The organs commonly targeted by this disease include nose, brain, eyes, sinuses, lungs, Gastrointestinal (GI) tract, skin, and kidneys. Some of the noticeable symptoms of this infection include swollen eyes, runny nose, blurred vision, and facial swelling (Petrikkos et al., 2012). One of the most remarkable signs of this disease is tissue necrosis, which is often a result of vascular thrombosis. It is a non-contagious, angio-invasive infection caused by members of the order Mucorales belonging to the kingdom fungi. It was earlier known by the name zygomycosis as the species were believed to belong to phylum Zygomycota, but now the agents causing mucormycosis are categorized in a new phylum Glomeromycota under subphylum mucoromycota; the order Mucorales falls under the subdivision mucoromycotina (Kwon-Chung, 2012). The fungi mainly responsible for this infection include Mucor and Rhizopus along with Cunninghamella sp., Saksenaea sp., Lichtheimia sp., Apophysomyces sp., Rhizomucor sp., and Cokeromyces sp. (Roden et al., 2005). The spores are dispersed in the surrounding air and can be easily transmitted by the inhalation of droplets (Richardson, 2009). The earliest description of this disease dates back to 1876 when the lungs of a cancer patient were found to harbor sporangia and fungal hyphae with hemorrhagic infarct. Almost a decade later, in the year 1885, the first incidence of mycosis mucorina, also known as disseminated mucormycosis was reported (Paltauf, 1885). The overall fatality rate of this infection from across the globe is estimated to be 46% (Werthman-Ehrenreich, 2021). These fungal species are the second most prevalent type of molds following Aspergillus, which is also an opportunist secondary pathogen (Slavin et al., 2015).

Mucormycosis is an uncommon infection more prevalent in regions affected by natural calamities (Dannaoui, 2002). However, owing to the global pandemic, around 1.7 people in every 1,000,000 are contracting this disease (Bouza et al., 2006). As per the World Health Organization (WHO), the pervasiveness of this infection in India is 140 per million populations (Chakrabarti and Dhaliwal, 2013). Monoclonal antibodies like tocilizumab and itolizumab used for the treatment of COVID-19 cause immune suppression that makes patients vulnerable to these ubiquitous fungi.

The mucorales easily multiply when they encounter a favorable environment in the immunocompromised individuals. The pathogenesis of infection is majorly due to the inbuilt host defense mechanism. The risk factors that make a person more susceptible to this disease include diabetes, COVID-19, surgeries, hematological malignancies (HM), uptake of corticosteroids, hospital acquired etc. Complications associated with this infection include blindness and thrombosis. It is advisable to take proper preventive measures and maintain good personal hygiene to reduce disease occurrence. Diagnosis involves the use of many new and conventional methods like biopsy, CT scans, and PCR based methods. The treatment options available are not much effective due to resemblance of the drug targets in the pathogen with the host (Riley et al., 2016), but antifungal therapy and surgical removal of the affected region are suggested.

The novel strategies of treatment based on targeted drug deliveries of the antifungal drugs have exhibited exceptional fungicidal activity that can be exploited for treatment. The main aim of this review is to provide a single platform that incorporates details about pathogenesis, epidemiology, clinical manifestations, underlying factors, diagnostic methods, and conventional and novel treatment approaches for better management of this invasive infection and reduce the upsurge of black fungus cases.



MORPHOLOGY OF MUCORALES

Fungi categorized under Order Mucorales are ubiquitous in nature and serve as an integral part of human environment, colonizing the wet organic materials, fermenting various food and drinks, production of cheese, and causative agent for several life-threatening infections.

Mucorales reproduce either by sexual or asexual means; sexual reproduction involves production of zygospores that are pigmented and thick walled. Fusion/blending of two separated ends of hyphae including the blending of nuclei and cytoplasm of zygospores result in the formation of zygote that develops into a mature fungus. On the other hand, asexual reproduction includes the formation of endogenously produced uni-celled spores, called sporangiospores. In case of sporangiospores, the formation of cell wall is without the association of pre-existing cell walls. Columellae have been reported from two orders: well-defined columellae in Mucorales and inconspicuous columellae in Umbelopsidales. It has been observed in histopathological studies that Entomophthoromycoses and Mucormycoses are identical owing to non or rarely septate, belt like, and broad hyphae. Moreover, these can be differentiated using hematoxylin and eosin (H&E) staining, wherein eosinophilic sleeves enclose the Entomophthorales hyphae only. According to a study by Jeong et al. (2019), Mucor is a part of the main genera causing mucormycosis. The main characteristics of the genus Rhizopus includes: sporangia possessing apophysis and pigmented, unbranched sporangiophores originating either in whorls or singly. Rapidly growing colonies with hyphae, which form arched stolons along with rhizoids, are the primary feature of Absidia. Other characteristics include: pear shaped sporangia, sporangium with apophysis below, and presence of stolons from where sporangiophores originate. Sporangiophores are normally upright hyphae, which can be simple, slightly branched and septate, usually in fascicles on common base.



PATHOGENESIS


Virulence Factors

Virulence strategies of the fungal pathogen influence its morphology, which further directs the pathogenesis mechanism (Min et al., 2020). Interaction of fungi with the immune system is influenced by the cell morphology (Erwig and Gow, 2016). Rhizopus oryzae is normally present in its sporangiophore form and changes to coenocytic hyphae in the host cell. Mucorales compromise the immune system by shape shifting in the host cells to form large aggregates/clusters of cells or long hyphae, which cannot be phagocytized by leukocytes as developing hyphae rupture out of macrophages. Few shape shifting fungi form interconnected hyphae (mycelium) that help in nutrient sharing and hence, promote growth (Min et al., 2020). Genetic modifications over the course of time have made the pathogen competent enough to take nutrition from host, develop resistance to antifungal drugs for survival against host immunity and in adverse conditions by maintaining high growth and metabolism, synthesizing virulence factors, hastened cell wall synthesis, and immense iron uptake (Ibrahim et al., 2008; Lamaris et al., 2009; Lewis et al., 2012).

Virulence of Mucorales further depends on the secretion of lytic enzymes encoded by a number of genes and also metabolites like mycotoxins and alkaloids that promote intrusion of tissue and suppress host immune response (Ribes et al., 2000; Challa, 2019). Mucorales spores can enter the host cell via inhalation, ingestion of contaminated food, or through local inoculation. Figure 1 diagrammatically represents the transformation of spores into coenocytic (aseptate) hyphae when transmitted to the host tissue.
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FIGURE 1. (A) The spores revert back to the budding mode of replication after being inhaled by the host. For protecting the cells against stress and unfavorable environment, a thick polysaccharide capsule is formed and also the formation of large cells that are immune to phagocytosis, (B) Rhizopus oryzae grows as coenocytic (aseptate) hyphae, which produce few septa in the host. Adapted from Min et al. (2020).




Defense Against Innate Immunity

Mucorales spores bind extracellular matrix (ECM) proteins collagen IV and laminin in basement membrane. They dismantle the stroma and invade the host cell by synthesizing glycosidic enzymes, proteases, and subtilases (Schoen et al., 2002; Spreer et al., 2006). After overcoming physical barriers of the skin and mucosal lining, the second line of defense, i.e., cellular response is activated which comprises of macrophages, mononuclear cells, neutrophils, and dendritic cells (Ibrahim and Voelz, 2017). The inhaled asexual sporangiospores that are omnipresent in the environment are phagocytosed by the macrophages. Escape of spores from the body’s defense system leads to their development into hyphae, further promoting chemotaxis of neutrophils, followed by phagocytosis and killing of hyphae. This further includes elimination of hyphae and spores by neutrophils via oxidative cytotoxicity. These neutrophils produce perforins, various reactive oxygen metabolites, enzymes, and cationic peptides. Additionally, they also synthesize pro-inflammatory cytokines, such as interleukin-1b (IL-1b), tumor necrosis factor (TNF-α), and interferon-gamma (INF-γ), which are further involved in recruitment and activation of other inflammatory cells. The fungal pathogen has Pathogen Associated Molecular Patterns (PAMPs) present on its surface to which the recognition receptors like Toll-like receptors (TLRs) at the phagocytes bind and activate the intracellular signaling and inflammatory process (Roilides et al., 2012).

Platelets contain three types of cytoplasmic granules: dense granules, which store mediators like adenosine nucleotide diphosphate and serotonin; alpha granules, associated with coagulation and adhesion; and lysosomal granules, consisting of lysosomal enzymes (Fitzgerald et al., 2006). Because of its characteristic antifungal and antimicrobial properties, platelets have crucial role in the host immune response by secreting granules, which consist of anti-inflammatory and pro-inflammatory cytokines, like transforming growth factor β, chemokines, and thrombocidins with fungicidal properties. Attachment to Mucorales spore and hyphae activates the platelets that initiate clot formation and aggregation, further inhibiting hematogenous dissemination of fungi (Perkhofer et al., 2009; Ibrahim and Voelz, 2017). Natural killer (NK) cells prompt cytotoxic effects by producing chemokines and cytokines like granulocyte-macrophage colony-stimulating factor (GMCSF), IFN-γ, and TNF-α, thus exerting their impact on other immune cells and ultimately destroying fungal hyphae (Perkhofer et al., 2009).



CotH Proteins

By the expression of spore coat homolog (CotH) proteins, Mucorales bind with the monolayer of endothelial cells, which comprises cellular lining of blood vessels, and is in direct contact with the body (Spreer et al., 2006). These are exclusive to Mucorales and the number of copies expressed influence its virulence. Generally, disease causing species like Rhizopus sp., Mucor sp., and Lichtheimia sp. express 3–7 copies of CotH genes compared to those which cause disease less frequently like Apophysomyces sp., Cunninghamella sp., Saksenaea sp., and Syncephalastrum sp. which express 1–2 copies of CotH genes (Chibucos et al., 2016). CotH, with a short half-life of 4–5 h is a protein kinase belonging to the spore coating protein family. It is needed for assembling proteins in the inner spore coat layer. During sporulation, CotH activity is regulated by autophosphorylation using ATP. Its concentration decreases rapidly after the transcription of structural gene is deactivated. As per recent research, it has been suggested to be an important component of spore germination in many bacteria (Gebremariam et al., 2014).

The CotH proteins act as fungal ligands to receptor Glucose Regulatory Protein (GRP) 78. Germlings of R. oryzae adhere to these proteins rather than spores while invading the host (Roilides et al., 2014; Challa, 2019). GRP 78 (also known as HSPA5/BiP) is a cellular heat shock protein present in endoplasmic reticulum. The primary role of GRP 78 is as a chaperone associated with many cellular processes like assembly and folding of protein, labeling of misfolded proteins for proteasome degradation, sensor for endoplasmic reticulum stress, and maintaining calcium homeostasis (Ibrahim et al., 2008). Fungal ligand CotH binds with GRP 78 receptor present on the endothelial cell, which aids in its endocytosis leading to its damage. This adherence is supported by hyperglycemia and iron in acidic pH. Some toxic secondary metabolites secreted by Mucorales also promote endothelial damage (Challa, 2019).



Iron Uptake

Iron is required in the host cell as it facilitates differentiation of lymphocyte and macrophages, acts as anti-microbial immune effector and is involved in metabolism of immune cells. Iron assumes a crucial role in the development of fungal cell wall, as in iron deprived conditions, fungi undergoes apoptosis (Ibrahim and Kontoyiannis, 2013).

Iron is an essential micronutrient required for the progression of infection as it facilitates cell proliferation and development. Free iron is typically sequestered by transferrin, ferritin, and lactoferrin (Howard, 1999). A key virulence determinant possessed by Mucorales includes the capability to take up iron from the host cell. In order to accomplish this, the pathogen adopts various strategies, which include utilizing siderophore, heme, and free iron acquisition systems (Challa, 2019). The mechanism of iron acquisition by pathogenic fungi is shown in Figure 2.
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FIGURE 2. General approaches employed by pathogenic fungi for acquiring iron (A) Siderophore uptake system: acquisition of iron from siderophores and xenosiderophores, (B) Hemoglobin utilization: chelation of iron from heme proteins and hemoglobin, and (C) Reductive system: subject to assimilating iron through redox reaction and further transportation into cytoplasm dictated by iron permeases.



Reductive System for Iron Uptake

Fungal pathogens like Mucorales, including Rhizopus arrhizus, Lichtheimia corymbifera, and Mucor circinelloides have a high affinity iron uptake system. FRE1 and FRE2 encoded ferric reductase membrane bound enzyme facilitates the reduction of iron, i.e., ferric (Fe3+) to ferrous (Fe2+). FET3 encoded multicopper ferroxidase directs the re-oxidation of the insoluble ferric ion. FTR1 encoded iron permease imports the insoluble ferric ion (Bairwa et al., 2017).



Hemoglobin Utilization

About 60–70% of iron binds to the heme moiety in hemoglobin of host. Some other proteins of the host that bind iron include lactoferrin, haptoglobin, hemopexin, lipocalin-1, and lipocalin-2. These proteins reduce the availability of iron to invading pathogens. An intracellular protein ferritin binds to iron and is the second largest reservoir of iron. It is composed of two subunits: L-ferritin (Ftl) and H-ferritin (Fth; Hare, 2017). Generation of toxic components and accessibility of iron to pathogen is forestalled by sequestering iron to explicit proteins (Stanford and Voigt, 2020). The two R. oryzae homologs of heme oxygenase were revealed by the Rhizopus genome project. These help the pathogen in uptake of iron from hemoglobin of the host. Intracellular heme uptake is promoted by FTR1 in R. oryzae, which serves as an intracellular membrane permease further proceeded by degradation of heme to release ferric ions intracellularly. SreA, a transcriptional regulator assists R. oryzae in acquiring iron from the host (Ibrahim et al., 2008).



Siderophore Uptake

The third mechanism by which iron is acquired by the pathogen from accessible sources in the host and environment is a non-reductive pathway. Siderophores are low molecular weight (typically less than 1kDa) small iron chelators produced by bacteria or fungi having high affinity for iron.

On the basis of chemical nature of group donating oxygen ligand for Fe3+, they are categorized into three classes namely: catecholates, hydroxamates, and alpha-hydroxy carboxylates (Miethke and Marahiel, 2007; Wilson et al., 2016). Rhizoferrin being an intrinsic siderophore secreted by Rhizopus (belonging to the polycarboxylate family) helps in iron acquisition via receptor mediated and energy dependent mechanism (Thieken and Winkelmann, 1992). Rhizopus needs intrinsic as well as extrinsic siderophores for iron uptake (Morales-Franco and Nava-Villalba, 2021). The project on R. oryzae genome sequencing has revealed the possibility of presence of 13 siderophore permeases acting as siderophore receptors. The exact mechanism by which Rhizoferrin takes up iron is still not known (Boelaert et al., 1993). X-ray crystallography studies revealed the structure of rhizoferrin – around the chiral center two citric acid residues having R,R configuration are attached with the aminobutane backbone (Ibrahim et al., 2008). Rhizoferrin is unable to fulfill the iron requirement of the pathogen as it is incompetent in acquiring iron from serum because the gene responsible for producing the enzyme non-ribosomal peptide synthase that secrets common siderophore is absent (Boelaert et al., 1993). Deferoxamine, a xeno-siderophore helps in the chelation of iron from the protein, i.e., transferrin results in the formation of an iron-deferoxamine complex known as ferroxamine. With the help of fungal receptors Fob1 and Fob 2, this complex binds to the fungal surface; as a result of which ferrous ion is liberated by reduction at the fungal cell surface (Liu et al., 2015). Further, copper oxidase oxidizes ferrous ion to ferric ion on the fungal surface and later on transports it via high affinity iron permease (FTR1; Boelaert et al., 1993; Ibrahim et al., 2010).





EPIDEMIOLOGY

Rhino-Orbito-Cerebral Mucormycosis (ROCM) is one of the most prevalent forms of Mucormycosis in India (Prakash and Chakrabarti, 2019), followed by pulmonary and cutaneous forms (Patel et al., 2020); though in developed countries, pulmonary mucormycosis is more prevalent (de la Fuente et al., 2012). Cutaneous form of the disease majorly develops in patients with burns or trauma (Prakash and Chakrabarti, 2019; Patel et al., 2020). In India, detection of renal mucormycosis is a rather unique clinical phenomenon, especially in healthy individuals (Chakrabarti and Singh, 2014). Chakrabarti and coworkers showed an expanding pattern in number of cases from a solitary community at continuous time periods, during 1990–1999 annual occurrences was 12.9 cases per year which increased to 35.6 cases per year during 2000–2004; and reached 50 cases per year during 2006–2007. It rose from an annual incidence of 25 cases every year in 1990–2007 to 89 cases per year in 2013–2014 (Prakash and Chakrabarti, 2019). A study was conducted across 12 centers in India wherein major aspects related to mucormycosis like predisposing factors; management, microbiology, and geographic profile were observed. About 465 subjects were included in total, where majority of the cases reported were of ROCM type (67.7%), followed by pulmonary, cutaneous, and others. The main risk factors included diabetes mellitus (DM; 73.5%), followed by hematological malignancies (9.0%), transplant (7.7%), and others. Diabetes mellitus was the major factor favoring the infection of all forms of mucormycosis. Several single center studies have suggested that mucormycosis epidemiology in India is different from the developed countries (Prakash and Chakrabarti, 2021). According to a study conducted at 12 tertiary centers in India from 2016 to 2017, uncontrolled diabetes mellitus is the most common risk factor for mucormycosis, excluding cutaneous and renal mucormycosis. A study suggested that the data recorded, showed a mortality rate of 52.0% in 90 days (242/465 subjects; Patel et al., 2020).



TYPES OF MUCORMYCOSIS

On the basis of anatomical site involved in the infection, mucormycosis is categorized into the following types: (a) ROCM, (b) Pulmonary mucormycosis, (c) Disseminated mucormycosis, (d) Cutaneous mucormycosis, (e) Renal mucormycosis, and (f) Gastrointestinal mucormycosis other types categorized as (g) Miscellaneous including infection of ear, parotid, urinary bladder, bones, heart, and lymph nodes (Prakash et al., 2019). By and large, people suffering from some underlying diseases are infected with ROCM and pulmonary mucormycosis, on the other hand cutaneous mucormycosis is more prevalent in immunocompetent patients. Disseminated mucormycosis is the spread of disease via the bloodstream and commonly affects the lungs and brain.


Rhino-Orbito-Cerebral Mucormycosis

Rhino-orbito-cerebral mucormycosis is used to define Mucorales infection of the head and neck region. It is usually detected in immune-compromised patients. In the early stages, it infects the palate (root of the mouth) or paranasal sinuses; then spreads to the orbital region and subsequently reaches the brain if not diagnosed timely. Pain in the eye, ophthalmoplegia, poor vision, orbital cellulitis, necrosis, and ptosis etc. are some of the ophthalmic signs and symptoms associated with ROCM. The common non-ophthalmic manifestations are mucosal necrosis (nasal and oral); facial swelling, sinusitis, leukocytosis, facial numbness, mental status change, facial necrosis, and fever (Vaughan et al., 2018). Dark necrotic region is the hallmark sign of mucormycosis. ROCM is more commonly seen in people suffering from diabetic ketoacidosis (DKA) or uncontrolled diabetes mellitus. Individuals with underlying malignancies, other risk factors, those undergone solid organ transplants (SOT) or hematopoietic stem cell transplant (HSCT) are also vulnerable to this disease (Petrikkos et al., 2012).

Computed Tomography (CT scan) and MRI may help determine the extent of infection by studying bone tissue erosion, sinusitis with lesions, mucosal thickening, and damage to bones in maxilla, nasal septa, mandible, and orbit during paranasal mucormycosis (Petrikkos et al., 2012). High risk patients ought to undergo biopsy analysis of suspected regions of infection. Unresponsiveness to broad spectrum antibiotics during high fever is generally observed in patients infected with ROCM. Diagnosis of ROCM usually requires histopathological evidence. A meta-analysis of cases of this fungal infection revealed that Rhizopus species is most commonly associated with ROCM form (Prakash et al., 2019).



Pulmonary Mucormycosis

After ROCM, lungs are the next most common sites of invasion by the pathogen, causing pulmonary mucormycosis. In a few cases, hemoptysis, pleuritic chest pain, and dyspnea were additionally noticed and non-productive cough was found to be a common symptom. Immunocompromised patients accounted for maximum number of cases, which may be a result of hematological disorders or organ transplant. In a significant number of cases, diabetes mellitus has been detected as underlying disease (Tedder et al., 1994; Lee et al., 1999). Infiltration of the lungs (58–96%), presence of multiple nodules, cavities (6–37%), pleural effusion (6–21%), lymphadenopathy (3.3%), and pneumothorax (1–3%) were some of the observations in imaging. Only 9.8% cases showed the reverse halo sign, which is generally a characteristic sign of mucormycosis. Patients with heme malignancy and suffering from pulmonary mucormycosis underwent CT scan imaging, where Chamilos et al. (2005) noted that multiple lung nodules and pleural effusion on initial CT scans were independent predictors of pulmonary mucormycosis. Post pulmonary tuberculosis has been reported as a prominent risk factor associated with pulmonary mucormycosis (Prakash and Chakrabarti, 2019). Cunninghamella sp. is generally found associated with pulmonary or disseminated type of disease.



Cutaneous Mucormycosis

Cutaneous mucormycosis develops in immunocompetent hosts (43–67%) infected due to trauma or breach of skin (Skiada et al., 2011). Based on the extent of infection, cutaneous mucormycosis can be categorized as localized if it affects only the skin or deep extension if it involves muscle, bones, or tendons (de Oliveira-Neto et al., 2006). Cutaneous mucormycosis can spread gradually or it may lead to gangrene and dissemination due to raging spread (Hampson et al., 2005). Necrotic eschar encompassed by erythema is a typical manifestation of cutaneous mucormycosis and an insignificantly small erythematous macule could get disseminated in immunocompromised patients (Hocker et al., 2010). Significant concerns in cutaneous mucormycosis include penetrating trauma, and some minor concerns involve intra-muscular injection, surgery, open wound trauma, accidents, contaminated dressings, etc. (Roden et al., 2005; Suryanarayan Rao et al., 2006; Simbli et al., 2008; Skiada et al., 2011; Jeong et al., 2019). Visual diagnosis may include appearance of nodules, blisters, necrotic ulcers, pustules, etc.(Kobayashi et al., 2001). Occurrence of cutaneous mucormycosis in children is around 27%, which is around 19% of all cases (Roden et al., 2005; Petrikkos et al., 2012). A meta-analysis confirmed that Saksenaea sp. and Apophysomyces sp. are commonly associated with cutaneous mucormycosis (Prakash and Chakrabarti, 2019).



Gastrointestinal Mucormycosis

Gastrointestinal mucormycosis is Mucorales infection of any part of the gut. It is seldom diagnosed in living patients because of its highly non-specific presentation, which requires major suspicion leading to endoscopic biopsy. Its mortality rate is extremely high, approximately 85% (Roden et al., 2005). Infection is caused by ingesting pathogenic organism via food items like fermented milk and/or bread products (Rogers, 2008). Majority of risk factors include SOT (52%), neutropenia (38%), broad spectrum antibiotics (37.1%), hematological malignancies (35%), and diabetes mellitus (12.2%). In adults, DM and peritoneal dialysis contribute to majority of risk, whereas malnutrition and use of broad-spectrum antibiotics are of particular concern among children. The most well-known site of infection includes bowel (64.2%). The patients generally report symptoms like stomach pain, diarrhea, abdominal distension, and gastrointestinal bleed (Dioverti et al., 2015; Kaur, 2018; Prakash and Chakrabarti, 2019). The infection may be associated with bleeding of upper GI tract (Echo et al., 2005; Geramizadeh et al., 2007). Patients with low levels of neutrophils may also show symptoms of neutropenic fever, typhlitis, and hematochezia. GI infection by Mucorales can also spread to pancreas, spleen, and liver. It can further enter bowel walls and blood vessels, leading to GI hemorrhage, bowel perforation etc., thus causing death (Suhaildeen et al., 2017). Neonatal GI infection can manifest as enterocolitis and is often associated with late or poor diagnosis and high case fatality (around 78%; Francis et al., 2018).



Disseminated Mucormycosis

Mucorales are capable of invading blood vessels and can consequently enter hematogenous paths. Dissemination occurs most commonly in lungs; this is followed by CNS, sinus, liver etc.(Skiada et al., 2011). Recipients of SOT and individuals with hematological malignancy are more prone to disseminated mucormycosis (Jeong et al., 2019). Individuals with neutropenia, iron overload, or profound immunosuppression, leukemia, and the ones receiving deferoxamine are prone to disseminated mucormycosis. Fatal cases of disseminated mucormycosis are related with the usage of self-monitoring blood glucose equipment, which showcases a subtle presentation of disseminated mucormycosis. Tissue cultures of immunocompromised patients gives no clear skin findings, which is a major drawback in case of dissemination of the disease (Hocker et al., 2010).



Miscellaneous Mucormycosis

Isolated renal mucormycosis affects intravenous drug users. Patients undergoing renal transplant in warmer climates also may suffer from renal mucormycosis (Stas et al., 1996; Weng et al., 1998; Chkhotua et al., 2001). Osteomyelitis of femur, tibia, humerus, and sternum has been reported and is commonly noted after surgical intervention (Wanishsawad et al., 1996). Hematogenous osteomyelitis is extremely rare (Holtom et al., 2000).




PREDISPOSING FACTORS

There are numerous predominant underlying conditions conducive in making a host more vulnerable to fungal agents suspected to cause mucormycosis. The factors like ketoacidosis, uncontrolled diabetes, excessive use of corticosteroids and immunosuppressant drugs, increased number of transplantation surgeries, direct epidermis exposure to the spores of causative agents that happens either due to trauma or burns, hematologic malignancies, and deferoxamine therapy are majorly responsible for mucormycosis (Spellberg et al., 2005).

Recently, SARS-CoV-2 mutants have been implicated in aggravating the disease spread. It is increasingly becoming a cause of concern due to prolonged stay of patients in hospital wards and the sensitive healthcare systems and poor hospital management makes the immunocompromised host more vulnerable. In a crucial study by Skiada et al. (2020), it has been observed that distinctive topographical regions contribute to different factors attributed to outbreak of infection. For instance, malignancies were associated with a majority of cases reported from European countries and in Middle East and Asian countries the major predisposing factor was diabetes. It was additionally highlighted that a specific manifestation is due to some risk factor targeting a particular tissue, like cutaneous mucormycosis is the result of trauma or burns, diabetes majorly causes ROCM, while neutropenia and malignancy lead to pulmonary mucormycosis (Skiada et al., 2020).

Owing to the changing lifestyle patterns, the cases of DM are dramatically increasing in developing countries. It is reported that diabetes is perhaps the most significant risk factor for the prevalence of MCR with 40% of the total cases with 20% of cases reported from ketoacidosis patients, which becomes the second highest factor followed by malignancies and transplantations (Jeong et al., 2019).


Use of Steroids and Immunosuppressants

A wide range of medicinal drugs is available to combat, control, and treat various deadly diseases nowadays. Major classes of these medicines include steroids, corticosteroids, and immunosuppressant. Steroids are the inbuilt hormones produced naturally by the body’s ductless glands and behave as chemical messengers enabling regulation of the endocrine system. Corticosteroids structurally resemble the cortisol hormone, which is a steroid hormone synthesized by the adrenal glands and aids in the normal functioning of the immune system and metabolism. Besides, it also helps in stress regulation. Intake of corticosteroids by artificial means suppresses the immune response of the body by inhibition of the inflammatory pathways, further leading to higher susceptibility to various fungal pathogens (Skiada et al., 2018).

It has been observed in certain retrospective studies that invasive pulmonary mucormycosis was caused by short periodic courses of corticosteroid intake by patients who were previously suffering from mild diabetes which was kept under control. Indeed, even 15 days of short-dose course can result in some serious consequences like phagosomal fusion of the macrophages present in the bronchoalveolar region (Hoang et al., 2020). The steroids widely used to treat autoimmune dysfunctions, malignancies, and for post-transplantation surgeries can lead to phagolysosome formation, poor migration, and destruction of macrophages (Kontoyiannis and Lewis, 2011). Multiple high dose courses can lead to fatal fungal infections that can only be treated by aggressive surgeries to remove the affected organs.

It is believed that populace with higher predominance of diabetes and undergoing immunosuppressant courses are more prone to such invasive mucormycosis infections with greater mortality rates. Steroids drop our immunity, which further triggers a rise in cases of this fungal infection (Hoang et al., 2020). Due to increased intake of steroids to treat severe and critically ill patients suffering from the novel COVID-19 disease peaking these days, black fungus cases have been sharply rising. Therefore, it is advisable not to misuse steroids or any other drug and to only take the prescribed doses in order to prevent the spread of invasive infections.



Post Transplantation Surgeries

In various prospective and retrospective studies carried out by researchers, it is observed that recipients of the HSCT and SOT surgeries succumb to various invasive fungal infections (IFIs). These patients behave as immunocompromised patients and become potential hosts for Mucorales (Lanternier et al., 2012).

The risk further increases in patients with diabetes, renal failure; these patents are prescribed high dosages of antifungal drugs voriconazole or caspofungin, that fall into the category of old azoles used to treat fungal infections (Singh and Sun, 2008). Studies suggest that the global risk factor of infection in the SOT recipients is about 14% (Jeong et al., 2019). For the patients who have received liver organ transplantation surgeries, high iron concentrations make the recipient susceptible to such opportunistic invasive fungal infections, since iron is responsible for growth of mucorales species (Singh and Sun, 2008).

The analytical evidences of disease estimation in patients undergoing HSCT surgeries are around 12% in countries like France. On the other hand, the incidences reported from developing countries such as India, Iran, and the South American nations are as low as 1–2% for the HSCT patients. For the years in between 2001 and 2006, the data for IFI epidemiology caused by Mucorales in a transplanted host were analyzed in a progressive surveillance record done by the Transplant-Associated Infection Surveillance Network (TRANSNET), who considered MCR incidence cases from across 23 US centers (Park et al., 2011).



Diabetes and Hyperglycemia

The primary factor responsible for black fungus infection is DM. Data reveals that in countries like India, Iran, and Mexico, the percentage of the people suffering from diabetes and susceptible to MCR infections is around 75%; whereas this is 52% for the US population (Prakash and Chakrabarti, 2019). Small European countries like Italy, France, and Lebanon have reported 20–23% of DM related IFIs as shown in a study by European Confederation of Medical Mycology (ECMM; Vaezi et al., 2016).

In case study of a patient suffering from diabetes, MCR of faciomaxillary region with fungal infection in the nose and sinus portion was observed. Palatal ulceration is widely seen in such cases, which further leads to necrosis. The host being immunocompromised due to the preexisting disease becomes less resistant to the invasive fungal infection and becomes a potential host (Afroze et al., 2017).

Uncontrolled type 2 diabetes mellitus weakens our immunity; subsequently patient becomes a suitable host for many infections. Fungal proliferation is stimulated by increased blood sugar levels. Chemotaxis and phagocytic efficiency is also depressed and therefore, mucorales survive the acid rich environment due to failure of host’s natural response of fungal killing. Besides sinuses, the rhino-orbito-cerebral region is greatly affected in diabetes-related mucormycosis; thereafter, the pulmonary and cutaneous regions are affected. In the patients suffering from DM, the signs for aggressive invasive fungal infections include facial symptom like pain and purulent nasal discharge (Rammaert et al., 2012), whose delayed diagnosis can lead to further complications making it difficult to treat with antifungal therapies. In such a situation, affected region would need to be surgically removed.

Black fungus can be rightly called one of the unmasked diseases of diabetes (Patel et al., 2020). Increased level of glucose could act as good nutritional food source for development and growth of the fungal species. Garret’s succession theory emphasized that fungal sugar decomposition is done by sugar fungi as the primary pathogens that are followed by cellulolytic and ligninolytic fungi and eventually leads to growth of secondary pathogens responsible for the invasive infections (Pandiar et al., 2021).

Hyperglycemia is the cause of concern in modern day lifestyles. The global lockdown contributed in upsurge of hyperglycemia cases, since work from home has led to lack of physical activities. It is also estimated that the intake of immunosuppressive drugs enhances the blood sugar levels, causing type 2 diabetes mellitus.



Ketoacidosis

Many patients suffering from DM also suffers from DKA. Indigenous geographical diet patterns and demographic features of a region affect the prevalence of this disease. For instance, in India, 90% of DKA cases are reported from the northern regions and the remaining 10% from the southern regions of the country (Prakash and Chakrabarti, 2019). DKA disrupts phagocyte functioning, halts intracellular killing by suppression of various non-oxidative and oxidative mechanisms, and also disrupts chemotaxis. The patients suffering from DKA display elevated serum iron concentration released from transferrin, ferritin, and lactoferrin binding proteins in acidic conditions. The Mucorales uptake iron with the help of iron permease due to high affinity for copper (rFTR1) and copper oxidase enzyme (Sarvestani et al., 2013).

Rhizopus oryzae is responsible for causing mucormycosis in keto-acidosis patients, since these pathogens produce the keto-reductase enzyme, enabling them to utilize ketone bodies from the host. The growth of hyphae from R. oryzae is attributed to the disrupted host defense mechanism, which is caused by the alteration of transferrin binding to iron (Artis et al., 1982). Dysfunctional phagocytic behavior in hyperglycemic DKA, disrupted host-pathogen defense mechanism, increased iron concentration in serum leading to transferrin binding defects, and the ketone reductase activity in hyperglycemic ketoacidosis leads to MCR (Thomas et al., 2020). All these factors are cumulatively responsible as the key causes of incidence of mucor cases in the patients suffering from ketoacidosis.



Malignancies

Hematological malignancies alone are responsible for major cancer deaths. Patients with mucormycosis and HM have predisposition to developing acute lymphoblastic leukemia, non-Hodgkin’s Lymphoma, acute myeloid leukemia, myelodysplastic syndrome, and various other rare types of malignancies. The patients affected by neutropenia are at a greater risk of contracting IFIs (Skiada et al., 2020). According to the global data provided by the WHO, the number of fatalities caused by malignancies is about 10 million. Leukemia accounts for about 474,519 (2.5%) of global cancer cases whereas multiple myeloma, lymphoma cases are 176,404 (0.9%) and 83,087 (0.4%), respectively (Sung et al., 2021).

In a study, Kara et al. (2009) observed that some patients who suffered malignancies like lymphoma, acute leukemia, and developed neutropenia and become prone to mucormycosis. Research has proven that the most frequently affected sites are the sinuses in 95% of cases and lungs in remaining 5% of reported incidents. The neutrophil count of those patients went below the normal levels. The reasons associated with the spread of infection are profound neutropenia for prolonged duration after myeloablative treatments for hematologic malignancies. About 90% of patients with acute leukemia reported mucormycosis along with a comparatively higher mortality rate of 55% than other malignancies (Kara et al., 2009).

Hematological malignancy patients not only act as potential hosts to fungal agents but also suppress the immunity of the body against many other infections and lead to serious cardiac toxicity. Therefore, it is advisable to undergo adjunctive treatment therapies other than chemotherapy. One of the possible solutions is to find a suitable and timely donor to help recover the neutrophils lost. Antimicrobial prophylaxis against these fungal agents can prevent the spread of infection.



Increased Zinc and Iron

Metal ions have a profound effect in triggering a particular disease. The role of zinc and iron has been associated with the spread of mucor related infections. The increased iron levels make an individual more vulnerable to infection. The reason attributed to this is the iron overload and the defective host-pathogen defense mechanism (Artis et al., 1982).

Previous studies have reported increased incidences of invasive mucormycosis among patients who received deferoxamine iron chelators, which behave as siderophores and provide iron to the fungal species. It is originally bound to the transferrin and ferritin and is unavailable to pathogen. Increased iron uptake further leads to elevated iron serum levels (Spellberg et al., 2005). Availability of iron increases when host is suffering either from ketoacidosis or has undergone transplantation surgeries. It is also proven that the metal acts as an important source of nutrition for the microbes. The medical factors related to iron overload contribute to invasive fungal infections. The host response to the microbes ceases and the virulence of causative agent also enhance due to increased iron concentration (Singh et al., 2009).

Other than its role in pathogenesis of the infection, iron also assumes a critical role in immune system of the host. Both adaptive and innate responses consist of iron as an intermediate component. Interferon mediated pathways of cell lines are inhibited by overload of iron. The phagocytic activity of the neutrophils declines in the presence of high iron concentrations. The infection progressed by changes in the CD4 cell responses, eventually leads to increased incidences of the disease (Singh et al., 2009).

Recent studies have shown that in current situations, the spread of mucormycosis is also due to the increased zinc concentrations in the drugs being used to treat COVID. However, the exact role and mechanism of the proposed hypothesis are under investigation. The use of zinc chelators is the probable cause as it is a well known fact that zinc starvation is related to inhibition of Mucorales species (Leonardelli et al., 2019). Due to prevalence of SARS-CoV-2 mutants across the globe, these medications are used widely. It can be taken into account that to forestall the upsurge of invasive fungal cases, zinc depletion therapy could be a way forward to combat and control the infection.



COVID-19 Associated Mucormycosis

A total of 20,908 cases of mucormycosis with 1,376 confirmed deaths have been reported from India so far as July 31, 2021 as per the reports of Ministry of Health and Family Welfare. The active cases were more than 28,000 and were declared as “black fungus epidemic” (Singh et al., 2021). Around 80% of the cases had the history of diabetes, around 14.9% were suffering from DKA, and about 86% of the patients were exposed to corticosteroid treatment for COVID-19 disease. Around 78.9% of the cases were reported in males, indicating the predominance of the infection. COVID-19 Associated Mucormycosis (CAM) affects the sinuses in 88.9% of the cases, followed by the rhino-orbital cerebral region in 56.7% of the reported cases and the rate of mortality was 30.7% (Singh et al., 2021). In a recent study, with a COVID patient, the CT image of the face displayed the mucosal thickening in the Sino-maxillary and ethmoid sinus part along with other complications related to opacification (Werthman-Ehrenreich, 2021).

COVID-19 Aassociated Mmucormycosis is attributed to aseptic and thermo-tolerant properties of the pathogens responsible for causing the infection, as they can even endure relatively high temperatures. Other factors which link spread of the fungal disease to COVID patients or survivors include endothelial damage, increased ferritin levels, multiplied iron and zinc levels, and elevated hyperglycemia. The clinical symptoms of the disease include obstruction in nasal region, periorbital, or the buccal swelling alongside the emergence of black spots at the affected part. SARS-CoV-2 activates a cascade of biochemical responses in the patient’s body (Kaur et al., 2021; Periwal et al., 2021) that further acts as a desirable factor for certain opportunistic infections, for instance, mucormycosis (Pandiar et al., 2021). The research done so far suggests a strong link between COVID-19 and invasive fungal disease by means of “endothelialitis” i.e., the endothelial lining impairments.

A hypothesis proposed by the Bellanger et al. (2021) states that steroids used for treating SARS-CoV-2 are conducive to mold development in the suspected host, which further grows to secondary fungal infections, ultimately leading to loss of vision in critically ill COVID patients along with hearing impairments and eventually becoming the reason of death. Hence, it is a must to look into the cause and suggested treatment of the MCR, so that it does not complicate the risk of COVID related co-morbidities. There is also a need to look for novel strategies to get rid of the infection.



Poor Healthcare

A large number of MCR cases have been reported with prime cause of invasion being poor healthcare systems. The healthcare-associated mucormycosis can be attributed to use of certain non-sterilized medical tools and sharing common wards for housing patients with different diseases that can spread infection. It is also observed that the technologies in use for diagnostic purposes are shared between many visitors, which can be a possible spreader of the invasive infections. High incidences of MCR infection are reported for patients with prolonged stay at hospitals due to health issues (Hartnett et al., 2019). The infection by this opportunistic pathogen is also related to exposure of the person to non-sterile healthcare equipment like uncleaned bandages, patches of nitroglycerin, and adhesives (Petrikkos et al., 2003). Additionally, it was highlighted that the use of wooden tongue depressors and the ostomy bags can also complicate the mucor outbreak. It was reported that the consumption of packaged food prepared long time ago, supplements uptake and allopurinol tablets can further add to the increased number of cases (Cheng et al., 2009). Linens is commonly used in practice gets contaminated while in storage and transportation, hence contributing to mucormycosis related to healthcare (Duffy et al., 2014). Another factor contributing to the infection is utilization of certain procedures and medical equipment such as the catheters; tube insertion. Eventually, the breaks in skin induced by the use of finger sticks and infusion pumps help the mold to grow even if the probability of occurrence is near negligible (Hampson et al., 2005). Dental and transplantation surgeries also lead to complications of infection by making the recipients vulnerable to molds. Other factors are related to the contaminated environmental conditions of the hospitals either due to construction works or can also be due to the water leakage or the negative or positive pressure rooms or spore aerosolization (Hartnett et al., 2019).



Other Underlying Factors

Many other underlying factors are thought to favor the spread of the disease. Some researchers have associated antifungal prophylaxis (Lamoth et al., 2016). Many others have linked this infection to chronic alcohol intake, autoimmune diseases, renal failures, lower body weight in infants, liver dysfunctions, intravenous drug use, malnutrition, and AIDS (Jeong et al., 2019). Nucci and coworkers suggested that 6.9% of the MCR patients had post-pulmonary tuberculosis whereas 8.9% of them had chronic kidney diseases (CKD; Nucci et al., 2019). Chronic Obstructive Pulmonary Disorder (COPD) is an underlying factor reported among 7–46% patients (Patel et al., 2020). Steroid therapy was also seen as a factor responsible for MCR infection. Some studies also attributed the prevalence of MCR infections to overuse of voriconazole, which is commonly prescribed for the treatment of invasive fungal infections. Nonetheless, it must be considered that the spectrum of this invasion is dependent on specific mold and its epidemiology. Also, the characteristics of patients do have a significant role in deciding the incidence of fungal growth and the outbreak (Lionakis et al., 2018).



Disease Prevention

A protective environment plays a very important role for prevention of incidence of this disease. According to the guidelines published by CDC, at individual levels, one should avoid places involving construction activities and if unavoidable, it is preferred to wear N95 respirators or masks. Direct contact with soil and dirt must be avoided; one should wear full sleeves, gloves shoes, and long pants to avoid close contact. It is a must to regularly clean and sanitize the exposed skin. If a patient has undergone any sort of surgery, proper antifungal medications must be taken after prescription from the doctor (Brizendine et al., 2011; Rogers et al., 2011; Davies et al., 2017). It is necessary to maintain good personal hygiene, take regular baths, and avoid overcrowded regions.

The guidelines also recommends that during stay at hospital, the patient undergoing any treatment or surgery needs to be in a well isolated and protective environment having well equipped HEPA filters and positive pressure, which is less than or equal to 2.5 Pa relative to that of the corridors. In order to avoid any kind of mold growth, periodic health assessments, and investigations needs to be done with full health record maintenance of patients. The molecular diagnostic tools and other areas must be sterilized from time to time (Hartnett et al., 2019).

The disease can be prevented if detected in early phase of its infection and the underlying factors should be removed. Clinical manifestations and pathogenic mechanisms of various underlying disease conditions are described in Table 1. The controlled levels of blood glucose can help prevent both diabetes and MCR as the pH levels can be maintained to normal levels and mold growth would be suppressed. The use of corticosteroid drugs and immunosuppressants must be immediately stopped as this is one of major contributing factor for mucormycosis. COVID care centers must be regularly sanitized and proper social distancing must be followed. Self-examinations for the disease are also advised and if any such manifestation appears, one must contact the doctors immediately.



TABLE 1. Clinical manifestations and pathogenic mechanisms of underlying conditions.
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SIGNS AND SYMPTOMS


Rhino-Orbital-Cerebral Mucormycosis

Sinusitis and periorbital cellulitis are one of the initial symptoms of mucormycosis (Dhiwakar et al., 2003). Other symptoms that can become extremely severe include swelling on one side of the face and numbness, nasal congestion, and palate or nasal bridge with black lesions. At times, the dissemination reaches the eyes and lead to fluid build-up, causing swelling (periorbital oedema), bulging or displacement of the eye (proptosis), and loss of eyesight and may ultimately causing paralysis or weakness in eye muscles (Hosseini and Borghei, 2005; Fouad et al., 2021).



Pulmonary Mucormycosis

It is majorly caused by the inhalation of mucor spores and the infected parts include bronchi, alveoli etc. Symptoms consist of fever, shortness of breath, cough, and chest pain. In some cases, spitting or coughing of blood (hemoptysis) can also be a significant symptom of Mucorales infection (Lewis and Kontoyiannis, 2013; Farmakiotis and Kontoyiannis, 2016).



Cutaneous Mucormycosis

It can be gradual or severe and sudden (fulminant). It is maximally seen as blisters or ulcers (necrosis) with blackened infected areas. It may also be seen as pain, heat, redness, or swelling of the area surrounding the wound. It is externally developed as a painful and hardened area of the skin with swelling. Fever may also be observed in affected individuals (Castrejón-Pérez et al., 2017; Suthananthan et al., 2017).



Gastrointestinal Mucormycosis

It is majorly seen in the form of abdominal pain, nausea, GI bleeding, and hematemesis. Perforation, as in lesions, can develop in the stomach and intestine. Inflammation of peritoneum (peritonitis), severe pain in bowels due to lack of flow of blood (bowel infarction), and hemorrhagic shock can also affect certain individuals (Spellberg, 2012; Kaur et al., 2018).



Disseminated Mucormycosis

It is generally observed in highly immune compromised people with medical conditions, which makes it difficult to distinguish symptoms of fungal infection from symptoms due to some other ailment. In case of infection of the brain, symptoms may include changes in mental conditions or coma. It may spread to other organs like brain, kidney, spleen etc. Disseminated mucormycosis consists of various signs and symptoms depending greatly upon the organ involved. It can also disseminate to heart valves (endocarditis) or bones (osteomyelitis; Walsh et al., 2012).




TRANSMISSION OF MUCORMYCOSIS

Spores of Mucorales are omnipresent in nature and can be found in dead and decaying matter and soil. They cause no harm to immune competent patients in general, but an individual with weak compromised immune system gets severely infected on inhaling these mold spores (pulmonary, gastrointestinal, or sinus mucormycosis). It is a non-contagious disease. Sometimes, the spores can invade the body via incisions or open wound like a scrape or burn (cutaneous mucormycosis). It can also spread through ingestion of contaminated food (gastrointestinal mucormycosis) or through local inoculation (Binder et al., 2014). Various possible modes of transmission of mucormycosis are shown in Figure 3.
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FIGURE 3. Various modes of transmission of mucormycosis include (a) inhalation, (b) ingestion, (c) inoculation, and (d) implantation.




DIAGNOSTIC APPROACHES

For good prognosis and disease resolution, early and accurate diagnosis of mucormycosis is important (Skiada et al., 2018) before angioinvasion occurs and necrosis becomes extensive, leading to dissemination (Ibrahim et al., 2007; Kontoyiannis and Lewis, 2011). It saves the patients from a disfiguring surgery in order to remove the necrosed tissue as curation and antifungal therapy alone is rarely successful (Millon et al., 2013). Presently, diagnosis of mucormycosis depends mainly on identification of morphological characteristics from cultural, histopathological, or radiological analysis (Bernal-Martínez et al., 2013). For species identification, characteristic structures such as type of sporangiospores or morphological features like columella shape, presence of an apophysis, stolon branching and organization, the presence of rhizoids and the shape, and size and structure of zygospores can be compared using fungal identification guides. Diagnosis for disseminated mucormycosis is extremely challenging, mainly because patients are ill from several underlying diseases. If there is any evidence of infarction, an in-depth examination should be done for cutaneous lesions to be biopsied and diagnosis of mucormycosis should be considered (Spellberg et al., 2005).


Histological Analysis

Prominent infarcts, angioinvasion, and perineural invasion are the histopathological characteristics of mucormycosis. While using optical brightening agents in clinical specimens, it was observed that in contrast to Aspergillus hyphae, hyphae of Mucorales are not septate with flexible width having dimensions in the range of 6–25 μm. It was also visualized that they have an irregular ribbon like appearance and perpendicular branching/bifurcations. Some features of the order Mucorales include, abundant sporangiospores in a distinctly shaped columella inside a sporangium, non-septate mycelium, and telemorphic sporangiospores, often with ornamentation is a characteristic feature of (Hoffmann et al., 2013). These types of hyphae can be detected via biopsies of lesions. Biopsy may also include inflammation and polymorphonuclear infiltration often including eosinophils and plasma cells. Other indicators include necrosis with invasion of neutrophils, and presence of epithelioid cells highly suggestive of mucormycosis (Katragkou et al., 2014; Farmakiotis and Kontoyiannis, 2016).



Computed Tomography and Magnetic Resonance Imaging

In case of ethmoid sinus infection, some imaging techniques like CT and MRI can detect the opacification, bone erosion, and obliteration of deep fascial planes (Skiada et al., 2018). Imaging studies are frequently negative initially or have only subtle findings. Commonly, CT scanning and MRI of the head or sinuses show slight thickening in sinus mucosa or thickening of the extra ocular muscles. Further, absence of deformities in sinus bones in spite of clinical sign of progressive disease is also common. To find an organized retro orbital mass is very uncommon in the diagnosis of ROCM (Talmi et al., 2002). High resolution CT scan is one of the best methods for determining the extent of pulmonary mucormycosis, even before the infection is seen in the chest X-ray (Spellberg et al., 2005).



Culture Tests

Specimen cultures are widely used for identification at the genus and species level and also routinely used for antifungal susceptibility testing. Culturing along with CT guided percutaneous lung biopsies are considered essential for better diagnosis (Lass-Flörl et al., 2007). The observation that Mucorales grow on fungal culture media like potato dextrose agar (PDA) and Sabouraud agar incubated at temperature in the range of 25–30°C was made by Lackner and colleagues. Culture yield of Rhizopus sp. was improved in microaerophilic environment that resembles the conditions of infarcted tissue. Studies have shown that the conventional culture methods are not always reliable for this pathogen (Tedder et al., 1994). The fragile non-septate growth of fungi makes them vulnerable to physical damage during sample manipulation, which clearly explains the high number of negative culture results but positive microscopic results (Lackner et al., 2014).



Molecular Analysis

Molecular approaches are employed for the identification at genus and species level and analysis of infection (Skiada et al., 2020). Primarily, the internal transcribed spacer (ITS) region is selected as the pan-fungal bar-code by the International Sub-commission on Fungal Barcoding and this forms the basis for molecular assays. Predominantly, PCR based approaches are preferred for proper analysis of the disease in its initial phases (Baldin et al., 2018). Molecular techniques are used as they are more rapid and reliable than the classical method for mycological identification (Dannaoui, 2009).

PCR based techniques include real-time PCR (qPCR) targeting 28S rDNA (Kasai et al., 2008), nested PCR combined with RFLP (Zaman et al., 2017), real time multiplex PCR targeting ITS1/ITS2 with specific probes for Rhizopus and Mucor species (Bernal-Martínez et al., 2013), and PCR/high-resolution melt analysis (HRMA; Alanio et al., 2015; Skiada et al., 2020). As compared to paraffin embedded tissue samples, these methods are well executed in fresh or deep-frozen samples. In the case of Formalin-Fixed Paraffin-Embedded (FFPE) samples, the analytical sensitivity is about 56–80% whereas in case of fresh tissue samples it is 97–100%.

For determining mucormycetes at species level, various loci like FTR1 gene, ribosomal targets 18S, 28S, and ITS, and cytochrome b are being targeted in molecular assays. Molecular methods were earlier practiced on samples obtained from culture of biopsies or Broncho-alveolar lavage (BAL) and later on for fungal classification when cultures tested negative (Voigt et al., 1999; Schwarz et al., 2006; Millon et al., 2019). For identification of zygomycetes species, specific primers have been designed on the basis of variability between 28S and 18S DNA, 28S sequences being more conserved (Dannaoui, 2009).

Nowadays, non-invasive PCR based approaches are being followed for determining Mucorales DNA in samples (serum or plasma or urine) and prior differentiation of infection caused due to Aspergillus and Mucorales. Noninvasive procedures have more success rate than invasive procedures, as in case of invasive procedures, it is difficult to obtain samples from patients in ICUs and hematological malignancies (Millon et al., 2019).



Molecular Diagnosis in Tissue Samples

Primarily, pan fungal PCR assays were used (Kidd et al., 2020) and this technique proved to be effective in successful detection of species in majority of cases (Voigt et al., 1999; Buitrago et al., 2013; Millon et al., 2019). Another approach involved the use of Mucorales specific primer tailored to unique species and genera (Bialek et al., 2005). This semi nested PCR targets the 28S sequence and is a steady option for the diagnosis of Zygomycetes. It also identifies the pathogen when the cultures test negative with a turnaround time < 48 h (Hammond et al., 2011). Further, this semi nested method is modified into high resolution melt curve analysis in real time PCR for the diagnosis of Mucorales (Hrncirova et al., 2010). This melt analysis preceded by real time PCR is considered a successful approach for detecting Mucorales (Millon et al., 2019). A conventional PCR assay established by Nagao et al. (2005) is based on partial ITS analysis for differentiating between species. This assay could not distinguish between R. azygosporus and R. microsporus and also it had low sensitivity (Nagao et al., 2005).

Hsiao et al. (2005) devised another method wherein probes were synthesized to differentiate between R. arrhizus, L. corymbifera, and Rhizomucor pusillus. This microarray technique based on oligonucleotides offers various advantages but it is cost ineffective and furthermore needs skilled personnel for data interpretation (Hsiao et al., 2005). In case of PCR – RFLP method, Nyilasi et al. (2008) developed a method wherein high affinity iron permease 1 (FTR1) genes were used as target and main aim was to differentiate among the clinically important pathogenic species of mucormycetes, which includes the Rhizopus sp. Although this method has high potential, huge cost and manpower expenditure make it a less opted molecular method (Nyilasi et al., 2008).

In a study by Hata et al. (2008) wherein they targeted cytochrome B genes in a semi nested RT-PCR followed by HMR analysis for further identification and discrimination of species mainly responsible for mucormycosis. Specificity and sensitivity can be enhanced by the combination of RT-PCR assays targeting 28S rRNA which helps in identification of the genus – Rhizopus, Mucor, and Rhizomucor, following HMR analysis (Hata et al., 2008). Millon et al. (2019) constructed a quantitative multiplex probe, focusing on clinically important fungi – Mucor/Rhizopus, Lichtheimia sp. and Rhizomucor sp. It mainly targets 18S rRNA and consists of three hydrolysis probes (Lackner et al., 2014). This assay has great potential for the detection of Mucorales as it is cost effective, specific and fast due to its turnaround time of about 3 h. This methodology is applicable for testing of Mucorales DNA in circulating blood/serum and also for screening patients with hematological malignancies (Millon et al., 2019). A different method for detection of a broad range of Mucorales species is the use of probe based (fluorescent labeled) real time qPCR. It is a sensitive technique and uses only one well of qPCR plate and for the identification of genera, sequencing is required (Millon et al., 2019). Proteins encoding spore coating CotH have potential to act as targets for facilitating diagnosis of infection caused by Mucorales. CotH genes are unique to fungi, which aid its penetration inside the host cell (Baldin et al., 2018). In a study by Baldin et al. (2018) they scrutinized whether PCR assay specific for CotH could identify Mucorales DNA of various species in different sample types. This test has given encouraging results in positive patients with specificity of 100% and sensitivity of 90% (Baldin et al., 2018; Kidd et al., 2020). The gene fragments of CotH could be obtained from various biological fluids like serum, urine, and BAL fluid, from mice infected with mucormycosis. Urine samples are preferred because of its higher sensitivity and small number of substances/materials impeding with PCR [120]. For the recognition of bacteria and yeast, Proteomic Profiling (MALDI-TOF) is performed although this is not well suited for the identification of fungi due to differences in growth rates and complex structures (Sendid et al., 2013; Lackner et al., 2014).




TREATMENT OF MUCORMYCOSIS

For successful treatment of any disease, cumulative strategies to combat the spread are required. For treating MCR, the multimodal approach that needs to be followed includes four major treatment-based strategies. Diagnosis of infection at early stages is the first and foremost step. Previous studies have highlighted the importance of early treatment in increasing the survival rate of the patients. Early diagnosis can therefore enable initiation of therapies with almost double efficiency and survival rate as compared to the same treatment done a few days later. There is further need to develop better diagnostic techniques for rapid detection of this invasive infection (Spellberg and Ibrahim, 2010). Another important strategy that has paved way for adjunctive therapies is reversing the underlying factors that weaken the host defense mechanism and lead to greater susceptibility of the host to the pathogen. Thus, introducing certain corrective and preventive measures can reduce the severity of infection spread.

Surgical removal of the tissues, which are affected by the spores of the Mucorales, becomes important component of the treatment. In certain situations, the antifungal agents are prevented from penetrating into the infected site due to lower availability of drug. Hence, in those circumstances; it becomes crucial to undergo tissue debridement via necrosis, or surgical removal (Hamilos et al., 2011). Reports have suggested increased rates of mortality in patients not undergoing surgical removals. In a previous research, it was observed that the patients who did not opt for surgical resection due to fear of operative risks, died within a period of 1 month after being diagnosed by this angioinvasive disease. On the other hand, almost 80% of those patients who underwent the surgery survived (Cho et al., 2019) Another important parameter to manage the effectiveness of MCR treatment is the optimal dose of drug administered for the antifungal therapy, since overdose can lead to further complications.


Surgery

Mucormycosis is a disease that often progresses quickly and antifungal medication is typically insufficient to manage this illness. Antifungal susceptibilities vary widely across mucormycosis agents, and furthermore, some strains may be highly AmB resistant. In addition to this, thrombosis, tissue necrosis, and characteristic angio-invasion are all associated with poor antifungal drug penetration, thus preventing anti-infective medications from reaching the infection site. As a result, causative species could have high susceptibility to the anti-fungal therapeutic in vitro but the same anti-fungal agent might be completely ineffectual when tested in vivo. While antifungals may stop further spread and kill the pathogen, surgical intervention is essential to address tissue necrosis due to the infection (Spellberg et al., 2009).

Surgical debridement of necrotic and diseased tissue has to be addressed at the earliest. Since surgery is nearly bloodless, debridement usually proceeds promptly. In a logistic regression model, surgery was found to be an independent predictor of a favorable outcome between mucormycosis patients and those who received a combination of anti-fungal treatment and surgical management had a survival rate of 70% (328 of 470 patients; Roden et al., 2005). It may be beneficial in cases with localized infections such as for an isolated pulmonary lesion but it is not a viable option for disseminated mucormycosis cases or for infections of certain areas of the brain or lung parenchyma near major vessels. Plastic surgery should be utilized to fix disfigured body parts in circumstances where surgery is successful (Skiada et al., 2018). Surgery is especially effective in cases of soft-tissue infections and ROCM infections. Surgical removal of infected sinuses and debridement of retro-orbital region would help in preventing the spread of infection to the eye, thus leading to high recovery rates in ROCM > 85% (Toumi et al., 2012). Since surgery is often disfiguring, plastic surgical intervention should be utilized to fix disfigured body parts in circumstances where the surgery is successful to improve life quality of patients.



Antifungal Therapy

Antifungal therapy is the most effective and preferred treatment for mucormycosis. It is achieved by administration of regular doses of clinically effective and approved drugs. There are no specified drugs for the mucor species yet, but certain classes of broad spectrum antifungal agents work effectively and are species dependent. For instance, amphotericin B is considered to be most active in its mechanism of fungicidal action, but it is ineffective against Cunninghamella bertholletiae and Apophysomyces elegans. However, certain strains of Mucorales have become resistant to these drugs (Salas et al., 2012). Other drugs like Posaconazole (PCZ) and ICZ (triazoles) categorized under azoles are also effective against mucors up to a certain extent (Perkhofer et al., 2009); whereas others including itraconazole and terbinafine are active only against a few strains and are not preferred for treatment of invasive mucormycosis.



Primary Monotherapy for First Line Treatment


Polyenes

Administering moderate doses of the lipid polyenes is the most effective and primary treatment method for mucormycosis treatment. It includes the conventional amphotericin B (AmB) and its new alternative and liposomal amphotericin B (LAmB). Patients that opt for LAmB have survival rate of 67%, which is twice that of patients receiving AmB drug (Gleissner et al., 2009).

The antifungal behavior of a polyene is attributed to its binding to sterols like ergosterol responsible for providing structural rigidity to the fungal cell. This makes pores on the membrane after it is binding and thus, preventing the cell membrane from functioning normally. The limited activity of the cell membrane would further cause leakage of the fungal cell components, and hence the proliferation of fungal colonies would not take place. But enormous intake of these drugs can cause cell death due to increased toxicity. In order to combat this nephrotoxicity, liposomal preparations are used for prolonged therapies (Riley et al., 2016).

The advantage of using these lipid preparations is safer administration over longer durations at higher doses. These liposomal formulations are found to be less nephrotoxic when compared to classical AmB preparations. The retrospective studies have further proven that the amphotericin B lipid complex (ABLC) is substantially more efficient as a treatment option over AmB or LAmB for many patients, particularly the ones suffering from mucormycosis affecting central nervous system and from diabetic ketoacidosis; but for the cases concerning the rhino-cerebral regions, administration of ABLC remains an exception as it displayed a lower efficacy rate when compared to the LAmB or AmB (Reed et al., 2008).

Out of all the available drugs, the most commonly used is liposomal preparations of the LAmB as it has a good therapeutic index (Cornely et al., 2014). The drug’s responsiveness to antifungal agents is dependent on the site of infection and also on the host. The patients suffering from hematological malignancies and the ones undergoing SOT or HSCT find it difficult and problematic to respond to these agents (Roden et al., 2005).

The laboratory isolated in vitro preparations of Cunninghamella sp. have high minimum inhibitory concentration (MIC) values for AmB (Dannaoui, 2002). Studies done for non-aspergillus molds have reported less than ≤0.5 μg/ml of MIC levels for AmB (Lamoth et al., 2016). The experimental data from the research done on 524 clinical isolates showed ≥97.5% effective Epidemiologic Cut off Values (ECVs) for the AmB drug on various species: 2 μg/ml for M. circinelloides as well as for L. corymbifera (Espinel-Ingroff et al., 2015).

The exact polyene dose for this monotherapy treatment is not fixed; however, studies suggest that the optimal starting dose lies in the range of 5–7.5 mg/kg/day for both LAmB and ABLC. LAmB is generally used for children and adults with mild symptoms of the fungal infections. Researchers do not find any additional pharmacokinetic or clinical advantage of higher dose administration but there is evidence of administering 10 mg/kg/day of LAmB in patients with cases of osteoarticular involvement and CNS related mucormycosis to limit the penetration of polyene inside the brain tissues (Walsh et al., 2001). Electrolyte derangements and raised nephrotoxicity are associated with higher dose of the LAmB (Lanternier et al., 2015). Studies have proved the effectiveness of early AmB therapy in patients. Delayed therapy could result in increased mortality rates due to infection by almost 2-fold (Chamilos et al., 2008). Therefore, considering the host specificity, optimal drug administration is done for successful treatment.



Azoles and Triazoles

Triazoles are the most commonly used antifungal agents in clinical settings. These function by alteration of the ergosterol biosynthetic pathway through inhibition of 14-α demethylation of lanosterol. This further results in inhibition of membrane bound enzymes that are involved in cell wall synthesis. It affects membrane permeability of the fungal cell as ergosterol is replaced by 14-α-methyl sterols (Odds et al., 2003). PCZ and ICZ belong to the category of second generation triazoles and are active against Mucorales due to presence of α-O-methyl group. This group enhances drug spectrum and the drug works against Aspergillus and other fungal species (Cuenca-Estrella et al., 2006). There is absence of any reliable information on effectiveness of the azoles drugs like voriconazole (VCZ), fluconazole (FLZ), and itraconazole (ITZ) against the mucor species. The target of ITZ is specified to Absidia sp. only (Sun et al., 2002).



Posaconazole

This drug is structurally similar to ITZ and is considered to have a species dependent variable in vitro action against the causative agents of mucor related invasive infections (Dannaoui, 2002). Studies have proven that Mucor spp. is more responsive to PCZ. PCZ has been recommended by the European Conference on Leukemia Infections for the management therapy or in salvage therapy, whereas the guidelines proposed by the ECMM and the European Society for Clinical Microbiology and Infectious Diseases (ESCMID) recommend the use of PCZ as first line of treatment at moderate levels of administered oral suspension dose of about 200 mg especially for the patients who are non-responsive to LAmB. Due to its commercialization as tablets and intravenous injectable, the bioavailability and the exposure to the drug are increased (Wiederhold, 2015).

The exact role of tablets and intravenous IV formulations in patients suffering from mucormycosis is yet to be defined. The major reason due to which the need for the development of intravenous or gastro-resistant tablets was felt is the therapeutic failure in absorption of the drug from the oral suspensions which were mixed with high fat-based food or with acidic carbonated beverages (Dolton et al., 2012). Besides increased bioavailability, there are several benefits of taking tablets. These include improved pharmacokinetics; single daily dosage; increased resistance to drug motility, pH or gastric changes; no requirement for transferring medicine to patient; and reduced interpatient variability (Krishna et al., 2012). Despite all these properties, it is necessary for this drug to undergo the tests of Therapeutic Drug Monitoring (TDM).

Negative absorption of this drug is due to the presence of P450 enzymes hepatic cytochrome inducers, for instance rifampin (RMP) and phenytoin (PHT) that are mainly responsible for clearance of PCZ from our bodies. Other factors, which influence the absorption of this drug, are common clinical issues resulting from chemotherapy, immunosuppression, mucositis, and diarrhea (Dolton et al., 2014). According to a study, the required MIC after obtaining 1 to ≥4 μg/ml of dose comes out to be 90% (MIC90; Sun et al., 2002). The recommended dosage of this drug is 400 mg × 2/day when taken with meals. On the other hand, if not taken with meals, as the dosage can be 200 mg × 4/day. In cases such as when a patient is unable to take the oral form of the drug, a novel and excellent pharmacokinetic alternative of intravenous PCZ formulation with β-cyclodextrin has been produced (Cornely et al., 2014).

Spellberg et al. suggest against the use of oral PCZ as a primary drug due to variations in dose requirement as depicted in the pharmacodynamic and pharmacokinetic data concerning the reliability of this drug for treatment of mucormycosis for patients suffering from neutropenia, IFIs, or for the ones at a greater risk for malabsorption (Spellberg and Ibrahim, 2010).



Isavuconazole

Another triazole, which has been recently developed is isavuconazole (ISZ) and is considered to be a reliable alternative to AmB when taken at a moderate dose of 200 mg. This new azole has proven that its use for primary treatment in clinical trials is quite effective and therefore it has been approved for mucormycosis treatment in Europe and the United States and for cases wherein AmB is either not effective or not available (Marty et al., 2016). This drug is structurally similar to FLZ and is a wide spectrum azole proved to be effective against invasive mucormycosis. It is commercially available in the form of isavuconazonium sulfate prodrug, which gets activated by the serum butyryl cholinesterase. About 372 mg of this prodrug is considered to be equivalent to 200 mg of ICZ and needs to be administering every 8 h until sixth dose, followed by 372 mg/day (Riley et al., 2016). Similar to PCZ, it has in vitro species dependent variability but with an increased MIC level which is 2–4 times as high as that of former (Arendrup et al., 2015). This drug is available both as oral suspensions as well as intravenous formulations. It is administered at a moderate dose of 200 mg thrice per day (200 mg t.i.d) consecutively for first 3 days, thereafter followed by 200 mg. This azole has an advantage over other agents like lesser hepatotoxicity; no nephrotoxic cyclodextrin; less intra drug interactions; no skin or ocular side effects; QT prolongation; no requirement for meals; and excellent oral bioavailability. Hence, it does not require TDM (Trang et al., 2017).

Certain studies have reported the cases of prophylaxis after administering ICZ especially the ones in which patients were pre-exposed with trace amounts of AmB. Invasive fungal infections have been reported, especially mucormycosis among patients receiving this drug for treatment (Fung et al., 2018). Around 18% of the patients facing this problem had prior health issues like myeloid leukemia in retrospective trials (Cornely et al., 2015). A recent report highlights that 4.6% of the patients suffering from hematologic malignancies and undergoing ICZ therapy for almost a week contracted this infection (Dadwal et al., 2016).




Combination Antifungal Therapy

For the immunocompromised patients, a combination of antifungal therapies is the treatment of choice. There exists lack of relevant clinical studies to prove the effectiveness of this therapy, yet this treatment option is being used with some pros and cons. It is a broad spectrum-based method having synergistic effect, but due to involvement of interaction of drugs, is claimed to be toxic and antagonistic (Spellberg and Ibrahim, 2010).

Research investigations have examined the in vivo and in vitro properties of the combined echinocandins and polyenes drugs. Echinoderms facilitate phagocytosis of the fungal agents through immune epitome unmasking resulting from its degraded action over the β-1, 3-glucan surfaced in minute traces on the fungal cell wall. This mechanism can be observed in the organisms specifically targeted by this drug (Ibrahim et al., 2008; Gebremariam et al., 2017).

For increased efficiency of therapeutics, echinocandins can be added to the backbone of polyenes (Ibrahim et al., 2008). Combined use of AMB and echinocandin is successful for patients suffering from rhino-orbital or cerebral mucormycosis due to underlying diabetes (Reed et al., 2008). But, on the other hand, for the patients suffering from malignancies, this treatment approach failed. However, the studies which combined polyenes with PCZ triazole, have displayed positive impact (Kyvernitakis et al., 2016). Patients suffering from hematologic disorders, who did not respond to primary mono-therapeutic drugs, displayed improvements in 56% of cases, when treated with combination therapy. It is essential to not exceed the dose more than 3 mg/kg/day especially against murine mycosis infections. The recently synthesized and approved monotherapeutic drugs, when combined with caspofungin (CAS) show remarkable synergy with AmB and triazoles (Guembe et al., 2007). Combination of azoles with echinocandin does not exhibit any therapeutic synergy (Gebremariam et al., 2017). Enhanced fungal clearance and improved survival rates have been reported from the in vivo studies of LAmB combined to echinocandins; whereas ABLC + echinocandins only are helpful for decreasing mortality rates (Spellberg et al., 2005). Details on recommended anti-fungal agents along with their modes of action, doses and duration are given in Table 2.



TABLE 2. Recommended antifungal agents and doses.
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Non-antifungal agents like the iron chelators displayed good synergy when combined with antifungal drugs, but their effectiveness in patients is yet to be proven (Reed et al., 2008). Certain calcineurin immunosuppressive inhibitors like tacrolimus and cyclosporin A have demonstrated modest synergy with antifungal medications in vivo and in vitro (Schwarz et al., 2019). A Hos2 histone deacetylase inhibitor, MGCD290 is another agent that has displayed in vitro synergy with drugs like PCZ and (VCZ), but these have not yet been approved by FDA (Chamilos et al., 2008). In vitro studies have displayed more than 50% synergic effects of two more combinations of RMP with AmB and azoles along with miltefosine (Biswas et al., 2013). It must be considered that different species react differently to these drugs. Moreover, data available for this therapeutic technique are contradictory. Hence, this method of treatment should be preferred only when the patient shows no response to primary monotherapy or has a less success rate. Structural information of various drugs used for the treatment is depicted in Figure 4.
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FIGURE 4. Chemical structure representations of various drugs used for treatment approaches (A) Deferasirox, (B) Amphotericin-B, (C) Isavuconazole, and (D) Posaconazole.




Salvage Therapy

The patients intolerant to the primary treatment are advised to undergo salvage therapy of PCZ and deferasirox (DFS; Spellberg and Ibrahim, 2010). The foundation of salvage therapy had been laid by the combination of drugs. Even though PCZ persists in the host even after several months of administration, it is considered to be the safest drug for salvage therapy. The success rate for PCZ drug used for salvage therapy as oral suspension of four divided doses of 200 mg was about 70% in a trial, but some of the patients complained of gastrointestinal problems (Greenberg et al., 2006).

The response rate of the drug in patients with refractory mucormycosis is 61%; and among patients with pulmonary mucormycosis, it is as much as 65%. Also, it was found that at the end of 12 weeks of undergoing PCZ salvage therapy, 21% of the patients were stabilized (van Burik et al., 2006). Since there is a risk of increased DFS toxicity after 4 months of therapy, it is advisable to undergo salvage treatment with DFS for 2–4 weeks only. But the dosage should be 20 mg/kg/day for not more than 4 weeks. Periodic monitoring of hepatic and renal functioning must be done to ensure there are not associated side effects (Nick et al., 2002).

The sixth European Conference on Infections in Leukemia (ECIL-6) has proposed using LAmB either with CAS or PCZ, since both of them cannot be successfully used in first line treatment (Kyvernitakis et al., 2016). Some evidence has supported the use of ICZ as the salvage therapy option to treat mucormycosis infection.



Adjunctive Therapies


Immune Augmentation Therapy

Previous research has suggested granulocyte activity effectively kills fungal pathogens responsible for mucormycosis due to the action of colony stimulating factors (CSF), interferon-γ (IFN-γ), and pro-inflammatory cytokines (Gil-Lamaignere et al., 2005). However, the role of these recombinant cytokines is not well defined for primary treatment but some case reports support immune therapies using these factors as adjunctive treatment. But these have also been associated with inflammatory lung injuries (Mastroianni, 2004). For patients suffering from neutropenia based mucormycosis, these granulocyte-based transfusions have proved to be effective to a great extent.

A severely immunocompromised patient within tractable mucormycosis was treated successfully by combining IFN-γ with nivolumab (Grimaldi et al., 2017). IFN-γ is believed to restore monocyte function, whereas nivolumab is a monoclonal Ab that reduces Programmed cell death protein 1 (PD-1) expression of T-lymphocytes by blocking its ligand interactions (Gamaletsou et al., 2012).



Immunosuppression Reversal Therapies

Since immunosuppression reversal is significant for a successful treatment besides early diagnosis and surgeries; many patients suffering from this infection are found to have poor bone marrow recovery and are in need of prolonged immunosuppression therapies, especially in patients who have GVHD or neutropenia. They need to undergo adjunctive immunotherapy supplemented with hematopoietic growth factors or white cell transfusions so as to reverse the effects of all the underlying problems. In patients who have been immunocompromised due to excessive use of steroids could undergo non-steroidal therapies. Those suffering from AIDS can be given antiviral therapies to increase immunity. Hyperglycemia or excessive sugar intake needs to be avoided by diabetic or ketoacidotic patients. They must also undergo sodium bicarbonate based acidemia reversal to partially obstruct the R. oryzae attack over endothelial cells and hence, restoration of iron chelation of host and the lost neutrophil action (Gebremariam et al., 2016).



Iron Chelation Therapy

The importance of iron for host immune system is widely known, thus, iron chelation therapy is one of the potential approaches for adjunctive treatment. It works by reduction in the iron concentration to halt fungal growth. The most common iron chelator in clinical use is DFS, which enhances patient survival and lacks siderophore capability. Fungicidal activity of this chelator was observed at 6.5 mg/ml dose with MIC 90 (Ibrahim et al., 2007). It has a time dependent action that gives results in 12–24 h after exposure. Molecular target and modes of action of drugs used for treating mucormycosis are presented in Figure 5.
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FIGURE 5. Drugs used for treating mucormycosis- targets and modes of action. (A) Represents the pore formation on fungal membrane after binding of polyene with ergosterol; (B) Triazole mediated inhibition of ergosterol synthesis by inhibition of lanosterol 14-alpha- demethylase enzyme; (C) Echinocandins halt the beta-glucan linking of cell wall; and (D) Iron chelation therapy by deferasirox (DFS) inhibiting fungal uptake of iron. (E) Cytokine therapy activating granulocyte transfusion can aid treatment by damaging fungal cell.


In a randomized study on patients suffering from various malignancies, high mortality was noted on treatment with a combination of DFS and LAmB, as DFS enhances the rate of iron delivery to the Mucorales species (Spellberg and Ibrahim, 2010). However, this therapy has proved to be beneficial for patients with diabetes and ketoacidosis as the underlying disease condition with 80% survival rate (Cornely et al., 2014). Iron chelation therapy from orally administered DFS was approved for treating iron overload by US FDA in the year 2005, for the patients having transfusion-dependent anemia (Cappellini, 2005).

Deferasirox can be successfully used for salvage therapy among the mucormycosis patients suffering from complications in rhino cerebral regions having progressive brainstem related disease (Reed et al., 2006). There are multiple limitations of this therapy especially when it comes to absorption failure. Due to its availability as oral supplements, the patients undergoing intestinal surgeries must avoid this drug in particular. Gastrointestinal complications like diarrhea and nausea are most likely to happen after administration of DFS. Due to elevated creatinine levels in patients receiving this drug, the major concern is renal toxicity, causing hemodialysis and ultimately leading to renal failure (Vichinsky, 2008).





ROLE OF NANOMEDICINE

The role of nanotechnology in the arena of drug delivery is very significant, crucial, and beneficial. Modern day diseases are occurring at a higher rate and the available drugs are not much effective compared to the prevalence of the infection. Moreover, antimicrobial resistance has made it much more difficult to manage the upsurge of diseases. Hence, the role of novel agents like nanoparticles (NPs) comes to the fore. These are supramolecular ultra-dispersed particles, which lie in the size range of 10–1,000 μm. These minute particles have benefits in targeted drug delivery, facilitating greater bioavailability, enhanced antifungal properties, reduced toxicity, and target specificity. The various delivery mechanisms include carrier-based methods like solid and nanostructure lipids, dendrimers, liposomal preparations, and polymeric NPs (Voltan et al., 2016).

These drug delivery mechanisms are being utilized at a larger scale for clinical applications. A drug could be entrapped, bound to the NPs matrix, dissolved or encapsulated (Calixto et al., 2014). During earlier times, intravenous administration of pharmaceutical suspension was a cause of concern as it led to embolism. However, presently, nano-pharmaceuticals and nanomedicine have paved way for improved technologies for diagnosis and treatment and hence, in combating fungal infections to a greater extent with better efficiency. The treatment procedures that are fundamentally based on the delivery mechanisms are crucial to maintain drug concentration and toxicity levels (Couvreur, 2013). The reduced size of the carrier further helps to target specific cells and tissues and has minimal side effects. The factors responsible for the efficient delivery of the drugs using nanotechnology include intrinsic chemistry of NPs, their hydrodynamic size, administration route, shape, quantity, and circulation duration inside host and its reactivity with the host immune response (Weissig et al., 2014). The lipid formulation of drugs like AmB or nystatin can be combined to reduce the toxicity of the conventional drugs. SNLs and Nanostructured lipid carriers (NLCs) based delivery systems have been tested for antifungal drugs. Another form of lipid suspensions called liposomes is composed of layers of phospholipids. These are capable of mobilization of hydrophilic drugs inside their aqueous core. They have an advantage of increased penetration and protect the drug from degradation besides being biocompatible (Hunstad et al., 1999). Polymeric Nanoparticles (PNPs) were also used but due to polymer degradation and higher costs are replaced by Solid Nanoparticles (SLNs) colloids due to their physical stability and different administration routes (Pardeshi et al., 2012). Newer SLNs are known as NLCs and polymer lipid hybrid nanoparticles (PLNs). These are the conjugates of solid-lipid matrices that entrap the drugs inside their compartments and possess greater drug loading capacities (Müller et al., 2002). Another class of drug delivery systems includes dendrimers that are structured into core, dendrons, and surface-active groups from inside to outside. Antifungal activity of these dendrimers is attributed to their ability to inhibit candida 1, 3-β-d-glucan synthase enzymes and therefore, change the morphology of fungal cells (Janiszewska et al., 2012). Reports have also suggested the role of other delivery systems displaying antifungal activity, for instance magnetic nanoparticles (MNPs), carbon nanotubes, and silica NPs (Voltan et al., 2016). As per latest research, silver nanoparticles (AgNPs), due to the presence of β-cyclodextrin (George et al., 2011); Zirconium oxide nanoparticles (ZrO2NPs; León-Buitimea et al., 2021), and nano-emulsion NB-201, due to presence of benzalkonium chloride (BZK; Brunet and Rammaert, 2020; Kajfasz et al., 2020), exhibit antifungal properties with higher toxicity against Mucorales and relatively low toxicity in human cells. Detailed mechanism of incorporation of drugs in nanoparticles is provided in Figure 6.
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FIGURE 6. Drug delivery mechanisms (A). Conventional drug delivery targeting the affected region and displaying poor incorporation inside the tissue (B). Drug delivery with the help of nanoparticles like dendrimers, carbon nanotubes, SNPs, micelles, and liposomes. These help in better and enhanced delivery of drug to the affected tissues and cells.




NOVEL TREATMENT APPROACHES

Apart from the drugs in use for primary mono-therapeutic techniques, novel treatment strategies specifically concerning the host and fungal pathogens are being continuously worked upon. An approach to discover new administration routes for aerosols to enhance the treatment procedure is also under development stages (Brunet and Rammaert, 2020). Such agents are gaining momentum due to their pharmacological significance over the already available drugs. The use of newer approaches like nanotechnology and antifungal microbial peptides to treat and manage mucor infections is the future of mucormycosis treatment.


New Antifungal Drugs

Various antifungal agents are currently under clinical trials. Some of these include SCY-078 (MK-3118), encapsulated AmB, rezafungin, and orolofin (Van Daele et al., 2019). MK-3118 or SCY-38 belongs to the subfamily of a new glucan class synthase inhibitor. It has been found to be poorly effective against Mucorales species (Lamoth and Alexander, 2015).

Another form of AmB, the encapsulated form is an oral formulation of AmB. It has shown great tolerance in the studies carried on Cryptococcus neoformans; however, there is no information available on the efficiency of this drug against mucormycosis. A new echinocandin, i.e., Rezafungin is also not yet tested for Mucorales. The resistance of these fungal species to many antifungal agents is due to the genetic plasticity offered by the whole genome duplication that occurred in the process of their evolution as revealed by the genome sequencing of the R. oryzae (Kyvernitakis et al., 2016).

The antifungal drug VT-1161 possesses specific inhibitory action on the fungal CYP51 gene and is shown to be active against Mucorales in vitro. It is also in development stage. Studies have shown that this drug can be effectively used for prophylactic and curative treatment in mice models of R. arrhizus, Lichtheimia sp., and Cunninghamella sp. that show neutropenia. This drug prolonged the survival rates among those models (Gebremariam et al., 2017). A new triazole SCH42427, due to its wide spectrum of activity is found to be effective in murine models. APX001A, earlier referred to asE1210 is an agent that targets a surface protein Gwt1 involved in the glycosylphosphatidylinositol pathway of posttranslational modifications. It is under phase 1 clinical trials and its effectiveness is more than that of AmB (Rivero-Menendez et al., 2019). This drug also acts as a prodrug for manogepix (MGX) whose mechanism of action is similar to fosmanogepix (APX001); and is very compelling for the treatment for pulmonary mucormycosis. The US FDA has recently approved oral and intravenous formulations of this drug for treating certain fungal infections.

Another azole, PC1244 displayed its efficacy against mucorales with MIC in the range of 0.25–2 mg/ml (Colley et al., 2018). Clinical analysis of an antibiotic drug colistin has proven it to be active against mucorales (Ben-Ami et al., 2010). Recently, scientists created a new therapy that uses the anti-CotH3 antibodies synergic with the antifungals and used it for prevention of mucormycosis in mice suffering from neutropenia and diabetes. These antibodies prevent the endothelial invasion by blocking the GRP78 binding with CotH3 peptide (Gebremariam et al., 2019).

Another novel agent, haemofungin has been found to inhibit fungal growth in vitro (Ben Yaakov et al., 2016). Fluvastatin is another drug that belongs to the category of statins and has fungicidal action targeting a wide range of fungal species including Mucorales (Tavakkoli et al., 2020).

Glucocorticoids like dexamethasone and methylprednisolone have been in use for the treatment of SARS-CoV-2 patients due to their potential to curb inflammation. These are anti-inflammatory and immunosuppressive in action and may thus prove to be beneficial for mucormycosis patients. Some natural compounds like luteolin, colchicine, allicin, resveratrol, curcumin etc. obtained from plant sources are also being investigated for their inhibitory activities against chemokines and cytokines. These works by targeting signaling pathways such as MAPK/ERK, NF-κB are involved in the production of chemokines and cytokines (Peter et al., 2020). Further, the role of mesenchymal stem cells (MSCs) in the reducing the effects of cytokine storm induced due to COVID-19 has also been examined (Wang et al., 2020).



Antifungal Microbial Peptides

Many therapeutic candidates like monoclonal antibodies (mABs), immunomodulatory molecules, checkpoint inhibitors, and antimicrobial peptides (AMPs) have been studied to possess antifungal properties. A study by Barbu and coworkers showed the effects of antimicrobial peptidomimetic motif D (KLAKLAK) on Mucorales leading to killing of Mucorales through mitochondria-mediated apoptosis. The properties attributed to this fungicidal action are the inhibition of fungal germination due to reduced hyphal viability. The researchers found a direct relation of the antifungal property of these agents with many factors, including depolarization of mitochondrial membrane, vacuolar injuries, intracellular ROS species, mitochondrial swelling, and enzymatic action. Post-antifungal effects were also limited and it was concluded that this potential agent causes death of hyphae due to depolarization of plasma membrane as well as spores. The cell apoptosis is a result of the mitochondrial injury and provides insights into further development of potential drugs, therapeutics and fungicides (Barbu et al., 2013).

By targeting cells and stimulating complement activation and phagocytosis, many fungal-specific mABs can be utilized to treat invasive fungal infections, including black fungus (Casadevall and Pirofski, 2012). Synthetic AMPs have been in use in antifungal therapies; these have membrane lytic activity against fungal species. Certain species of AMPs have different mechanisms of action like toroidal pore formation, membrane curvatures induced by peptides, thickening or thinning of membranes, flip-flop of membrane, lipid clustering, or disrupting potential of membrane. The antifungal peptides in clinical and preclinical stages of development include NP213, CZEN-002, P113, HPX-124, hLF-11, omiganan, LTX-109, Isoganan (IB-367); NP399, D2A21, and EDT-151. All these exhibit some fungicidal properties (Mercer and O'Neil, 2020), which could be utilized as therapeutic alternatives for treatment of mucormycosis.

The factors hindering the development of these new techniques include the inappropriate testing procedures. Hence, these cannot be developed into drugs since data for the duration, doses, administration route, and formulations have not been optimized until now. But it is accepted widely that these AMPs are potential candidates for treatment of mucormycosis. The fungicidal properties of these compounds can be utilized in the form of commercialized products.




CONCLUSION AND FUTURE PERSPECTIVES

The causative agents of black fungus are the opportunistic pathogens that particularly target the immunocompromised high-risk patients. These pathogens grow and colonize after finding suitable conditions and consequently, amplify the disease to such an extent that if not treated timely, it proves to be fatal. The trilogy of SARS-CoV-2, DM, and prolonged hospital stay are the major culprits for the rapid upsurge in Mucormycosis infections worldwide.

There are certain limitations to the currently available antifungal therapies and the diagnosis techniques that make it necessary to develop methods and techniques which are comparatively more efficient than the conventionally available techniques. The fact that early diagnosis can help to eradicate this infection cannot be overruled. Developing effective diagnostic procedures is critical so that therapeutic procedures can be initiated at disease onset and spread of the infection to other tissues can be forestalled. Although devising an accurate detection method is a challenge, various molecular techniques have paved way for faster analysis. More rapid techniques including the metabolic and serological tests that do not require invasive protocols are being worked upon for better and faster detection (Skiada et al., 2020). Mucorales are generally resistant to antifungal agents. Moreover, the data for antifungal susceptibility and MIC values for Mucorales are limited (Sipsas et al., 2018). This considerably limits the choices of antifungal agents and the success of monotherapies. One of the major issues faced using drugs-based treatment methods is the inefficient delivery of drugs to the affected tissues. The conventional drugs those in use also have limited efficacy, less selectively and very poor biodistribution, which can be overcome by shifting to relatively recent NPs based drug delivery mechanisms. But the disadvantage of using nanotechnology based solutions is greater production costs. However, nanotechnology-based approaches aid in better delivery of drugs, peptides and muco-adhesive systems with enhanced retention capacities and improved specificity can be achieved (Voltan et al., 2016).

These alternative solutions need to be worked upon for better management, increased bioavailability, and treatment of invasive infections, especially when the specified narrow spectrum drug is not available. The novel antifungal agents in various developmental phases are promising candidates for combating the invasive growth of the fungal species responsible for this deadly disease. A way forward can be to test decolonization of spores while they are in dormant phase (Brunet and Rammaert, 2020). With development of antimicrobial peptides, their proven fungicidal property can be exploited in future to develop better treatment options.
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Animal farming has intensified significantly in recent decades, with the emergence of concentrated animal feeding operations (CAFOs) in industrialized nations. The congregation of susceptible animals in CAFOs can lead to heavy environmental contamination with pathogens, promoting the emergence of hyper-transmissible, and virulent pathogens. As a result, CAFOs have been associated with emergence of highly pathogenic avian influenza viruses, hepatitis E virus, Escherichia coli O157:H7, Streptococcus suis, livestock-associated methicillin-resistant Staphylococcus aureus, and Cryptosporidium parvum in farm animals. This has led to increased transmission of zoonotic pathogens in humans and changes in disease patterns in general communities. They are exemplified by the common occurrence of outbreaks of illnesses through direct and indirect contact with farm animals, and wide occurrence of similar serotypes or subtypes in both humans and farm animals in industrialized nations. Therefore, control measures should be developed to slow down the dispersal of zoonotic pathogens associated with CAFOs and prevent the emergence of new pathogens of epidemic and pandemic potential.
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INTRODUCTION OF CONCENTRATED ANIMAL FEEDING OPERATIONS

Humans have kept farm livestock and poultry ever since the domestication of various animals starting approximately 10,000 years ago (Diamond, 2002). For much of recorded history, humans have farmed these animals in traditional ways, keeping just enough animals for personal or family consumption (Salaheen et al., 2015). In these traditional systems, while humans are exposed to zoonotic pathogens because of possible introduction of pathogens from wildlife and intimate contact with animals (Pohjola et al., 2016; da Silva et al., 2018; Nicholson et al., 2020), the impact of such zoonotic transmission is limited by the small numbers of these animals (Espinosa et al., 2020).

To meet the growing demand for meat and other animal proteins after the end of the Second World War, animal farming in the Noth America and Europe transitioned from small-scale farming to concentrated animal feeding operations (CAFOs) (Graham et al., 2008). In general, they are animal facilities with over 700 mature dairy cattle, 1000 cow-calf pairs, 10000 sheep, 2500 adult swine, and 30000 laying hen or broilers1. This has led to not only changes in food animal production but also environmental and public health concerns about CAFOs (Kirkhorn, 2002). Initial public health concerns of CAFOs were on water quality issues, respiratory diseases among farmers and their neighbors, the spread of antimicrobial resistance, and global warming (Kirkhorn, 2002; Radon et al., 2007; Koneswaran and Nierenberg, 2008). As a result, various governmental regulations have been established in industrialized nations on CAFOs (Rosov et al., 2020).

Recent evidence suggests CAFOs may be contributing to significant changes in patterns of infectious diseases, with increased transmission of zoonotic pathogens (Moyer, 2016; Klumb et al., 2020). It has been suggested that the congregation of large numbers of susceptible animals in confined spaces and reduced genetic diversity of animals could promote the transmission of established pathogens in CAFOs (Jones et al., 2013). This can be mediated through the amplification and mutation of the pathogens, leading to their spread and the emergence of new variants with better adaptation to mammals and increased transmissibility and virulence (Espinosa et al., 2020). Data from one recent study suggest that since 1940, agricultural drivers were associated with >50% of zoonotic diseases in humans (Rohr et al., 2019).

Concentrated animal feeding operations have multiple ways to increase the transmission of zoonotic pathogens in humans (Figure 1). Farm animals may be infected with human pathogens such as Salmonella, Campylobacter, and Cryptosporidium, thus became reservoir or amplifier hosts and transmit them to humans through direct contact or contamination of food (meat, milk, eggs, and fresh produce, etc.) and drinking source water. They can also become the host allowing pathogens of wildlife origins such as avian influenza viruses to evolve with better adaptations to humans (Jones et al., 2013). The wide use of antibiotics in farm animals can also select for resistant pathogens such as livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) that have become a public health problem in European countries and some other areas (Sieber et al., 2018).
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FIGURE 1. Transmission of major zoonotic pathogens through concentrated animal feeding operations (CAFOs).


In this report, we have conducted a review of recent data on the association between the increased occurrence of representative zoonotic pathogens and CAFOs. These viral, bacterial, and parasitic pathogens are readily transmitted between animals and humans, although the present review focuses mostly on human infections acquired from animals. Several major zoonotic pathogens of public health importance in industrialized nations and with evidence on the effect of animal farming on increased pathogen transmission in humans are discussed (Jones et al., 2013). No efforts are made to summarize data extensively on environmental contamination of these pathogens by CAFOs due to the diverse transmission routes of these pathogens (Table 1).


TABLE 1. Major zoonotic pathogens associated with concentrated animal feeding operations (CAFOs) in industrialized nations.
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CONCENTRATED ANIMAL FEEDING OPERATIONS AND TRANSMISSION OF MAJOR VIRAL PATHOGENS

Concentrated animal feeding operations have been associated with the transmission of several emerging zoonotic pathogens (Table 1). Such an association is probably best illustrated by the emergence of the pandemic influenza viruses. For example, duck farming provides the opportunity of spillover transmission of influenza A viruses from wild aquatic birds to chickens and pigs. This likely increases the occurrence of reassorted viruses with better infectivity to humans (Nunez and Ross, 2019). In addition, large pig and poultry farms have long been known as amplifiers of zoonotic influenza viruses (Henritzi et al., 2020). H1N1, H1N2, H3N2, and A(H1N1)pdm09 viruses are common in pigs in most countries around the world (Chauhan and Gordon, 2020), and several other avian influenza viruses such as H5N1 and H7N9 have emerged as important human pathogens in recent years (Philippon et al., 2020). It has been estimated that when CAFO workers comprise 15–45% of the community, the overall human influenza cases increase by 42–86% (Saenz et al., 2006).

Because of the prevalence of influenza A viruses in pigs and poultry, CAFO farmers are at significantly increased risk of influenza virus infection due to frequent contact with infected animals (Quan et al., 2019). Zoonotic transmission of influenza viruses has been commonly reported in swine farmers in Asian and European countries, mostly due to H1N1, especially A(H1N1)pdm09 (Chauhan and Gordon, 2020). In a recent longitudinal study conducted in China, swine workers at CAFOs had higher seroconversion to swine H1N1 and H3N2 than unexposed and non-CAFO swine workers (Borkenhagen et al., 2020). Another study showed increased seroprevalence of antibodies to H5N1, H7N9, and other subtypes in poultry workers, with some workers having seroconversion after employment on farms (Quan et al., 2019). The spillover of influenza viruses from CAFOs to the general community has been responsible for several recent influenza pandemics (Hollenbeck, 2016; Chauhan and Gordon, 2020), mostly caused by reassorted viruses (Dadonaite et al., 2019).

A particular concern is the reassortment of influenza A viruses in CAFOs. It is known that the colocation of swine and poultry farms, which is common in some areas and promotes the interspecies transmission of virus from birds to swine, can lead to the emergence of new influenza viruses (Nunez and Ross, 2019; Chauhan and Gordon, 2020). Pigs are known as a mixing vessel for influenza virus reassortment and evolution, as they can be infected by swine, avian and human influenza A viruses (Chauhan and Gordon, 2020). Avian-derived viruses may become adapted in pigs, facilitating the emergence of double- and triple-reassortant genotypes of pandemic potential (Chauhan and Gordon, 2020). For example, molecular surveillance of swine influenza viruses on pig farms has revealed intensive reassortment of viruses with A(H1N1)pdm09 virus, producing a repertoire of over 30 distinct genotypes of unknown virulence and tissue tropism (Henritzi et al., 2020). Poultry farms also play an important role in the evolution of highly pathogenic avian influenza viruses, leading to the introduction of influenza viruses of wild waterfowl into humans (Nunez and Ross, 2019; Liu et al., 2021).

Another viral pathogen on the rise in industrialized nations due to CAFOs is the hepatitis E virus (HEV). Although HEV infection used to be mainly endemic in low and middle-income countries, its prevalence has been steadily increasing in industrialized countries in recent years. This is largely due to zoonotic transmission of HEV from pigs in these countries (Christou and Kosmidou, 2013). Pigs are natural reservoirs of HEV and mostly show no clinical signs of infection (Sooryanarain and Meng, 2020). Seroprevalence of HEV is generally higher than 40% in pigs in most industrialized nations and China (Sooryanarain and Meng, 2020; Chen et al., 2021).

Human HEV infections in industrialized nations are exclusively caused by zoonotic genotypes 3 and 4 that circulate in pigs and wild mammals, while those in low and middle-income countries are caused by genotypes 1 and 2 through poor hygiene and contaminated water (Pallerla et al., 2020; Table 2). Therefore, HEV infections in industrialized nations are often attributed to occupational exposures to pigs and consumption of under-cooked pork and other animal products (De Schryver et al., 2015; Teixeira et al., 2017). Waterborne transmission of HEV is a potential concern, as contamination of raw source water from swine CAFOs occurs often (Gentry-Shields et al., 2015; La Rosa et al., 2017).


TABLE 2. Differences in the transmission of hepatitis E virus genotypes in humans around the world*.

[image: Table 2]
In China, as pig farming intensifies, the molecular epidemiology of hepatitis E has evolved from high endemicity of genotype 1 associated with waterborne transmission toward low endemicity of genotype 4 in association with foodborne transmission due to undercooked pork or seafood products such as shellfish (Geng and Wang, 2016; Sridhar et al., 2017). A recent survey of pigs in seven provinces in China has shown a high seroprevalence of 67.1% with no apparent geographic and age differences (Zhou et al., 2019). In another meta-analysis of data from pigs, the seroprevalence was 48.0% and the prevalence of viral RNA was 14.4% (Chen et al., 2021). In humans, IgG against HEV was detected in 26.2% of general population and 48.4% of occupational workers with exposures to pigs (Shu et al., 2019). This is similar to results of a meta-analysis of HEV studies in China, which showed seroprevalence of 27.3 and 47.4% in the general population and occupational population, respectively (Yue et al., 2019). Unlike the detection of genotype 1 in historic isolates, most recent human and swine isolates from China belonged to genotype 4 (Li et al., 2019; Shu et al., 2019; Zhou et al., 2019). However, genotype 3, which is common in industrialized nations, has been identified recently in several species of animals and raw pork livers in China, suggesting its likely emergence in humans in the near future (Go et al., 2019; Rui et al., 2020).



CONCENTRATED ANIMAL FEEDING OPERATIONS AND TRANSMISSION OF MAJOR BACTERIAL PATHOGENS

Concentrated animal feeding operations have possibly played an important role in the emergence of foodborne and animal-contact associated bacterial pathogens in industrialized nations (Table 1). Dairy cattle are well-known reservoirs of Escherichia coli O157:H7, non-typhoidal Salmonella, and Campylobacter (NASPHV, 2011; Levallois et al., 2014; Palomares Velosa et al., 2020). Large poultry farms with poor rearing hygiene are further known to have high prevalence of Salmonella and Campylobacter (Koutsoumanis et al., 2019; Seman et al., 2020). As a result, occupational and agricultural exposures have been identified as key risk factors for human infections with these pathogens in industrialized nations (Levallois et al., 2014; Conrad et al., 2017; Su et al., 2017; Pogreba-Brown et al., 2018; Klumb et al., 2020). Outbreaks of salmonellosis, campylobacteriosis, and E. coli O157:H7 infections have been reported in association with direct contact of animals (calves, lambs, goat kids, and live poultry, etc.) on or from CAFOs in industrialized nations (Conrad et al., 2017; Marus et al., 2019; Table 1). These pathogens are the most common causes of foodborne outbreaks of illnesses in the United States (Tack et al., 2020).

It has been suggested that CAFOs have played a crucial role in the emergence of the highly pathogenic E. coli O157:H7 in the 1980s in industrialized nations (Karmali, 2018). The hemolytic uremic syndrome (HUS) induced by O157:H7 has the highest incidence in Europe, North America, Argentina, Australia, New Zealand, and Japan, where cattle farming is most intensive (Franz et al., 2019). Phylogenetic timing of whole genome sequence data indicates that the initial emergence of the highly pathogenic O157:H7 from non-pathogenic E. coli serotype O55:H7 might have occurred in Netherlands over 130 years ago (Dallman et al., 2015). The diversification of O157:H7, however, occurred much later, with the dissemination of various clades around the world mostly during the last 30–50 years, due to the movement of Holstein-Friesian dairy cattle in association with the emergence of CAFOs (Dallman et al., 2015; Franz et al., 2019). The incidence of human cases of E. coli O157:H7 correlates with cattle density and cattle to human ratios (Saeedi et al., 2017). As a result, farm visiting is a key risk factor for human infection with O157:H7 in some areas (Money et al., 2010), and the highest incidence of HUS, the most severe clinical manifestation caused by O157:H7, has been reported in North America, Europe, and Japan (Saeedi et al., 2017; Franz et al., 2019). It could be argued that this could be due to the better surveillance of the disease in industrialized nation. Nevertheless, the incidence of HUS is very low in China, where surveillance program for infectious diseases is vagarous since the SARS outbreak in 2003 (Chen et al., 2014).

Other emerging bacterial pathogens in humans in association with CAFOs include Streptococcus suis and Staphylococcus aureus (Filippitzi et al., 2017). S. suis is a commensal bacterium of tonsils and nasal cavities in young pigs, but can cause meningitis and sepsis in humans. Human cases of S. suis infection have been on the rise in several countries, especially those in Asia (Huong et al., 2019; Susilawathi et al., 2019; Gajdacs et al., 2020; Jiang et al., 2020; Kerdsin et al., 2020). Most of the cases have had occupational exposures to pigs, usually through contamination of minor cuts or abrasions on skin or by pig bite (Dutkiewicz et al., 2017). Among the numerous serotypes in pigs, serotype 2, especially its Sequence Type 1 (ST1), is the most common serotype for human infections (Dutkiewicz et al., 2017; Susilawathi et al., 2019; Agoston et al., 2020). It was responsible for two outbreaks in China (Dong et al., 2021). Humans in China are also infected with serotype 2, ST7 (Wang et al., 2019; Jiang et al., 2020).

A recent phylogenomic analysis on 1,634 S. suis isolates from 14 countries over 36 years has identified a novel human-associated clade (HAC) divergent from the diseased-pig clade (DPC) and healthy-pig clade (HPC). HAC appeared to have originated from Europe through the export of European swine breeds between 1960s and 1970s (Dong et al., 2021). Within HAC, ST7 is the China-specific virulent variant in lineages I and III while ST1 belongs to lineage II and is the most common sequence type in HAC. ST1 isolates from humans in China are closely related to those from Vietnam (Dong et al., 2021).

Livestock-associated methicillin-resistant S. aureus (LA-MRSA) clonal complex 398 (CC398 or ST398) is another emerging zoonotic pathogen in industrialized nations, especially those in Europe (Larsen et al., 2017). A high colonization rate (21.6%) of MRSA was seen in swine farm workers from a survey conducted in Italy. Almost all human MRSA isolates had the same sequence type obtained from pigs on the farm (Pirolo et al., 2019). Import of pathogens from other European countries had a major impact on the emergence of LA-MRSA CC398 in Italy, but local trading of pigs among farms also played an important role in the dissemination of the pathogen (Pirolo et al., 2020). There has been a recent increase in the transmission of the pathogen in farm animals; a study in Switzerland had shown a dramatic increase in LA-MRSA prevalence in pigs, from 2% in 2009 to 44% in 2017. In Germany, the prevalence of LA-MRSA CC398 in humans is much higher in regions with intensive animal farming (Kock et al., 2014). Whole-genome analysis showed sequence similarity between isolates from farmers and their pigs (Kittl et al., 2020).

Denmark, Netherlands, and Slovenia have experienced a significant increase in human infections with LA-MRSA CC398 in recent years (Kinross et al., 2017; Sieber et al., 2018; Dermota et al., 2020). Results of meta-analysis indicate that livestock workers, particularly swine farmers, are at significantly higher risk for LA-MRSA infection (Chen and Wu, 2020). Many of the cases, however, had no direct contact with livestock but tended to live in rural areas, suggesting the likely occurrence of secondary transmission of the pathogen in the community (Larsen et al., 2017; Sieber et al., 2019). In agreement with this, LA-MRSA CC398 appears to be spreading to other domesticated animals such as veal calves, horses and farmed minks in Europe (Aires-de-Sousa, 2017; Albert et al., 2019; Hansen et al., 2020; Lienen et al., 2021). It has been demonstrated that LA-MRSA CC398 may spread among animals, humans, and the environment on dairy farms (Lienen et al., 2021).

The geographic range of LA-MRSA ST398 is expanding. It has been reported in pigs and humans in recent years in Korean and Japan (Lee et al., 2021; Nakaminami et al., 2021; Sasaki et al., 2021). LA-MRSA ST398 isolates were recovered from milk samples from two farms in China in one study. They had genomes closely related to the human isolates in the country (Cui et al., 2020). However, sequence type 9 is the most common LA-MRSA in humans and pigs in China and other Asian countries, probably because ST398 has not been dispersed widely yet (Yu et al., 2021).



CONCENTRATED ANIMAL FEEDING OPERATIONS AND TRANSMISSION OF ZOONOTIC PARASITE CRYPTOSPORIDIUM PARVUM

Like in viral and bacterial pathogens, farming activities also have extensive impact on the transmission of parasites. A recent study has suggested that animal farming and trading have influenced the evolution and transmission of Toxoplasma gondii significantly (Shwab et al., 2018). Similarly, the housing of large numbers of chickens on modern poultry farms facilitates the transmission of Eimeria spp., making the prevention and control of coccidiosis a heavy burden to farmers (Fatoba and Adeleke, 2018). The improved housing and waste disposal in CAFOs have in general reduced the transmission of soil transmitted helminths such as Ascaris suum, Strongyloides ransomi, and Trichuris suis in pigs (Symeonidou et al., 2020). The best example for the impact of CAFOs on the transmission of zoonotic parasites and their public health importance, however, is Cryptosporidium parvum.

Cryptosporidium parvum is particularly common on dairy farms, with virtually all farms examined in industrialized nations being positive for C. parvum (Diaz et al., 2018; Razakandrainibe et al., 2018; Lombardelli et al., 2019; Santoro et al., 2019). On these farms, C. parvum infection in neonatal calves starts soon after birth, peaks in calves of 1–2 weeks of age, with almost all calves acquiring infection before weaning around 8 weeks (Thomson et al., 2019). C. parvum, however, is rarely seen in weaned calves and older animals, which are mostly infected with C. bovis, C. ryanae, and C. andersoni (Santin, 2020). The latter species are less pathogenic and largely non-infective to humans. With a few exceptions, C. parvum infections in dairy calves in industrialized nations are mostly caused by the IIa subtypes (Feng et al., 2018).

Cryptosporidium parvum is less frequently seen in calves raised in less intensive production systems. In Sweden, where dairy farming is much less intensive than other European countries, C. parvum is rarely seen in healthy pre-weaned calves, although it is the dominant species in calves that died of diarrhea (Silverlas and Blanco-Penedo, 2013; Silverlas et al., 2013). In beef cattle, which are usually managed using the traditional cow-calf grazing system, several molecular epidemiological studies have identified C. bovis and C. ryanae as the dominant species in industrialized nations (Rieux et al., 2013; Bjorkman et al., 2015). Thus, in less intensively managed production systems, C. parvum is either absent or only seen in calves with diarrhea (Kabir et al., 2020).

Because of the low intensive nature of animal farming, native calves in low- and middle-income countries are rarely infected with C. parvum. Results of studies in African, Asian, and South American countries have shown a dominance of C. bovis and C. ryanae in native calves with C. parvum largely absent (Ayinmode et al., 2010; Maikai et al., 2011; Nguyen et al., 2012; Abu Samra et al., 2013). This is also mostly the case with other bovine animals such as yaks and water buffaloes (Martins et al., 2018; Ren et al., 2019; Wu et al., 2020). C. ryanae is especially common in water buffaloes (de Aquino et al., 2020; Russell et al., 2020).

The high prevalence of C. parvum in dairy cattle in industrialized nations has led to spillover infections in other farm animals, probably through sharing pastures and drinking contaminated water. This is supported by the occurrence of C. parvum in lambs and goat kids in European countries. While C. xiaoi and C. ubiquitum are the dominant species in lambs in Asian and African countries, C. parvum is the dominant species in lambs in many European countries (Guo et al., 2021). The same IIa subtypes circulating in calves there also circulate in lambs (Guo et al., 2021). In northeastern Spain, however, lambs are mostly infected with IId subtypes (Quilez et al., 2008). A similar distribution in Cryptosporidium species is also seen in goats; C. parvum IIa subtypes are common in goat kids in Europe (Guo et al., 2021). Outside Europe, only some Middle East and Northern African countries, Australia and possibly New Zealand are known to have moderate occurrence of C. parvum in lambs and goat kids (Hijjawi et al., 2016; Al-Habsi et al., 2017; Baroudi et al., 2018; Majeed et al., 2018; Sahraoui et al., 2019).

The high prevalence of C. parvum in ruminants appear to have significant impacts on cryptosporidiosis epidemiology in some industrialized nations where CAFOs are a common presence. For example, contact with farm animals, especially calves and lambs, is a major risk factor for cryptosporidiosis occurrence in humans in the United States, Europe, and New Zealand (Nic Lochlainn et al., 2019; Costa et al., 2020; Garcia et al., 2020; Loeck et al., 2020; Table 1). In a recent analysis of surveillance data collected during 2012–2016 in Minnesota, United States, 60% of C. parvum cases had reported animal exposures in their incubation period (Klumb et al., 2020). Outbreaks of cryptosporidiosis due to contact with infected animals frequently occur in veterinary students in some industrialized nations (Kinross et al., 2015; Benschop et al., 2017; Thomas-Lopez et al., 2020). Other outbreaks of zoonotic C. parvum infections have occurred in caretakers of sick calves, farm visitors, children attending agricultural camps, and emergency responders rescuing calves in traffic accidents and burning barns (Conrad et al., 2017).

The high prevalence of C. parvum in CAFOs could have affected the infection patterns of Cryptosporidium spp. in humans. In low- and middle-income countries, C. hominis, which is an anthroponotic species, is the dominant Cryptosporidium species in humans (Yang et al., 2021; Figure 2A). This is also the case in some industrialized countries such as the United States, Japan, and Australia (Xiao, 2010). In European countries and New Zealand, however, C. parvum is responsible for over 50% of human Cryptosporidium infections (Costa et al., 2020; Garcia et al., 2020; Lebbad et al., 2021). Even in the United States and Australia where C. hominis dominates over C. parvum country-wide, C. parvum is the dominant species in humans in rural areas (Braima et al., 2019; Loeck et al., 2020). In these countries, C. parvum is responsible for numerous waterborne, foodborne, and animal contact-associated outbreaks of cryptosporidiosis in the general community (Insulander et al., 2013; Chalmers et al., 2019). Of particular concern is the common occurrence of waterborne outbreaks of C. parvum-associated cryptosporidiosis (Zahedi and Ryan, 2020), as this species is the dominant Cryptosporidium species in drinking source water in most industrialized nations (Swaffer et al., 2018; Ligda et al., 2020; Mphephu et al., 2021). Identical distribution of Cryptosporidium species has been found between farms animals and downstream surface water, supporting the contribution of CAFOs to environmental contamination of oocysts (Zahedi et al., 2020).
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FIGURE 2. Distribution of major Cryptosporidium species (A) and Cryptosporidium parvum subtypes (B) in humans around the world. Original data are presented in Supplementary Tables 1, 2 and a recent review (Yang et al., 2021).


Genetic characterization of C. parvum in humans supports the role of CAFOs in the epidemiology of cryptosporidiosis. While C. parvum infections in low- and middle-income countries are mostly caused by the anthroponotic IIc subtype family (Yang et al., 2021), C. parvum infections in humans in industrialized nations are largely caused by the IIa subtype family, the zoonotic C. parvum commonly found in calves and lambs in areas practicing CAFOs (Xiao, 2010; Figure 2B). In Europe and New Zealand, the distribution of C. parvum IIa subtypes has been virtually identical between humans and calves. The peak occurrence of human C. parvum infections by these subtypes coincides with the spring calving and lambing (Garcia et al., 2020; O’Leary et al., 2020). Similarly, human infections with IId subtypes are only found in countries where these subtypes occur in calves, lambs, and goat kids, such as Europe, the Middle East, China, and New Zealand (Figure 2B). The genetic similarities observed between the human and bovine isolates suggest that dairy calves are significant amplifiers of zoonotic C. parvum subtypes (Al Mawly et al., 2015).

A major public health consequence of the common occurrence of C. parvum in farm animals is the frequent association of this species with outbreaks of human cryptosporidiosis in industrialized nations. In the United Kingdom, over half of the cryptosporidiosis outbreaks are caused by C. parvum (Chalmers et al., 2019). Outbreaks by C. parvum are also common in other industrialized nations such as other European countries, the United States, and Australia (Caccio and Chalmers, 2016; Xiao and Feng, 2017; Zahedi and Ryan, 2020). Most of the outbreaks were animal contact-associated or foodborne, while those caused by C. hominis were associated with recreational water (Chalmers et al., 2019). One C. parvum subtype, IIaA15G2R1, is particularly virulent, having been the dominant C. parvum subtypes for outbreaks in Europe and United States (Xiao and Feng, 2017; Chalmers et al., 2019). It is also the dominant C. parvum subtype in dairy calves in most industrialized nations (Xiao, 2010). As a result, outbreaks of cryptosporidiosis by this subtype and other subtypes are common in veterinary students in these countries (Thomas-Lopez et al., 2020).



PUBLIC HEALTH PERSPECTIVES AND CONCLUSION

Data accumulated thus far suggest that CAFOs have significant impacts on the transmission of some viral, bacterial, and parasitic pathogens in some areas, especially C. parvum and HEV. They provide an ecological niche that promotes the emergence of virulent and hyper-transmissible pathogens via the congregation of susceptible animals in confined spaces, reduced genetic diversity of the host, and increased animal movement across farms and other commercial operations (such as the import of high-performance breeds and constant transfer of male dairy calves to veal and beef farms) (Saenz et al., 2006; Jones et al., 2013; Hollenbeck, 2016). Some modern living practices select zoonotic pathogens with better adaptation to the human-animal interface and specific transmission routes, such as highly pathogenic influenza virus, HEV, E. coli O157:H7 serotype, S. suis, LA-MRSA, and C. parvum (Engering et al., 2013; Espinosa et al., 2020). They include wide use of antibiotics, treating drinking source water with chlorine, increased consumption of unpasteurized milk and juices, undercooked meat and raw fresh produce, and occupational and educational exposures to farm animals. These environmental and culture factors promote spillover infections in the general communities and epidemic disease outbreaks (Figure 1). While these impacts are mostly seen in industrialized nations where animal production is most intensive, they start to influence pathogen transmission in countries where CAFOs are in early implementation. This is exemplified by the increased transmission of zoonotic genotypes 3 and 4 of HEV and the emergence of S. suis infections in humans in China.

As the practice of CAFOs has only a short history, we are probably yet to see its full public health impacts. Studies conducted thus far indicate that countries having the highest O157:H7 incidence in humans also have high prevalence of C. parvum IIa subtypes in dairy calves, such as North America, Europe, Japan, Australia, and New Zealand (Xiao, 2010; Franz et al., 2019). Both pathogens are responsible for significant numbers of foodborne and animal contact-associated outbreaks in these areas (Conrad et al., 2017; Karmali, 2018; Zahedi and Ryan, 2020). While the public health impacts of CAFOs on the transmission of C. parvum is more obvious in European countries and New Zealand, such effects appear to be focal in other industrialized nations, with C. parvum IIa subtypes inducing significant disease burdens in humans mostly in rural areas (Xiao, 2010; Loeck et al., 2020). Similarly, S. suis and LA-MRSA CC398 are increasing in distribution and public health significance. Therefore, control measures should be implemented to prevent the emergence of zoonotic pathogens as major public health problems in these areas.

Public health measures should also be implemented to prevent the emergence of new zoonotic pathogens in CAFOs. In addition to the known pathogens discussed above, surveillance should be installed to monitor the transmission of other potential zoonotic pathogens that have broad host range, undergo through frequent recombination for better adaptation to humans, or can easily acquire drug resistance genes through mobile genetic elements. The association between the prevalence of some antibiotic resistance genes in foodborne bacteria and drug usage in farm animals is well established (Luiken et al., 2019). Therefore, other LA-MRSA clonal complexes and resistant bacteria derived from farm animals could become future public health problems. Of more immediate concern is the possible spillover of SARS-CoV-2 from humans to farm animals, as the virus has been shown to be infective to several species of farm and companion animals (Shi et al., 2020), and has known to cause epidemics in farmed minks and wild white-tailed deer (Chandler et al., 2021; Lu et al., 2021). If it manages to infect farm animals, the large number of animals in CAFOs will likely complicate current control efforts against COVID-19. Therefore, molecular surveillance of SARS-CoV-2 and other zoonotic pathogens in CAFOs, such as pathogen discovery using metagenomic data from animal samples (Kawasaki et al., 2021), should be implemented for the forecast and prevention of new zoonotic pathogens of public health significance.
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Rickettsia raoultii is a tick-borne pathogen that infects humans; however, the vertebrate hosts of this pathogen have not been clearly defined. Our molecular examination of Rickettsia spp. infecting mammals and ticks in China, identified the gltA, ompA, and 17KD gene sequences of R. raoultii in horses and their ticks. This indicates a role of horses in R. raoultii epidemiology.
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INTRODUCTION

Tick-borne rickettsioses are recognized as emerging vector-borne infections, infecting both human and animal hosts worldwide. Rickettsia raoultii was initially implicated as the causative agent of human infection in 2006 through the detection of DNA in the blood of a Spanish patient (Ibarra et al., 2006), and has since been reported in human infections in many countries of the world; in particular, China (Jia et al., 2014; Li et al., 2018; Dong et al., 2019). R. raoultii was first detected in Dermacentor nuttalli and Rhipicephalus pumilio ticks in 1999 (Rydkina et al., 1999). Although R. raoultii has been detected in bloodsucking insects and other tick species, the dominant vectors are generally considered to be Dermacentor spp. (Silaghi et al., 2011; Liu et al., 2016).

Rickettsia raoultii has been detected in a variety of ticks collected from dogs, cattle, and wildlife (Klitgaard et al., 2017; Chisu et al., 2018; Seo et al., 2020). All of these animals may serve as reservoir hosts for R. raoultii; however, experimental evidence is still lacking. Additionally, R. raoultii has been detected in squirrels, marbled polecats, red foxes, hedgehogs, yaks, camels and other wild mammals in China (Liu et al., 2018, 2021; Zhao et al., 2019; Li et al., 2020; Fang et al., 2021; Shao et al., 2021). Furthermore, there is a highly significant association of horse contact with tick-borne lymphadenopathy, the pathogens of which are R. slovaca and R. raoultii (Lakos et al., 2012). Horses also play a role in the epidemiology of Brazilian spotted fever, which is caused by R. rickettsii. Horses are considered the most suitable domestic agent for Brazilian spotted fever in some areas (Sangioni et al., 2005), which raises the question of whether horses may also play a role in the disease epidemiology of R. raoultii. The findings from this study provide evidence that Rickettsia species are in horses and sympatric ticks and that these hosts play a role in the circulation of the spotted fever group of rickettsiae.



THE STUDY

To identify putative vertebrate hosts of R. raoultii, we collected blood samples from horses (n = 12), cattle (n = 16), sheep (n = 10), and brown rats (Rattus norvegicus, n = 9). All the animals infested by ticks, and all were from the same rangeland in Daqing, northeastern China (46°58′N, 125°03′E), where spotted fever group rickettsiosis was previously reported (Jia et al., 2014). Free-living ticks (Dermacentor silvarum, n = 96) were collected by the flagging method and engorged adult ticks (D. silvarum, n = 6) were collected from horses in the same rangeland. Tick eggs (100 eggs, 5 pools) were laid in our laboratory by engorged wild-caught adult female D. silvarum from a PCR-positive horse. Larval and nymphal ticks of the same cohort that fed on mice were collected and pooled (35 larvae/10 nymphs; 12 pools in total). All the samples were tested for Rickettsia spp. This study was approved by the Research Ethics Committee of Heilongjiang Bayi Agricultural University, China.

Following the manufacturer’s instructions, DNA was extracted from the blood samples and ticks using a Tissue/Blood DNA Extraction Kit (Tiangen Biotech Inc., Beijing, China). PCR was performed to amplify the rickettsial citrate synthase gene (gltA), outer membrane protein A-encoding gene (ompA), and the 17-kDa antigen-encoding gene fragments; then, sequencing was performed (Li et al., 2018). The sequences obtained in this study were analyzed by an NCBI BLAST search. Rickettsia spp. were not detected in any of the samples from cattle, sheep, or brown rats, but sequences most closely related to R. raoultii were detected in 6/12 (50%) horses (Table 1). Additionally, R. raoultii was detected in 6/6 (100%) engorged ticks, 39/96 (41%) questing, 5/5 (100%) eggs, 5/7 (71%) larvae, and 5/5 (100%) nymphs (Table 1).


TABLE 1. The status of Rickettsia raoultii infection in different samples.

[image: Table 1]
We deposited the sequences from 25 PCR-positive specimens into the GenBank database (accession nos. MH212168–92). For phylogenetic analysis, we used the MegAlign component to perform multiple sequence alignments with the ClustalX1.83 algorithm. A phylogenetic tree was constructed based on the gltA and ompA sequences identified in this study and other sequences from the GenBank database using the neighbor-joining method. This revealed that the test samples from a horse, questing tick and an engorged adult tick clustered with other R. raoultii strains and were most closely related to R. raoultii strain MDJ1, which had been isolated from a patient in Mudanjiang, China (Figure 1).
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FIGURE 1. Molecular phylogenetic analysis of Rickettsia raoultii isolates from horse. Two genes were concatenated (gltA + ompA), a total of (1,047 + 498) positions were tested. GenBank accession numbers of the Sequences of the Rickettsia species used to make the concatenated analysis were as follows: R. rickettsii (U59729 + U43804), R. slovaca (U59725 + U43808), R. massiliae (U59719 + U43799), R. africae (U59733 + U43790), R. honei (U59726 + U43809), R. conorii (U59730 + U43806), R. japonica (U59724 + U43795), R. montanensis (U74756 + U43801), R. aeschlimanni (U59722 + U43800), R. heilongjiangensis (AF172943 + AF179364), R. parkeri (KY124257 + KY271186), R. rhipicephali (DQ865206 + DQ865208), R. monacensis (LN794217), R. sibirica (DQ097081 + DQ097082), R. tamurae (AF394896 + DQ103259), R. raoultii China IM16 (KY474576 + KY474577), R. raoultii strain Khabarovsk (DQ365804 + AH015610), R. raoultii strain Marne (DQ365803 + AH015609), R. raoultii D1 from free-living tick (MH212179 + MH212186), R. raoultii E1 from horse (MH212183 + MH212190) and R. raoultii D4 from engorged adult tick on horse (MH212181 + MH212188).




DISCUSSION

Among our samples, R. raoultii was frequently detected in horses, but not in cattle, sheep, or brown rats, despite sharing pasture with the infected horses. A previous study in Xinjiang, China also reported the detection of R. raoultii in horses (Li et al., 2020). In this study, horses and other animals residing in the same environment were tested, but positive samples were only detected in horses. The results indicate that horses may be a vertebrate host of R. raoultii in the Daqing area. Horses are susceptible to a variety of rickettsial pathogens (Sangioni et al., 2005), and the prevalence rate is higher in some areas (Souza et al., 2016), indicating that horses may well be considered hosts. Therefore, horses may serve as a source of R. raoultii infection in ticks. Coincidentally, in a previous study, there were two human cases of R. raoultii infection in the same region (Jia et al., 2014).

In this study, the infection rate of R. raoultii in D. silvarum was 40.63%, which was higher than that (32.25%) in other studies (Wen et al., 2014). Furthermore, all engorged adult ticks and almost all egg/larval/nymphal tick pools were positive for R. raoultii. Our results support the idea that D. silvarum acts as a vector and a reservoir for R. raoultii. Schmuck et al. (2021) confirmed that transovarial transmission might be an efficient way of maintaining the infection cycle of R. raoultii, and both transstadial and transovarial transmission of R. raoultii have been demonstrated in D. nuttalli (Moore et al., 2018).

In conclusion, the main livestock grazing in the area were cattle, horses, and sheep, which were equally likely to be bitten by ticks, but R. raoultii was only detected in horses. Horses may therefore serve as a source of R. raoultii, contributing to the long-term preservation of R. raoultii in this area by promoting the infection of ticks and further increasing the chances of humans becoming infected with R. raoultii via tick bites.
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Neisseria meningitidis (Nm) remains a worldwide leading cause of epidemic meningitis. During 2011–July 2021, 55 meningococcal disease (MD) cases were reported with a case fatality rate of 5.45% in Zhejiang Province, China. The median age was 7 years. The annual incidence was 0.0017–0.0183 per 100,000 population. The highest age-specific incidence was observed in the group younger than 1 year. Serogroup was identified in 30 laboratory-confirmed MD cases, and MenB was most predominant. MenB was mainly observed in two age groups: younger than 5 and older than 35 years. MenB incidence was significantly increasing from 0.0018 per 100,000 in 2013 to 0.0070 per 100,000 in 2019. During 2015–2020, 17 positive samples were detected from 2,827 throat swabs from healthy population, of which 70.59% was MenB. Twenty multilocus sequence typing sequence types (STs) containing eight newly assigned STs (ST15881–ST15888) were determined in all Nm isolates. Either in MD cases or in healthy population, MenB CC ST-4821 was the predominant ST. It was worth noting that two MenY CC ST-23 cases occurred in 2019 and 2021, respectively. MenY CC ST-23 MD cases increased gradually in China. Phylogeny results based on genome sequencing indicated that Chinese MenW CC ST-11 isolates were genetically linked and grouped together with Japanese isolates, separated from MenW CC ST-11 isolates from Saudi Arabia Hajj outbreak, Europe, South Africa, South America, North America, and Oceania. MenW CC ST-11 isolates from East Asia might have evolved locally. Antibiotic susceptibility tests revealed a relatively high resistance rate (22.86%) of Nm isolates to penicillin. This study provided valuable data for Chinese public health authorities to grasp the temporal epidemiological characteristics of MD and healthy carriage.

Keywords: meningococcal disease, carriage, epidemiology, antibiotic resistance, Neisseria meningitidis, multilocus sequence typing (MLST)


INTRODUCTION

Neisseria meningitidis (Nm), an obligate human bacterial pathogen, can cause severe, life-threatening meningococcal disease (MD) with case fatality rates (CFRs) of 10–20% even with prompt treatment (MacNeil et al., 2018), typically reported in infants younger than 1 year and adolescents/young adults (Borrow et al., 2017). Up to 20% of survivors suffer from long-term sequelae including deafness, loss of limbs, and seizure (Whittaker et al., 2017). Besides classical manifestation as meningitis or septicemia, few cases of bacteremic pneumonia, primary lumbar spondylitis, pericarditis, cellulitis, septic arthritis, and primary polyarthritis due to Nm infection have been reported worldwide, mostly in elder adults, children, or individuals with comorbidities (Yubini et al., 2018; Gomez et al., 2019).

The epidemiology of MD varies considerably across geographical locations, time periods, and age of the hosts (Pelton, 2016; Borrow et al., 2017). In recent years, most regions of the world have experienced a downward trend in the incidence of MD (Li et al., 2018). In China, the incidence has declined sharply from the peak of 403 cases per 100,000 population in 1967 to 0.047 cases per 100,000 population from 2006 to 2014 (Li et al., 2015). However, the current overall incidence rate of China might be underestimated according to subnational estimates of 1.84 cases per 100,000 population (Zhang et al., 2016).

Accompanying the decreased incidence, the prevalence of different serogroups has changed substantially globally. Control of MD caused by serogroup A has been achieved to a certain extent across the “meningitis belt” of Africa where mass immunization programs with meningococcal A conjugate vaccines (MenAfriVac) have been implemented since 2010 (Novak et al., 2019). Between 2010 and 2015, nine meningitis belt countries observed a 99% reduction in MenA disease incidence (Trotter et al., 2017). Meanwhile, MD caused by serogroups other than NmA carries a substantial disease burden in the sub-Saharan meningitis belt countries (Bozio et al., 2018; Fernandez et al., 2019). An epidemiological shift has happened from the predominance of a single serogroup to diverse causes of MD or epidemics. Successful introduction of vaccination against MenA, MenC, and, more recently, MenB, has controlled and prevented MD caused by associated serogroups effectively in European countries including the United Kingdom, the Asia Pacific region, and the African meningitis belt (Trotter et al., 2017; Li et al., 2018; Booy et al., 2019; Aye et al., 2020; Ladhani et al., 2020). However, unexpected surges in the prevalence of certain serogroups occasionally occurred, for example, MenY caused epidemics in Scandinavia between 2010 and 2012 (Broker et al., 2014), serogroup predominance switch from MenB to MenW in Chile in 2012 (Villena et al., 2019). In China, serogroup A was continuously predominant from 1960s to 1980s, responsible for more than 95% of MD cases (Hu, 1991). With the implementation of MenA polysaccharide meningococcal vaccine since 1982, the incidence rate declined steadily (Liu et al., 2000; Deng et al., 2012). On the contrary, the proportion of MenB-caused sporadic cases rose apparently (Li et al., 2015). During the course of 2015–2017, 54.08% of clinical cases were due to MenB infection (Li J. H. et al., 2019). The dynamic and unpredictable epidemiology proposed a particular challenge for MD prevention (Booy et al., 2019). Ongoing surveillance is essential for both insight into temporal MD epidemiology and to provide fundamental data for vaccine formulation, vaccine policy, and monitoring the impact of implemented vaccines.

Neisseria meningitidis is a commensal inhabitant of the human upper respiratory tract. It colonizes 2–20% of healthy individuals in the population (Chamorro et al., 2019). Healthy humans colonized by meningococci have been considered to be the main source of Nm transmission (Yazdankhah and Caugant, 2004; MacLennan et al., 2006). Under certain conditions such as the causative serogroup, the host immune system, and some environmental factors, the development of MD from carriage may occur (Kim et al., 2017). Carriage studies of Nm for healthy population will be helpful to understand in depth the circulating Nm from MD cases and carriage and detect potential hyperinvasive isolates in healthy population. It is valuable for MD control and prevention. The aims of this study were (i) to put insight into the epidemiology of both MD and carriage in Zhejiang Province, China, from 2011 to 2021 and (ii) to reveal the genotypic characteristics and antibiotic resistance of Nm isolates.



MATERIALS AND METHODS


Data Collection

Surveillance of MD is mandatory in China. MD cases are notified to the National Notifiable Diseases Surveillance System by physicians nationwide since 2005. Public health specialists from local Centers for Disease Control and Prevention conduct a face-to-face investigation to collect information on demographic and epidemiological characteristics, clinical manifestation, vaccination status, laboratory test, and disease outcome for each MD case. To meet provincial monitoring requirements, investigation on the carriage rate of Nm in healthy population of all ages through throat swab has been performed in Jiaojiang, Cangnan, Yiwu, Jingdong, Longquan, Yinzhou, and Haining, respectively, during 2015–2020. Normally, subjects were divided into 7- to 8-year age groups, each of which included 30–50 individuals.



Case Definition

Confirmed case: detection of Nm nucleic acid by validated polymerase chain reaction (PCR) assay or isolation of Nm from specimen obtained from blood, cerebrospinal fluid (CSF), or skin lesion. Clinical case: present with typical symptoms without laboratory-confirmed results, such as fever, headache, vomiting, meningeal irritation, or purpura fulminans (Li et al., 2015). Associated sample collection and laboratory techniques were according to the National Surveillance Program for Meningococcal Meningitis (Ministry of Health of People’s Republic of China, 2006) and the National Diagnosis Standard for Meningococcal Meningitis (WS 295-2019, Ministry of Health of People’s Republic of China, 2019).



Isolation, Identification, and Serotyping of Neisseria meningitidis

Blood, CSF, skin lesion, or swab samples, and so on, were directly plated onto the chocolate agar within 4 h of sample collection and incubated at 35°C in a 5% CO2-enriched atmosphere for 72 h. Presumptive Neisseria colonies with typical morphology were subcultured on blood agar enriched with 5% sheep blood and subjected to further identification by using VITEK 2 compact system with NH Cards (bioMérieux, Lyon, France). If necessary, 16S rDNA was amplified and sequenced for identification (Walcher et al., 2013). Confirmed Nm isolates were serogrouped by slide agglutination using commercial antisera according to the manufacturer’s instruction (Remel, United Kingdom) and PCR method (Taha, 2000; Claus et al., 2002; Bennett et al., 2004; Fraisier et al., 2009).



Genome Sequencing and Assembly

The total DNA of Nm isolates was extracted by using Bacterial DNA Kit (Omega, United States). DNA purity quotient was tested by using spectrophotometer NanoDrop™ 2000 (Thermo Fisher Scientific, Waltham, MA, United States), and integrity was assessed by using electrophoresis on 0.8% agarose gel (Thermo Fisher Scientific, United States). Purified DNA with an amount greater than 50 ng was used for sequencing library preparation. DNA was simultaneously fragmented and tagged with adapters by using the TruePrep™ DNA Library Prep Kit V2 for Illumina (Vazyme, China). Individual library was assessed on the QIAxcel Advanced Automatic Nucleic Acid Analyzer and then quantified through qualitative PCR (qPCR) by using KAPA SYBR® FAST qPCR Kits (Roche, Switzerland). The prepared library was sequenced on Illumina HiSeq X Ten platform (Illumina Inc., United States); 150-bp paired-end reads were generated. The reads were de novo assembled by using the software Unicycler. All draft genome sequences were submitted to PubMLST Neisseria database1.



Molecular Typing Based on Genome Sequencing

The genome sequence of each Nm isolate was submitted to PubMLST Neisseria database (see text footnote 1) and aligned to multilocus sequence typing (MLST) housekeeping genes abcZ, adk, aroE, fumC, gdh, pdhC, and pgm alleles and variants of three Finetyping antigen coding sequences variable regions porA-VR1, porA-VR2, and fetA-VR on the bacterial isolate genome sequence database (BIGSdb) platform. MLST sequence type (ST), clonal complex (CC), and Finetyping antigens subtype were determined to each isolate based on alignment results. New MLST alleles, STs, and variants of Finetyping antigens (PorA and FetA) were designated by the Neisseria profile/sequence definitions database (see text footnote 1).



Genome Comparisons

Three MenW CC ST-11 isolates (NM15, NM18, and NM19) were genome sequenced with N50 values of 63,116–75,833 and contig (≥200 bp) numbers of 121–129. Genomes of additional international MenW CC ST-11 strains used for comparisons were accessible in the Neisseria PubMLST database (see text footnote 1). A total of 483 isolates from MD outbreaks, epidemics, endemics, and sporadic cases across the world were involved (Supplementary Table 1). The PubMLST genome comparator tool was used to perform genome comparisons. Analysis type was against defined loci, which include 1,605 Nm core genes in Nm cgMLST v1.0 (Bratcher et al., 2014). Minimum identity and minimum alignment were set at 70 and 50%, respectively. When the distance matrix was calculated, incomplete loci (due to incomplete assembly) were ignored in pairwise comparison, loci paralogous in all were excluded, pairwise paralogous loci were excluded, and core threshold was 90%. The phylogenetic tree based on distance matrix was visualized by using SplitsTree4 version 4.13.12.



Antibiotic Susceptibility Tests

Antibiotic susceptibility of Nm isolates was assayed by using Etest strips (Antu, China). The minimum inhibitory concentrations (MICs) for each isolate to different antibiotics were measured after incubation at 35°C for 20–24 h in 5% CO2 on Mueller–Hinton agar with 5% sheep blood. Breakpoints for penicillin, ampicillin, azithromycin, rifampicin, minocycline, ciprofloxacin, ceftriaxone, trimethoprim-sulfamethoxazole, meropenem, levofloxacin, cefotaxime, and chloramphenicol were according to the Clinical and Laboratory Standards Institute (CLSI) documents M100 30th edition guidelines (Clinical and Laboratory Standards Institute [CLSI], 2020). Nm isolates resistant to three or more types of antibiotics belonging to different antibiotic classes were determined as multidrug-resistant (Magiorakos et al., 2012). Escherichia coli ATCC 25922 was used as a quality control strain.



Statistical Analysis

Descriptive analysis was performed with SPSS 23.0. Graphs and tables were processed with Microsoft Excel 365. Correlation test for two quantitative variables was performed using the Pearson correlation test.




RESULTS AND DISCUSSION


Epidemiology of Meningococcal Disease and Carriage in Zhejiang Province

During 2011–July 2021, 55 sporadic cases of MD were reported, 48 (87.27%) were laboratory confirmed, and 7 (12.73%) were clinically diagnosed. Overall, three cases were fatal, with an average CFR of 5.45%. The median age of those MD cases was 7 years, with the ages ranging from 12 days to 79 years old, with 31 cases aged 15 years (56.36%), occupying the highest percentage; 37 cases were male (67.27%).

During 2011–2020, the annual incidence was 0.0017–0.0183 per 100,000 population. The mortality rate was 0–0.0018 per 100,000 population. Year 2018 demonstrated the highest CFR of 25%. It was noteworthy that only one case of MD was detected in 2020, when the COVID-19 pandemic swept in China. We speculated that the strict mitigation measures against COVID-19 pandemic in China (Special Expert Group for Control of the Epidemic of Novel Coronavirus Pneumonia of the Chinese Preventive Medicine Association, 2020) might have caused a great impact on the spread and case detection of MD. For example, wearing of mask in public, limited scope of movements, and decreased willingness to move of the population could efficiently reduce the spread of respiratory infectious diseases. The highest age-specific incidence was observed in the age group of younger than 1 year (range, 0.0445–0.5013 per 100,000), followed by the age group of 1–4 years (range, 0–0.1065 per 100,000) and 10–19 years (range, 0–0.0524 per 100,000). Details are shown in Table 1.


TABLE 1. Cases of meningococcal disease by year, age, gender, and serogroup during 2011–July 2021 in Zhejiang Province, China.
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During the study period, serogroup was identified in 30 laboratory-confirmed MD cases (62.50%). The remaining 18 confirmed cases were not identified. MenB was the most predominant (16 cases, 53.33%), followed by MenC [six cases (20%)] and MenW [five cases (16.7%)]. MenA had not been detected since 2011 in Zhejiang Province. MenW, MenX, and MenY were first isolated from MD cases in years 2011, 2013, and 2019, respectively, in Zhejiang Province. Since the late 1970s, MenB has spread and caused sporadic cases, even epidemics, worldwide. In 2010, MenB infection led to approximately 70% of MD cases in Europe (Trotter et al., 2007; Kriz et al., 2011; Whittaker et al., 2017). The high prevalence of MenB also occurred in the United States, where more than half of MD cases among individuals aged 16–20 years were attributed to MenB (MacNeil et al., 2018). Herein, 53.3% of MD cases were due to MenB, consistent with a previous report in China (Li J. H. et al., 2019), indicating that with the extensive implementation of MenA polysaccharide vaccine (MPV-A) since the 1980s, MenA plus MenC polysaccharide vaccine (MPV-AC) since 2003, and serogroup ACWY meningococcal polysaccharide vaccine (MPV-ACWY) since 2006 (Li et al., 2018), the predominant serogroup has changed gradually from MenA and MenC to MenB in the last few years in China. Given that a vaccine against MenB is still unavailable in China, this change of serogroup prevalence might pose the potential risk of epidemics of MenB.

MenB was mainly observed in two age groups: younger than 5 years [13 cases (81.3%)] and older than 35 years [three cases (18.75%)]. MenC was found in age groups of 1–4 years [two cases (33.3%)], 10–19 years [one case (16.7%)], 30–59 years [two cases (33.3%)], and 60 years or older [one case (33.33%)]. MenW was detected in the middle age groups of 10–59 years. The only case with MenX was at the age of 18 years. Two MenY cases both belonged to the 20- to 29-year-old group (22.22%). Details are shown in Figure 1.


[image: image]

FIGURE 1. Serogroup distribution of Nm among different age groups during 2011–July 2021 in Zhejiang Province.


As to the serogroup-specific incidence, during 2011–2020 (Figure 2), MenB incidence was significantly increasing from 0.0018 per 100,000 in 2013 to 0.0070 per 100,000 in 2019 (r = 0.906, P = 0.001). MenC incidence seemed to be stable when case was detected. MenY cases occurred in 2019 with the incidence rate of 0.0017 per 100,000.


[image: image]

FIGURE 2. Serogroup-specific incidence of MD during 2011–2020 in Zhejiang Province.


Although Zhejiang Province had carried out the surveillance on carriage rate of Nm in healthy population since 2010, positive pathogen from throat cultures was first isolated in 2015. During 2015–2020, 17 positive culture isolates were detected from 2,827 throat swabs (0.64%) (Table 2). Analysis revealed that the distribution of serogroups showed high homogeneity in healthy population, 12 samples (70.59%) were MenB, and 1 sample (5.88%) each for MenC and MenY. MenB was the most predominant serogroup both in MD cases and in healthy population. In addition, three carriage isolates were identified as untypable, with a percentage of 17.65%. According to previously published reports, we found that the proportion of untypable Nm isolates from carriages was variable in different geographic regions and different populations. For example, the percentage of untypable Nm isolates from the 1- to 29-year-old population in Burkina Faso, one of the African meningitis belt countries, before the introduction of a meningococcal serogroup A conjugate vaccine was 13.3% (Kristiansen et al., 2011), which was close to that in our study. Meanwhile, in Paraguay, the proportion attained 31% in children and young adults (Chamorro et al., 2019). The majority of Nm isolates from healthy population in seven countries of the African meningitis belt (52%) (MenAfriCar Consortium, 2015) and Southern Ethiopia (76.4%) were untypable (Bårnes et al., 2016). So the proportion of untypable Nm isolates from carriage might be relevant to geographic regions and population.


TABLE 2. Surveillance on carriage rate of Nm in healthy population during 2015–2020.

[image: Table 2]
The median age of subjects with MenB was 23 years, and the range was from 9 months of age to 50 years old. Approximately 42% of subjects with MenB were aged 30–59 years, and 33% of those were aged 5–9 years. Subject with MenC was a 7-year-old child in 2016. Subject with MenY was a 23-year-old policeman.



Multilocus Sequence Typing and Finetyping Antigen Analysis

Thirty-five Nm isolates from both MD cases and healthy population were further molecular typed (Table 3). Twenty different STs were classified, among which eight were designated new STs from ST15881 to ST15888. STs were assigned to six CCs and seven singletons. The Simpson index (DI) was 0.9317. In the healthy population, 38.46% (5/13) of the isolates belonged to MenB CC ST-4821. MenB CC ST-4821 was predominant in either MD cases with the proportion of 54.55% (12/22) or in carriers. Two MenC CC ST-4821 isolates were detected in two sporadic cases. Since 1978 when MenB and MenC CC ST-4821 strains were originally isolated (Yang et al., 2008), CC ST-4821 was mainly reported in China and associated with healthy carriers. In 2003, an outbreak caused by MenC CC ST-4821 was first reported in Anhui Province of China. In subsequent years, MenC CC ST-4821 became one of the leading CCs across China (Zhou et al., 2012). MenB CC4821 was also dominant among serogroup B strains. Different from MenC CC ST-4821, MenB CC4821 was usually associated with sporadic infections (Zhou et al., 2012). A MenX ST7 (CC ST-5) strain was isolated from an MD case in Wenzhou in 2013. Our previous studies (Pan et al., 2014; Ji et al., 2017) have determined that this strain arose from capsule switching between a MenX and a MenA ST-7 strain. Nm is naturally competent for exogenous DNA uptake and horizontal exchange in all growth phases, which enables gene exchange at the capsule polysaccharide biosynthesis locus between different strains resulting in capsule switching.


TABLE 3. MLST and Finetyping antigen characteristics of Nm isolates from both MD cases and carriage.
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Four MenW isolates were detected from MD cases. Three were grouped into CC ST-11, and one belonged to CC ST-4821. The hyperinvasive MenW CC ST-11-caused cases, epidemics, or even pandemics have emerged around the world. In 2000, a Hajj-linked MenW CC ST-11 outbreak swept the Middle East, the meningitis belt of Sub-Saharan Africa and South Africa (Mustapha et al., 2016). In recent years, endemic MenW CC ST-11 disease increased in South America, North America, Europe, and China (Zhou et al., 2013; Tsang et al., 2017; Eriksson et al., 2018; Rubilar et al., 2018). It was worth noting that two MenY CC ST-23 sporadic cases occurred in Taizhou and Haining in 2019 and 2021, respectively. All associated isolates belonged to ST1655 (Table 1). It has been known that most of the MenY MD was attributed to CC ST-23 (Hedberg et al., 2011; Toros et al., 2014). In Sweden, 62% of serogroup Y isolates from MD cases were CC ST-23 (Toros et al., 2014). During 1989–1991, approximately 2% of MD strains belonged to serogroup Y in the United States, whereas, by the mid-1990s, the percentage rose up to more than 30%. The increased proportion of MenY among all MD was attributed to CC ST-23 (Jackson and Wenger, 1993; Rosenstein et al., 1999; Harrison et al., 2006). Until early 2019, there were no MenY CC ST-23 isolates reported in China. MenY isolates in China were mostly associated with healthy carriers and grouped into three CCs, CC ST-175, CC ST-92, and CC ST-198 (Zhu et al., 2015; Wang et al., 2017; Shan et al., 2018). In March 2019, MenY CC ST-23–caused MD case first emerged in Guangdong Province, China (Li B. et al., 2019). MenY CC ST-23 MD cases increased gradually in China.

porA and fetA are two antigen encoding genes useful for meningococcal typing. PorA is a porin that exists on the outer membrane of most meningococcal isolates and contains two variable regions VR1 and VR2. FetA is an iron-regulated outer membrane protein with one variable region (Boan et al., 2014). We found predominant PorA subtypes P1.20, 23 [n = 3 (8.57%)], P1.20, 23-3 [n = 3 (8.57%)], P1.5, 2 [n = 3 (8.57%)], and P1.5-1, 10-1 [n = 3 (8.57%)]. One newly designated porA VR2 variant was P1.9-32, the peptide sequence was YVDEQGNYHA. The most prevalent FetA subtypes were F1-91 [n = 10 (28.57%)] and F5-8 [n = 4 (11.43%)]. High genotypic diversity was present in porA with DI of 0.9762. Meanwhile, the DI for fetA was 0.8968.



Genome Sequencing-Based Phylogenetic Analysis of MenW CC ST-11 Strains

Since a Mecca Saudi Arabia Hajj–associated outbreak in 2000, Hyperinvasive MenW CC ST-11 has swept the globe (Ladhani et al., 2015; Mustapha et al., 2016). In China, before 2011, only three cases of MenW MD were reported (Shao et al., 2010), whereas from February 2011 to June 2012, MD caused by MenW increased (11 cases total). All associated isolates were identified as CC ST-11 (Zhou et al., 2013). Herein, based on genome sequencing, the phylogenetic relationship of MenW CC ST-11 isolates from China with international isolates from Saudi Arabia Hajj-associated outbreak, African meningitis belt, South America, North America, South Africa, Europe, and Oceania was analyzed to speculate the origin of Chinese isolates. Phylogeny results indicated that all Chinese isolates (N = 9, three were from this study) were genetically linked and grouped together with isolates from Japan, separated from other MenW CC ST-11 isolates including the Europe–Hajj–South Africa branch, Europe branch, Europe–South Africa branch, Europe–North America–Oceania branch, and South America branch (Figure 3). Previous epidemiological studies (Mustapha et al., 2016) demonstrated that following a Mecca Saudi Arabia outbreak in 2000, a majority of globally spread MenW CC ST-11 evolved from the Hajj clone. Until recent years, significant genetic heterogeneity among MenW CC ST-11 strains occurred. While the Hajj clone continuously spread in the Middle East, South Africa had cocirculated with the Hajj clone and other MenW CC ST-11 strains. According to the phylogenetic analysis in our study, cocirculation of genetically distinct MenW CC ST-11 isolates occurred extensively in the African meningitis belt, Europe, and South Africa. MenW CC ST-11 isolates from East Asia and South America might have evolved locally.


[image: image]

FIGURE 3. Core genome multilocus sequence typing (MLST) neighbor-net phylogenetic tree for the distribution of MenW CC ST-11 isolates from China and additional international isolates. The tree was constructed with SplitsTree4 version 4.13.1 (http://www.splitstree.org).




Antibiotic Susceptibility of N. meningitidis Isolates

The susceptibilities of Nm isolates to 12 antibiotics are shown in Table 4. All 35 strains were susceptible to minocycline, ceftriaxone, cefotaxime, meropenem, and chloramphenicol; 74.29% (26/35) of strains were susceptible to azithromycin. The number of intersusceptible and resistant strains to azithromycin could not be identified because of the lack of associated breakpoints. The MIC of the undetermined strains ranged from 1 to 12 μg/mL. Resistance to rifampin, ciprofloxacin, penicillin, trimethoprim-sulfamethoxazole, and levofloxacin was presented by 1 isolate (2.86%), 32 isolates (91.43%), 8 isolates (22.86%), 30 isolates (85.71%), and 32 isolates (91.43%), respectively. In the empirical MD therapy scheme, the third-generation cephalosporins (e.g., ceftriaxone and cefotaxime) were recommended as the treatment of choice. Our results and previous reports (Gorla et al., 2018a) showed that Nm isolates with different sources had different cephalosporin susceptibility frequency, such as ranging from 100 to 64.2% for cefotaxime. Penicillin also remains one choice for MD treatment, although the increased resistance of Nm isolates to this antibiotic from different countries has been reported (Harcourt et al., 2015). To date, the resistance profiles to penicillin of Nm isolates in China were still ambiguous. According to the results herein, a relatively high level of penicillin resistance was observed. Fluoroquinolones, mainly including ciprofloxacin, levofloxacin, and norfloxacin, have been used for MD prophylaxis for high-risk adult close contacts to prevent secondary MD cases and outbreaks (Chen et al., 2015; Gorla et al., 2018b). Compared with previously reported resistance rates (0.0–84%) to ciprofloxacin of Nm isolated from different regions of different countries (Chen et al., 2015; Gorla et al., 2018b; Tefera et al., 2020), a consistent resistance rate was observed among our isolates to that from Shanghai, China, since 2005. Nm isolates from China presented a significantly higher ciprofloxacin resistance level than that from Brazil, South Korea, and so on. Among the ciprofloxacin-resistant isolates, 62.50% (20/32) were assigned either CC ST-4821 (n = 17) or CC ST-11 (n = 3), including eight (22.86%) multidrug-resistant strains, resistant to ciprofloxacin/penicillin/trimethoprim-sulfamethoxazole/levofloxacin and rifampin/ciprofloxacin/penicillin/trimethoprim-sulfamethoxazole/levofloxacin, respectively.


TABLE 4. Antibiotic susceptibility of Nm isolates from both MD cases and carriage.
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CONCLUSION

In summary, a comprehensive study of epidemiology of MD, healthy carriage, and characteristics of Nm isolates in Zhejiang Province, China, was performed, providing valuable data for understanding the epidemiological characteristics of MD and carriage, as well as the need for and impact of vaccination. During the study period, the annual incidence of MD remained relatively low, ranging from 0.0017 to 0.0183 per 100,000 population. The highest age-specific incidence was in the group younger than 1 year. MenB presented predominantly in both MD cases and healthy population; a significant increase in MenB incidence was also observed from 2013 to 2019. Combined with previously published data, the dominant proportion and increasing incidence of Men B should cause more concern in China. It was worth noting that two MenY CC ST-23 cases occurred in 2019 and 2021. MenY CC ST-23 MD cases increased gradually in China. To the best of our knowledge, this is the first time that the phylogenetic relationship of MenW CC ST-11 isolates from China with international isolates was analyzed to speculate the origin of Chinese isolates based on genome sequencing. In addition, the relatively high resistance rate (22.86%) to penicillin among Nm isolates and the discovery of multidrug-resistant strains indicate a potential public health problem.
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Neutrophils are innate immune cells that play an essential role during the clearance of pathogens that can release chromatin structures coated by several cytoplasmatic and granular antibacterial proteins, called neutrophil extracellular traps (NETs). These supra-molecular structures are produced to kill or immobilize several types of microorganisms, including bacteria and viruses. The contribution of the NET release process (or NETosis) to acute inflammation or the prevention of pathogen spreading depends on the specific microorganism involved in triggering this response. Furthermore, studies highlight the role of innate cells different from neutrophils in triggering the release of extracellular traps during bacterial infection. This review summarizes the contribution of NETs during bacterial and viral infections, explaining the molecular mechanisms involved in their formation and the relationship with different components of such pathogens.
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INTRODUCTION

Neutrophils, a type of polymorphonuclear cell, are one of the most abundant immune cells in the blood of humans, which increase upon infection with various microbial agents. Neutrophil precursors derived from the bone marrow enter the circulation and are recruited to the infected tissue, where they become fully activated. Activated neutrophils display multi-lobulated nuclei and produce many antimicrobial proteins, different types of granules and reactive chemical species. In addition, these cells present a wide variety of receptors as Pattern recognition receptors (PRRs) that recognize an array of pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs). These interactions would enable the recognition of extracellular or intracellular pathogens to trigger responses to clear them (Segal, 2005; Thomas and Schroder, 2013). Furthermore, neutrophils have different mechanisms to develop an efficient bacterial killing, such as phagocytosis, NADPH oxidase-derived reactive oxygen species (ROS), degranulation of cytotoxic components, and antimicrobial peptides (Segal, 2005; Teng et al., 2017). Neutrophils can also release neutrophil extracellular traps (NETs) during microbial infection, a standard mechanism to prevent pathogen spreading during infectious diseases. This review summarizes the current knowledge relative to the mechanism of NET formation during bacterial and viral infections. Furthermore, we also discuss the role of extracellular traps released by other cells, different from neutrophils, which are produced during bacterial infections.



NEUTROPHILS EXTRACELLULAR TRAPS AND NETOSIS

Initial observations described that activated neutrophils were able to generate prominent extracellular structures composed of nuclear chromatin, histones, granular proteins such as neutrophil elastase (NE), myeloperoxidase (MPO), or cathepsin-G, and cytoplasmic proteins such as glycolytic enzymes and catalase, among others (Brinkmann et al., 2004; Urban et al., 2009). Further studies supported the role of NETs as elements able to capture, entrap and kill pathogenic microorganisms (Brinkmann et al., 2004; Papayannopoulos and Zychlinsky, 2009; Pilsczek et al., 2010; Kenny et al., 2017). Roughly, the NETs process begins with the recognition of the microorganism, which activates the NET pathway and allows the disruption of the nuclear and granular membrane, as well as the release of decondensed nuclear DNA into the cytoplasm. This decondensed chromatin mixes with nuclear, granular, and cytoplasmic content and the process ends with the disruption of the plasma membrane and the release of the lattice structure (Fuchs et al., 2007). The cell death process generated by the release of NETs has been denominated NETosis, which is different from other cell death processes described so far. For instance, it is different from apoptosis because it is caspase-independent and no DNA fragmentation is observed, which are hallmarks of the apoptotic process (Fuchs et al., 2007). It is also different from necrosis, because NETosis results in the fragmentation of the nuclear envelopment, which allows the formation of multiple vesicles that mix with the cytoplasm content, a process that does not happen during necrosis (Fuchs et al., 2007). Therefore, NETosis seems to be an innate immune mechanism used to control pathogen spreading by entrapping microorganisms and placing them in direct contact with a high amount of cell-derived antimicrobial molecules (Papayannopoulos and Zychlinsky, 2009). Initially, the release of NETs was thought to be related to the size of the pathogen, because one study shown that small microorganisms, such as single bacteria and unicellular yeast, do not induce NETosis and that the phagocytosis of these unicellular microbes inhibits the release of NETs by sequestering NE (Branzk et al., 2014). However, now it is known that NETs release takes place against fungus (Urban et al., 2005), protozoan (Guimarães-Costa et al., 2009), viruses (Souza et al., 2018), and bacteria (Brinkmann et al., 2004; de Jong et al., 2014). Furthermore, NETs release could be triggered by extracellular or intracellular pathogens (Chen et al., 2018) and, in some cases, the pathogen can generate a vital NETs release, in which the cell continues engulfing the microorganism (Yipp et al., 2012).

Although the function of NETs during microbial infection has a relevant role in pathogen control, it has been described that the overproduction of NETs is also related to tissue damage in several diseases, as such arthritis (Khandpur et al., 2013; Sur Chowdhury et al., 2014), allergies (Bouabe et al., 2011; Hu et al., 2016; Toussaint et al., 2017), systemic lupus erythematosus (SLE) (Kessenbrock et al., 2009; Knight et al., 2012; Wang et al., 2015), and cancer (Cools-Lartigue et al., 2014; Razak et al., 2017; Wang et al., 2021). In the case of inflammatory diseases, it is possible that deficiencies in the mechanisms that prevent excessive tissue damage caused by NETs release are involved in their onset and progression. One of these regulatory mechanisms has been described in M1 macrophages, which degrade DNA in a caspase-activated dependent manner within 24 h post-activation (Nakazawa et al., 2016). Also, it has been described that monocytes-derived macrophages engulf the NETs, a process facilitated by DNase I and opsonization by C1q, without the secretion of pro-inflammatory cytokines after the ingestion (Farrera and Fadeel, 2013).


Neutrophil Extracellular Trap Induction and Signaling

Neutrophil extracellular traps release was described initially in response to lipopolysaccharide (LPS), interleukin-8 (IL-8), and phorbol myristate acetate (PMA) (Brinkmann et al., 2004; Hakkim et al., 2011). However, further studies have shown that diverse stimuli trigger NETs, such as platelet expressing TLR4 (Clark et al., 2007; Brown and McIntyre, 2011), PAMPs recognition by toll-like receptors (TLR), such as TLR2 (Cacciotto et al., 2016), TLR4 (Funchal et al., 2015), TLR7 (Hiroki et al., 2019), and TLR8 (Lood et al., 2017); calcium ionophores (Pilsczek et al., 2010; Douda et al., 2015), uric acid (Arai et al., 2014), high levels of glucose (Wong et al., 2015; Stoikou et al., 2017; Wang et al., 2018), autoantibodies (Kessenbrock et al., 2009), and interferon (IFN) (Martinelli et al., 2004).

The classical (or suicidal) NETs release, which is activated primarily by PMA, occurs after 3–4 h of stimulation, with the accompanying death of the cell (lytic NETosis). In physiological conditions, the process begins with the recognition of PAMPs or DAMPs by TLR, by receptors of complement system, by Fc-receptors (FcγRIIa and FcγRIIIb) (Chen et al., 2012) or by cytokines (Brinkmann et al., 2004; Garcia-Romo et al., 2011). Then, the Protein Kinase C (PKC) is activated, allowing the activation of the Raf-MEK-ERK pathway and the phosphorylation of a subunit of the NADPH oxidase 2 (NOX2) (Hakkim et al., 2011). Reactive oxygen species (ROS) produced by NOX2 act on the azurophilic granules to release the NE to the cytosol, in a process that requires the function of MPO (Metzler et al., 2014). ROS are also involved in the translocation of NE to the nucleus, promoting the decondensation of chromatin (Papayannopoulos et al., 2010; Metzler et al., 2014). This effect occurs in conjunction with the action of the Peptidyl arginine deiminase 4 (PAD4), an enzyme that citrullinate the histone H3 (Li et al., 2010) and allows NETs release in a process known as NOX2-dependent NETosis (Li et al., 2010). Further, the activity of PAD4 on NETs release is essential for an efficient DNA decondensation, the rupture of the NE granule, the nuclear DNA release into the cytoplasm, and the extracellular NETs release (Thiam et al., 2020).

There is also a NOX2-independent type of NETs release, also known as vital NETosis. This process could be triggered by recognition of LPS by PRRs as TLRs (Pilsczek et al., 2010; Yipp et al., 2012). As soon as 10 min after activation, the extrusion of vesicles loaded with nuclear DNA occurs, without breaking the plasma membrane, with minimal cell lysis and no ROS production (Pilsczek et al., 2010; Chen et al., 2012). The anuclear granulocytes generated -either cytoplasts or motile cytokineplasts- due to vital NETosis retain antimicrobial mechanisms as phagocytosis, transmigration, and chemotaxis (Malawista et al., 1989, 2006). Furthermore, the anuclear neutrophils derived from this process, which are close to 10% of total neutrophils undergoing NETosis, contain intracellular bacteria due to intact plasma membrane and maintain an active phagolysosome, implying that NETs release and phagocytosis can work simultaneously and independently (Yipp et al., 2012). The importance of vital NETs release is that the cell still contributes to the antibacterial mechanisms (Pilsczek et al., 2010; Yipp et al., 2012). However, it is still unknown how long last and how functional these anuclear cells are. Another type of NETs release that retains the survival of the cell is described in neutrophils primed with GM-CSF and stimulated with LPS or with complement components such as C5a, which induce mitochondrial DNA release, a rapid process that depend on ROS (Yousefi et al., 2009; McIlroy et al., 2014). This type of NETs release by viable neutrophils requires glycolytic ATP production for rearrangements of the microtubule network and F-actin (Amini et al., 2018).

Also, NETs release is induced by calcium ionophore or ionomycin, which induce a faster NETs release than the classical NOX2-dependent NETs release and independent of ERK activation (Douda et al., 2015). However, this pathway requires the calcium-activated potassium channel of small conductance 3 (SK channel), which activates mitochondrial ROS production (Douda et al., 2015). In consequence, this process induces the opening of the non-selective mitochondrial permeability transition pore, which results in the accumulation of mitochondrial ROS that causes the activation of NOX2 (Vorobjeva, 2020). Using human neutrophils from healthy controls or from patients with the chronic granulomatous disease (CGD), which lacks NADPH Oxidase, it was demonstrated that NET release can indeed be induced by mitochondrial ROS production (Vorobjeva, 2020).

The last NETs release induction pathway identified so far is mediated by cytosolic LPS derived from intracellular Gram-negative pathogens, such as Salmonella enterica serovar Typhimurium (Chen et al., 2018). This stimulus activates the non-canonical inflammasome, which is a caspase-11-dependent pathway, and triggers the neutrophil gasdermin-D (GSDM-D)-dependent death (Chen et al., 2018). In this case, the action of ROS or PAD4 is not required, because GSDM-D can directly generate pores in the nuclear and plasma membranes (Chen et al., 2018).

It is essential to mention that not all stimuli activate the specific proteins discussed above. Although five different stimuli induce NETs production, killed bacteria and degraded proteins activate different pathways as compared to NOX2-dependent NETosis (Kenny et al., 2017). For instance, Candida albicans and group B of Streptococcus (GBS) induce NETs independently of histone citrullination mediated by PAD4 (Kenny et al., 2017; Guiducci et al., 2018). In another study, Leishmania amazonensis induced both types of NETs release: the classical NOX2-dependent NETosis (which is dependent on the action of PAD4, but independent of MPO) and the early/rapid NETosis (which is ROS and NE-independent, but dependent on the activity of PAD4) (Rochael et al., 2015). All these studies suggest that the NETosis process is not activated just by one or two pathways but depends on the nature of the stimulus and can be very diverse in terms of activation.

It has been described that other factors produced due to the host immune response activation can also induce NETs during a bacterial infection. As an example, it has been described that platelets can recognize Gram-negative and -positive bacteria and other stimuli through TLR-4, inducing the adhesion to neutrophil and NETs release (Clark et al., 2007). Accordingly, elimination of platelets or the inhibition of TLR4 expressed by platelets substantially reduces NETs release (Clark et al., 2007). The importance of platelets is observed when the bacteria induce virulence factors that promote apoptosis of these cells, causing thrombocytopenia and generating a more severe infection that affects the immune response of the neutrophils (Kraemer et al., 2012). Other factors produced during immune response activation that cause NETs release in a ROS- dependent manner are of pro-inflammatory cytokines such as TNFα, IL-1β, or IL-8 (Keshari et al., 2012) and macrophage Migration Inhibitory Factor (MIF) secreted by red blood cells during Plasmodium infection, which induce NETosis in a C-X-C chemokine receptor type 4 (CXCR4) dependent manner (Rodrigues et al., 2020).




OTHER IMMUNE CELLS THAT PRODUCE EXTRACELLULAR TRAPS

Although NETs are the most studied Extracellular Traps (ET), other immune cells are also able to produce this kind of structures, such as eosinophils (Ueki et al., 2013), basophils (Yousefi et al., 2015), macrophages (Aulik et al., 2012), and mast cells (Naqvi et al., 2017).


Eosinophils Extracellular Traps

Eosinophils extracellular traps (EETs) are released similarly to NETs. They are triggered due to activation by bacteria (Yousefi et al., 2008; Gevaert et al., 2017), fungi (Muniz et al., 2018; Omokawa et al., 2018), and by PMA and calcium ionophore stimulation (Ueki et al., 2013, 2016). In addition, it has been described that EETs contain entire eosinophil granules and granule-derived proteins (Mukherjee et al., 2018). Furthermore, mitochondrial DNA-derived EETs has also been reported in response to LPS stimulation on previously primed cells in in vitro experiments, which did not involve cell death (Yousefi et al., 2008). However, other studies have shown that EETs can also be produced by nuclear DNA, and ROS production dependent on NOX activation, in a similar pathway to the lytic NETosis (Ueki et al., 2013). The presence of EETs has been reported during allergies (Dworski et al., 2011), respiratory tract disease (Cunha et al., 2014; Ueki et al., 2016; Echevarría et al., 2017), and skin disease (Simon et al., 2011; Morshed et al., 2012).



Basophils Extracellular Traps

The release of basophils extracellular traps (BETs) has not been deeply studied. However, it has been observed in activated cells in response to Gram-positive (Morshed et al., 2014) and -negative bacteria (Yousefi et al., 2015). It has been described that ETs derived from mice or human basophils have the capacity to entrap Escherichia coli and Staphylococcus aureus (Yousefi et al., 2015), equivalent to NETs (Brinkmann et al., 2004). Another in vitro study performed in basophils derived from mice and humans reported that BETs are released in a mitochondrial ROS-dependent manner, without activation of NOX, and are also composed of mitochondrial DNA (Yousefi et al., 2015). This process can take place as rapidly as 5 min post-stimulation (Yousefi et al., 2008) with the concomitant cell survival of human and mouse primed basophils (Morshed et al., 2014). Lastly, BETs release was reported in vivo studies during N. brasiliensis infection in mice and inflammatory skin diseases in the human epidermis (Morshed et al., 2014).



Macrophages and Monocytes Extracellular Traps

Macrophages and monocyte extracellular traps (METs) have been studied in different types of cells, such as RAW264.7, human alveolar macrophage, murine peritoneal macrophages, and bovine monocytes (Chow et al., 2010; Doster et al., 2018). Experiments performed in in vitro and in vivo models have described that TNF-α is an inducer of ETs in RAW264.7 macrophages. The concomitant presence of citrullinated histones suggests that ETosis in macrophages is mediated by PAD-2 (Mohanan et al., 2013). Various distinct stimuli can induce METs, including Gram-negative (Webster et al., 2010; Liu et al., 2014) and -positive bacteria (Chow et al., 2010; Hellenbrand et al., 2013; Shen et al., 2016), parasites (Muñoz-Caro et al., 2014; Reichel et al., 2015), fungi (Liu et al., 2014; Halder et al., 2017; Loureiro et al., 2019), PMA (Chow et al., 2010), and TNF-α (Mohanan et al., 2013), leading to cell death. Monocyte-derived macrophages from human peripheral blood have also been described to release METs after the stimulation with IFN-γ during infection with Mycobacterium tuberculosis (Wong and Jacobs, 2013). Escherichia coli also induces the release of METs, composed of nuclear and mitochondrial DNA, histones, MPO, and lysozyme (Liu et al., 2014), independently of ROS production by NOX (Liu et al., 2014). Like NETs, METs can be produced by different molecular pathways, dependent or independent of ROS and caspase-1, in human monocytes derived from peripheral blood when infected with Escherichia coli and Klebsiella pneumoniae infection (Webster et al., 2010). METs have been also observed in bone marrow-derived macrophage and J774A.1 macrophages infected with a mutant strain of Salmonella enterica serovar Typhimurium, showing that METs can kill and entrap at least 10% of the initial inoculum (Mónaco et al., 2021). However, more studies are necessary to determine the different pathways that induce METs release and to identify similarities between NETs and METs, because the ETs from macrophages depends on the specie, the state of differentiation, microenvironment, and state polarization (Doster et al., 2018).



Mast Cells Extracellular Traps

The release of mast cells extracellular traps (MCETs) was first described in response to PMA, with ROS production by NOX (Von Köckritz-Blickwede et al., 2008; Campillo-Navarro et al., 2018). MCETs are composed of nuclear DNA, histones, and granular proteins, such as tryptase and cathelicidin AMP LL-37 (Campillo-Navarro et al., 2017), which suggest that MCETs and NETs are produced in a similar manner (Von Köckritz-Blickwede et al., 2008). It has been shown that although mast cells cannot phagocytose Streptococcus pyogenes, the release of MCETs allows the growth inhibition of the bacteria (Von Köckritz-Blickwede et al., 2008). Furthermore, heat-killed Mycobacterium tuberculosis can induce the release of MCETs after 2 h of stimulation; however, the live pathogen can modulate the release of these ETs (Campillo-Navarro et al., 2018). MCETs are released in a ROS-dependent manner in the case of Listeria monocytogenes (Campillo-Navarro et al., 2017).




ROLE OF NEUTROPHIL EXTRACELLULAR TRAP DURING BACTERIAL INFECTION

The contribution of NETs during bacterial infection is not completely clear. It was initially thought that it promoted the clearance of bacteria by facilitating the entrapping and killing of these pathogens (Riyapa et al., 2012). However, NETs release has a bacteriostatic rather than a bactericidal effect because it mainly affects the growth of the bacteria and eventually could aid the killing (Menegazzi et al., 2012). Nevertheless, the DNA exerts antimicrobial properties by cation chelation and the disruption of the cell membrane (Halverson et al., 2015). Furthermore, experiments in primary human neutrophils showed that NETs could entrap bacteria, including Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus), without killing them but affecting the ability of the complement to kill them (Azzouz et al., 2018). Also, the condition in which the NETs are produced affects the antimicrobial properties, observing that NETs in static conditions present fewer killing abilities than the NETs released in dynamic conditions (Azzouz et al., 2018).

On the other hand, NETs release could result in collateral effects due to the production of antimicrobial components that can lead to exacerbated inflammation, causing tissue damage (Xu et al., 2009). However, it has been described that the granular proteins with bactericidal activities released within the NET act mainly as a regulator of inflammation due to the action on different cytokines, rather than as a bactericidal mechanisms (Clancy, 2018).

Notably, while almost all bacteria can induce ETs, several microorganisms have evolved molecular strategies to inhibit this host mechanism of defense to promote microbial proliferation and dissemination (Malachowa et al., 2013; Seper et al., 2013; Storisteanu et al., 2017). Evasion strategies can be due to the inhibition of NET release by down-regulating host inflammatory responses, the degradation of NETs using pathogen-derived DNases, and/or by the resistance to the microbicidal components of NETs (Halverson et al., 2015; Storisteanu et al., 2017; Figure 1). In this section, we will review some examples of virulence factors that induce the NETs, which can favor or not the clearance, and some evasion strategies used to avoid the antimicrobial mechanisms and, in some cases, take advantage of this immune response. These evasion mechanisms have been summarized in Table 1.
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FIGURE 1. Bacteria virulence factors that avoid NETs release against bacterial infection. Bacteria have evolved to develop different virulence factors to avoid the function of NETs, inhibiting different steps in the pathways required for the NETs release. B. Pertussis or GAS inhibit the action of ROS production by streptolysin O during the NETs pathway, which in the end inhibits the release of the structure. Nucleases are the main virulence factor shared among the bacteria which dismantle the NETs structure, and in this sense, the bacteria can disseminate and generate the disease. GAS, Group A Streptococcus; MPO, myeloperoxidase; NE, neutrophil elastase; SOMV, small vesicles from the outer membrane into the environment; PAD4, peptidylarginine deiminase 4; Nuc, nuclease; LL37, cathelicidin.



TABLE 1. Virulence factors that interfere with NET function during bacterial infection.
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Pseudomonas aeruginosa

Pseudomonas aeruginosa is an encapsulated, Gram-negative bacterium associated with severe illnesses in healthy and individuals with comorbidities and an important cause of nosocomial infection in cystic fibrosis patients (Davies, 2002). Pyocyanin, a redox-active pigment secreted to the airways by the biofilm, is associated with an increase in oxidative stress and the inflammation generated during the disease (Rada et al., 2013). Also, this virulence factors increases the induction of NETs by the NOX2-dependent pathway (Rada et al., 2013). However, NETs extrusion does not have any effect in entrapping or killing the bacteria but in decreasing the functionality of the lungs and increasing the inflammatory conditions found in patients with cystic fibrosis (Rada et al., 2013).

The sputum of cystic fibrosis patients presents a large amount of DNA because neutrophils is one of the main types of immune cells recruited to the airways and the NETs release by these cells allow the characteristic sputum’s mucus structure (Manzenreiter, 2012). In this sense, it has been observed that the concentration of extracellular DNA in the sputum generate the lysis of the bacteria (Halverson et al., 2015). However, P. aeruginosa contains virulence factors that allow the degradation of the NETs structure, which involves an operon encoding two DNA-modifying type II secreted enzymes: a DNase (eddB) and a phosphatase (eddA) (Wilton et al., 2018). These two enzymes work together at degrading the extracellular DNA: the phosphatase acts on the phosphodiester backbone of the DNA, removing the phosphates and altering the function, but no the structure of the DNA (neutralizes its cation-chelating, antimicrobial activity), while the DNase disassembles the NETs and promotes bacterial survival (Wilton et al., 2018). This allows the bacteria to tolerate the ETs produced by the neutrophils, in addition to the formation of the biofilms that avoid the NETs antimicrobial function. This role of the NETs in the consistency of the sputum has led to the evaluation of rhDNases used as treatment (Guichard et al., 2018).

In cystic fibrosis patients, P. aeruginosa can produce keratitis caused by a biofilm formed in the outer eye surface (Saraswathi and Beuerman, 2015; Naimie et al., 2016). In a mice model of keratitis caused by P. aeruginosa, it was observed that the Type Three Secretion System (TTSS) and the bacterial Psl exopolysaccharide contribute to biofilm formation (Jabalameli et al., 2012; Naimie et al., 2016) and the release of NETs (Thanabalasuriar et al., 2019). In this model, NETs production allows the maturation of the biofilm formation and the inhibition of the dissemination to the brain. However, NETs formation generates a severe local ulcer in the eye without killing the pathogen (Thanabalasuriar et al., 2019).



Mycobacterium tuberculosis

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis, a chronic infectious lung disease that affects over one-third of the global population and causes 8 million new cases per year (Theodor, 2013; Ramazanzadeh et al., 2015). Mtb secrete the protein ESAT-6 by the ESX-1 type VII secretion system, increasing Ca2 + influx inside the cell, activating calpain, a cysteine protease, which finally allows the release of NETs structures through a pathway similar to the activation produced by ionomycin (Francis et al., 2014). This mechanism contributes to lung pathology and generates an environment more permissive to infection (Francis et al., 2014). Furthermore, in neutrophils obtained from human alveolar lining fluid, ETs structures fail to kill Mtb but contribute to reducing the bacterial dissemination (Arcos et al., 2015).

It is also known that the bacteria Mycobacterium bovis or Bacillus Calmette Guerin (BCG), which is currently used as a vaccine against Mycobacterium tuberculosis, can trigger NET formation (Liu et al., 2019; Sun et al., 2020). This bacterium is currently used to induce protection against heterologous antigens as well (Claudia et al., 2015; Céspedes et al., 2017; Goulart et al., 2017; Soto et al., 2018; Covián et al., 2019) and is also used as a immunotherapy in different diseases in humans. The NETs pathway activated by BCG depends mainly on ROS production (Liu et al., 2019; Sun et al., 2020). Furthermore, it was also shown that NETs entrap but do not kill bacteria, which may be due to the high lipid levels of the mycobacterial envelope that impair NET-mediated killing (Liu et al., 2019; Sun et al., 2020).



Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacterium usually part of the normal microbiota (Krismer et al., 2017). However, this bacterium can act as an opportunistic pathogen and eventually be the causative agent of significant systemic disease due to the activity of several virulence factors. It was observed in human neutrophils that S. aureus induces NETs due to a leukotoxin GH (LukGH), which generates NETs release and entrap but does not kill the bacteria (Malachowa et al., 2013). In a porcine chronic burn model, S. aureus biofilms -in opposite to single-cell populations- promote the formation of NETs through the combined action of leukocidins Panton-Valentine leukocidin (PVL) and γ-hemolysin AB (Bhattacharya et al., 2018) without the avoidance of bacterial dissemination (Malachowa et al., 2013). Through this response, S. aureus persisted because the antimicrobial activity of NETs was ineffective at eliminating the bacteria associated with the biofilm (Bhattacharya et al., 2018; Speziale and Pietrocola, 2021).

Staphylococcus aureus also produce different enzymes to interfere with the antimicrobial property of the extracellular DNA, such as a DNA binding protein, the extracellular adherence protein (Eap) (Chavakis et al., 2005), and a nuclease (Nuc). These enzymes allow the escape from the NETs structure, delay the bacteria clearance and increase the mortality caused by the infection. Also, this nuclease is related to the persistence of the bacteria in cystic fibrosis patients (Berends et al., 2010; Herzog et al., 2019). Eap binds to linearized extracellular DNA, aggregates this structure, and interferes with the antimicrobial and trapping function of NETs structure in human-derived neutrophils (Chavakis et al., 2005; Eisenbeis et al., 2018). On the other side, the adenosine synthase (Thammavongsa et al., 2013) in conjunction with a nuclease Nuc are required to generate deoxyadenosine (dAdo) from dsDNA derived from the NETs release in human-derived neutrophils, inducing caspase-3-mediated death on macrophages that are recruited to the site of infection (Figure 1; Thammavongsa et al., 2013).



Bordetella spp.

Bordetella pertussis (B. pertussis) is a Gram-negative bacterium and the causative agent of whooping cough, causing approximately 151,000 cases globally in 2018, according to the World Health Organization (WHO). This bacterium expresses several virulence factors as pertussis and adenylate cyclase toxins (Ladant and Ullmann, 1999; Mooi et al., 2009). The adenylate cyclase toxin (ACT) prolongs the life span of human-derived neutrophils and inhibits the release of NETs by increasing cAMP levels and inhibiting intracellular ROS production (Eby et al., 2014). Bordetella parapertussis also generates whooping cough (Watanabe and Nagai, 2004; Bouchez and Guiso, 2015) and produce an adenylate cyclase enzyme, CyaA, that is released to the extracellular medium and inhibits the ROS production generated by NOX (Gorgojo et al., 2017), inhibiting the NET induction in human-derived neutrophils (Figure 1). However, NETs induced by these bacteria can trap and kill bacteria because they fail to express other virulence factors to dismantle the structure (Gorgojo et al., 2017).



Streptococcus spp.

Group A Streptococcus (GAS) is a group of Gram-positive, β-hemolytic bacteria, part of the normal microbiota that can generate between 10,649 to13,434 cases of invasive GAS infections that occur in the United States annually (Stevens, 1992; Deutscher et al., 2011; Nelson et al., 2016). In human neutrophils, GAS expresses the M1 exotoxin, a virulence factor, which induces ETs in neutrophils and mast cells by associating with fibrinogen and forming a complex that stimulates neutrophils (Lauth et al., 2009). However, these ETs do not kill the pathogen because the M1 exotoxin allows the pathogen’s survival in the presence of cathelicidin and antimicrobial peptides (Lauth et al., 2009). Besides this, GAS expresses a DNase Sda1, which promotes the degradation of the NETs (Buchanan et al., 2006; Moon et al., 2016). Streptococcus pyogenes is the main species that belongs to GAS. Besides Sda1 (Buchanan et al., 2006), it produces another nuclease, SpnA, that is not secreted but is anchored to the cell wall and allows bacteria survival in human blood and resist NETs killing (Chang et al., 2011). Also streptolysin O, a pore-forming toxin, induces eukaryotic cell lysis (Uchiyama et al., 2015) due to a decrease in the oxidative burst and, consequently, inhibits the release of NETs and the extracellular killing (Uchiyama et al., 2015) allowing bacteria survival in the bloodstream.

Streptococcus pneumoniae (S. pneumoniae) is an alpha-hemolytic bacterium and the leading cause of pneumonia worldwide, mainly in children, that caused 294,000 deaths during 2015 (Wahl et al., 2018). It has been described that the induction of NETs in this disease has been correlated with an adverse outcome in community-acquired pneumonia (CAP) (Gray, 2018). However, in a mice model of infection, it was observed that although NETs can entrap S. pneumoniae (Figure 1), it fails to kill this pathogen due to the expression of endA, a bacterial cell-bound DNase. EndA destroys the NETs and promotes the spreading of bacteria from the upper airways to the lungs and bloodstream, promoting a more invasive disease (Beiter et al., 2006; Zhu et al., 2013). The S. pneumoniae capsule also contributes to avoiding the bacterial entrapping by NETs (Wartha et al., 2007). Due to the operon dlt that produces the modification of lipoteichoic acids, which introduce positive charge into alanine amino acid residues, which then caused electrochemical repulsion of antimicrobial proteins present in NETs (Wartha et al., 2007). This molecular mechanism contributes to bacterial resistance to the killing by NETs (Wartha et al., 2007). Importantly, it has been described that IL-10 production by neutrophils in C57BL/6 mice can modulate the lung injury induced by S. pneumoniae infection (González et al., 2021). It has been described that IL-10 can inhibit the TLR7/8 activation pathway, which prevents the generation of ROS and the translocation of NE to the nucleus, decreasing the NETs release (Saitoh et al., 2012), but it is unknown whether IL-10 producing neutrophils are still able to produce NETs.



Klebsiella pneumoniae

Klebsiella pneumoniae (K. pneumoniae) is a Gram-negative bacteria found in the nasopharynx and the intestinal tract. It is the most relevant species for humans of the genus Klebsiella spp. and a significant cause of nosocomial infection, responsible for severe diseases such as septicemia, pneumonia and urinary tract infections (Podschun and Ullmann, 1998). In the United States, the infection caused by Carbapenem-resistant Enterobacteriaceae (CRE) produce up to 2.93 cases per 100,000 people (Guh et al., 2015). CRE sequence type 258 (CRKP-ST258) is a multidrug-resistant strain that has spread worldwide, which evades the neutrophil immune response, preventing intracellular killing and NETs release in neutrophils derived from human (Castillo et al., 2019) and mice (Peñaloza et al., 2020). In human neutrophils, it was described that inhibition of NETs release was due to the avoidance of ROS production, produced to in part to the polysaccharide of the LPS (Castillo et al., 2019). In mouse neutrophils, no differences in ROS or MPO was observed when compared to a non-pathogenic K. pneumoniae, but differences in the acidification of the phagolysosome was described, which affects the functionality of MPO (Peñaloza et al., 2020). Another in vitro study performed in human-derived neutrophils showed that K. pneumoniae carbapenem-resistant affects the release of NETs due to the mobilization of primary granules due to a non-soluble virulence factor (Birnberg-Weiss et al., 2021).



Other Gram-Negative Bacteria

Yersinia enterocolitica is the causative agent of yersiniosis auto-limited gastroenteritis (Marks et al., 2018), producing 9.7 cases each 100,000 people per year, being children between 6 and 11 months the most affected (Yagüe-Muñoz et al., 2019). Three different serotypes (O:3, O:8, and O:9) were tested for induction of NETs release in human-derived neutrophils and all of them induce and degrade NETs by the action of Ca2+/Mg2+-dependent NET-degrading nuclease (Figure 1; Möllerherm et al., 2015). Secretory diarrheal disease caused by Vibrio cholerae, the causative agent of a previously considered non-inflammatory disease, has recently been shown to recruit a high number of neutrophils (Queen and Satchell, 2012). Human-derived neutrophils in direct contact with Vibrio release NETs in an oxidative burst-dependent fashion and can kill the bacteria (Seper et al., 2013). Nevertheless, at the same time, bacteria induce two extracellular nucleases: Dns and Xds, which enhance pathogen dissemination (Figure 1; Seper et al., 2013). Mycoplasma pneumoniae causes atypical pneumonia and produces an extracellular nuclease, Mpn491, that requires Mg2+ to degrade the NETs structure in in vitro and in vivo models (Yamamoto et al., 2017).

Neisseria meningitidis (meningococci) is a Gram-negative bacterium that can cause severe septicemia in children and is a restricted human pathogen. Neisseria also presents a putatively secreted thermonuclease denominated Nuc, which induces and degrades NETs from human-derived blood, contributing to the escape and the avoidance of the killing of the pathogen (Lappann et al., 2013). Meningococcus display at least three different mechanisms to avoid NETs killing: (1) the lipid A modification of LPS with a phosphoethanolamine transferase is crucial for the survival of Neisseria meningitidis in the presence of NETs in vitro, due to this modification, bacteria are protected from the action of the cathepsin-G antimicrobial peptide; (2) it produces an outer membrane receptor ZnuD, which is crucial to uptake the Zn2+ and promote the nutritional resistance in the environment induced by the NETs; (3) it secrete small vesicles from the outer membrane into the environment (SOMVs), which have been identified as the inducers of NETs release and also bind to the NETs structure to reduce its bacteriostatic effect (Lappann et al., 2013; Figure 1).

Burkholderia pseudomallei is a Gram-negative bacterium and the causative agent of melioidosis, a zoonotic infection leading to lung, localized or systemic infection. It is a critical pathogen in diabetic patients, and it is estimated that exist 165,000 human melioidosis cases per year, of which 89,000 people die with a case fatality rate of more than 50% (Chanchamroen et al., 2009; Limmathurotsakul et al., 2010; Birnie et al., 2019). This bacterium triggers the induction of NOX2-dependent NETs released in human- and mouse-derived neutrophils, and in addition to entrapping bacteria, NETs can significantly reduce the initial inoculum (Riyapa et al., 2012). However, the TTSS and capsular polysaccharide-1 expressed by these bacteria can regulate the proportion of NETs released, possibly by regulating the oxidative burst (Riyapa et al., 2012).

Leptospira spp. is an important cause of zoonotic infection, which can generate rapid bloodstream dissemination and affect mainly the kidney function, and in this manner, the carrier disseminates the infection (Scharrig et al., 2015). It was shown that Leptospira interrogans serovar Copenhagen strain Fiocruz L1-130 (LIC) induces NETs released by human- and mouse-derived neutrophils, which entraps and kills bacteria, decreasing the CFU content. However, some pathogenic strains can degrade the dsDNA structure, implying that the NETs function depends on the infecting bacterial strain (Scharrig et al., 2015).




CONTRIBUTION OF NEUTROPHIL EXTRACELLULAR TRAP TO VIRAL INFECTIONS

In addition to the widely described role of bacteria in triggering NETs release, increasing evidence indicates that viruses can also promote NET formation (Jenne et al., 2013; Souza et al., 2018). Current data suggest that PRRs expressed on the surface or internal compartments of neutrophils, such as endosomes, play a crucial role in triggering NETs release (Saitoh et al., 2012). Other studies suggest that, as observed for bacteria, viruses may counteract the mechanisms involved in triggering NETs release during infection (Martinez et al., 1996). It is also documented that mechanisms underlying NET release induced by viruses may differ mechanistically depending on the specific pathogen involved (Muraro et al., 2018; Chan et al., 2020). Along these lines, it has been described that NET release may either promote or prevent the viral-induced pathology (Jenne et al., 2013; Al-Anazi et al., 2020).

In the case of Human Immunodeficiency Virus-1 (HIV-1), it has been documented that NETs promote pathogen clearance through the concerted action of MPO, α-defensin, and histones (Saitoh et al., 2012). In this work, cultivated neutrophils were exposed to HIV and the results suggest that NETs release induced by infection occurs through the engagement of endosome-expressed TLR7 and TLR8, which induce ROS-dependent NET formation (Figure 2). Therefore, in this case, NET formation benefits the infected host to prevent pathogen spreading (Saitoh et al., 2012). Remarkably, HIV-1 counteracts this response by inducing the production of IL-10 by DCs, which suppresses the ROS-dependent response that results in an impaired NET-dependent HIV-1 elimination.
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FIGURE 2. The release and activity of NETs is modulated by viral infection. Interaction of neutrophils with different viruses activates extracellular or intracellular pathways that lead to the NET formation. HIV triggers TLR7 signaling in the endosomes of neutrophils leading to the production of ROS and subsequently NETs release. HIV infection of DCs triggers the production of IL-10, which suppresses the formation of NETs and may allow pathogen spreading. HRSV infection triggers TLR4 signaling at the cell surface, which results in ROS-dependent NETs release. In the case of H1N1, this virus triggers ROS independent NETs release which may prevent pathogen spreading. In contrast, the activity of DNases from Herpesviruses can degrade NETs to allow viral dissemination.


Another example of a protective role of NETs during viral infection is the case of the myxoma virus (MYXV) (Jenne et al., 2013). This oncolytic virus is characterized by its ability to infect rabbits and kill human and murine cancer cells (Lun et al., 2005). Therefore, it has been proposed as a viral-based therapy for cancer (Rahman and McFadden, 2020). In the mice model, intravenous infection with MYVX induces massive recruitment of neutrophils and platelets to the liver vasculature (Jenne et al., 2013). At this site, the interaction of both subsets of cells promotes the release of NETs that can protect host cells from MYVX infection, and this protective effect was reversed by DNase treatment (Jenne et al., 2013). These results highlight the role of extracellular DNA in preventing viral dissemination (Jenne et al., 2013). According to this notion, it has also been shown that viral proteins with DNase activity derived from Herpesviruses can also degrade NETs, thereby preventing the formation of NETs and promoting viral spreading (Martinez et al., 1996).

Influenza is another respiratory virus that circulates worldwide and can trigger NETs release (Ashar et al., 2018; Zhu et al., 2018; Chan et al., 2020). Annual influenza cases lead to extensive mortality, especially in people older than 65 years. According to a recent study, it was estimated that influenza infection accounts for 4.0–8.8 deaths per 100,000 individuals annually (Iuliano et al., 2018). Sudden onset of fever, headache, sore throat, and a runny nose develops upon infection. Illnesses range from mild to severe and can lead to the death of infected individuals (Ryu and Cowling, 2020). Patients with severe influenza showed elevated plasma NET release, measured as the level of cell-free DNA and DNA-MPO complexes (Zhu et al., 2018). In addition, isolated neutrophils from these subjects released higher amounts of MPO-DNA complex in response to IL-8 or LPS (Zhu et al., 2018). Interestingly NETs from H7N9 and H1N1 patients increased the permeability of alveolar epithelial cells, and, consequently, NET production was positively correlated with acute inflammation (Zhu et al., 2018). Together, this data indicates that high levels of NETs correlate with influenza severity. Thus, evaluation of NETs in plasma could be an excellent strategy to predict the prognosis of IAV patients (Zhu et al., 2018).

Histones present in the lungs of IAV infected mice have been shown to induce cytotoxicity on cultured human lung epithelial cells (Ashar et al., 2018). Furthermore, histones also bind to platelets within thrombi in infected mouse lungs (Ashar et al., 2018). Nasal aspirates from influenza-infected patients also have elevated levels of extracellular histones, which may serve as a clinical marker of pulmonary injury (Ashar et al., 2018). In vitro studies showed that histones inhibited influenza growth. However, in the mice model, in vivo treatment with histones did not yield antiviral effects and instead increased lung illness (Ashar et al., 2018). The blockade of histones with anti-histone antibodies caused a significant reduction of lung pathology in lethal influenza–challenged mice and enhanced protection when co-administered with the antiviral oseltamivir (Ashar et al., 2018). These data highlight the pathogenic effects of extracellular histones in pulmonary injury during influenza infection. These findings suggest that targeting histones represents a novel therapeutic strategy for treating influenza pneumonia (Ashar et al., 2018).

Another study described that NETs release is triggered only by some IAV specific strains (Chan et al., 2020). For example, it is indicated that the H5N1 strain fails to stimulate NETs release, whereas H1N1 infection stimulates NET production by isolated human neutrophils (Chan et al., 2020). Furthermore, it is also thought that infection with H5N1 caused a more severe disease than H1N1 infection (Chan et al., 2020), which opens the question of whether there are other innate immune responses rather than NETs release that can account for more severe disease (Chan et al., 2020). The same study suggested that NET production induced by H1N1 is not dependent on the NOX-produced ROS (Chan et al., 2020). Consistent with this notion is the observation that neutrophils exposed to the NOX inhibitor diphenyleneiodonium (DPI) were able to produce NETs in response to an H1N1 challenge (Chan et al., 2020). Thus, as observed for some bacteria, such as S. aureus, the possibility that NET release occurs independently of ROS production is also described for viruses (Chan et al., 2020).

Human respiratory syncytial virus (hRSV) represents one of the most important causes of acute lower respiratory tract infection in young children and the elderly (Bohmwald et al., 2016; Canedo-Marroquín et al., 2017; Rey-Jurado and Kalergis, 2017; Carvajal et al., 2019). Regarding the neutrophil role during hRSV infection, it was shown that hRSV triggers NET release in human-derived neutrophils (Funchal et al., 2015; Cortjens et al., 2016; Muraro et al., 2018). Furthermore, NETs were observed in the airways and lungs of children with severe lower respiratory tract disease caused by hRSV (LRTD) (Cortjens et al., 2016). Furthermore, the extensive NET formation was associated with occluded airways of hRSV-infected calves, which may or not colocalize with viral antigens (Cortjens et al., 2016). These data suggest that NETs may or not trap viral particles, but their exacerbated formation during hRSV infection contributes to airway obstruction (Cortjens et al., 2016). Regarding the mechanism involved in such neutrophil response, it was shown that RSV induced the classical ROS-dependent NETosis in which viral particles are entrapped by DNA frameworks coated with MPO and NE. Furthermore, RSV-induced NETosis is also mediated by PAD-4-dependent histone citrullination and signaling through the PI3K/AKT signaling pathway (Muraro et al., 2018).

It was recently shown that during SARS-CoV-2 infection, the quantity of NETs release, measured as DNA-MPO complex, was increased in plasma, tracheal aspirate, and lung autopsies tissues from COVID-19 patients (Veras et al., 2020). Interestingly, this study also showed that infective SARS-CoV-2 but not the inactivated virus increased the release of NETs by neutrophils in an MOI-dependent manner (Veras et al., 2020). Notably, the release of NET after the SARS-CoV-2 challenge was abrogated when isolated neutrophils were pre-treated with a neutralizing anti-hACE2 antibody (αACE2) (Veras et al., 2020). Furthermore, the NET release was also prevented if neutrophils were pre-treated with the drug camostat, an inhibitor of the serine protease TMPRSS2 that blocks early interactions of SARS-CoV-2 S protein with the ACE2 receptor (Hoffmann et al., 2020). Furthermore, drugs also appear to inhibit viral replication as the viral load of neutrophils exposed to SARS-CoV-2 was reduced after αACE2 or camostat treatment (Veras et al., 2020).

This study also highlights the contribution of viral replication to the release of NETs upon the interaction of neutrophils with SARS-CoV-2. Incubation of neutrophils with tenofovir disoproxil fumarate (TDF), an RNA polymerase inhibitor (Clososki et al., 2020), reduced the release of NETs in neutrophils derived from healthy donors exposed to SARS-CoV-2. In addition, co-culture of SARS-CoV-2–activated neutrophils with epithelial cells promotes cell death in vitro, and this effect was prevented if DNAse was added in the culture medium (Veras et al., 2020). These data suggest an essential role for the extracellular DNA in promoting the cytotoxic effects of NETs. Together, these results underscore a possible detrimental role of NETs in the pathophysiology of COVID-19. Therefore, therapies targeted to inhibit the formation of NETs or promote the degradation of neutrophil extracellular DNA could be evaluated for a potential therapeutic benefit for COVID-19 (Veras et al., 2020).

Another study showed that high serum NETs, measured as cell-free DNA, DNA-MPO complex and citrullinated histones H3, are present in several hospitalized patients with COVID-19 (Zuo et al., 2020). The authors measure three different markers to assess the presence of NETs in blood corresponding to cell-free DNA, MPO-DNA, and Citrullinated Histone 3. Interestingly, sera from COVID-19 patients were a potent stimulator of NETs release when added to resting neutrophils, suggesting that a component present in serum may generate a pro-NETotic state on COVID-19 patients (Zuo et al., 2020).

It has also been described that those levels of plasma MPO-DNA complexes increased in intubated and dead COVID-19 patients (Middleton et al., 2020). The severity of the disease correlated directly with plasma MPO-DNA complexes. Soluble and cellular factors triggering NETs were significantly increased in COVID-19 patients. Furthermore, pulmonary autopsies showed NET-containing microthrombi with infiltrating neutrophils and platelets. Finally, neutrophils from COVID-19 patients displayed excessive NETs at baseline, and COVID-19 plasma triggered NET formation, blocked by neonatal NET-inhibitory factor (nNIF) (Middleton et al., 2020). Considering the prothrombotic clinical presentations of COVID-19 and the role of NETs in triggering such response points to targeting NETs as a novel therapeutic intervention for COVID-19 (Middleton et al., 2020).

Regarding additional pathways that regulate the generation of NETs during COVID-19, the pro-inflammatory cytokine IL-1β has been described as a critical inductor of NETs, both in vivo and in vitro assays (Meher et al., 2018). Furthermore, current evidence also suggests that NETs may promote the production of IL-1β precursors by macrophages that are used to amplify further the production of NETs (Hu et al., 2017). Under this scenario of excessive NET formation, alveolar and pulmonary endothelium becomes damaged, leading to the release of the von Willebrand factor (vWF), which activates blood platelets and neutrophils (Fernández-Pérez et al., 2021). Subsequently, activated platelets also stimulate neutrophils to produce NETs and clots, promoting airway obstruction impairing an efficient gaseous exchange (Pujhari et al., 2020).

IgA is another factor that can modulate NET formation during SARS-CoV-2 infection (Stacey et al., 2021). IgA is the second most abundant antibody present in the circulation and is enriched at mucosal surfaces. Therefore, this antibody plays a crucial role in protecting against mucosal pathogens, including viruses. IgA can also stimulate effector functions via the engagement of Fc alpha receptors (Fc-αRI) expressed on the surface of neutrophils (Stacey et al., 2021). In recent work, it was shown that IgA–virus immune complexes potentiate NETs release. This experiment used purified SARS-CoV-2 spike pseudotyped lentivirus, which were then opsonized with polyclonal IgA isolated from a convalescent COVID-19 donor serum. Interestingly virus opsonization increases the NET formation and potentiates a suicidal NETs release pathway. This process was independent of TLR signaling but required a functional NADPH oxidase complex. Therefore, targeting the NADPH oxidase complex may be a suitable strategy to decrease SARS-CoV-2 triggered NETs release (Stacey et al., 2021).



CONCLUDING REMARKS

The mechanisms underlying NETs formation and their contribution to bacterial and viral infections have been studied as a primary function. However, during recent years, the role of NETs has changed, being an important matter when it comes to complications in several diseases. The different roles of NETs are in line with the fact that there is no specific pathway or stimuli to induce NETs release and that not all the stimuli are as good inducers of NETs as PMA or Gram-negative or -positive bacteria are. It is possible that the time of incubation and the dosing generates differences in the results obtained among the studies (Hoppenbrouwers et al., 2017). Also, as mentioned above, the antimicrobial properties of the granular enzymes of the NETs have been evaluated and, in some cases, do not generate a good antimicrobial capacity and probably have other immunomodulatory properties. Even more, the bactericidal capacities of NETs have been questioned because several studies have not evidenced a significant reduction of the initial inoculum in in vitro experiments (bactericidal effect). Further, the lysis (bacteriolytic effect) and the entrap of the bacteria (bacteriostatic effect) has not been consistently reproduced. In line with this, the citrullination of the DNA is also controversial because there are at least two more mechanisms, different from NETs release, that induce the citrullination: the leukotoxic hypercitrullination (LTH) which is not antimicrobial and can be induced by some virulence factors as toxins from S. aureus and Streptococcus spp., and the release of mitochondrial DNA due to a defect in mitophagy in neutrophils. Both processes are highly relevant in autoimmune disease such as rheumatoid arthritis and systemic lupus erythematosus, respectively (Konig and Andrade, 2016).

It is possible that the different types of NETs are induced at different time points during an infection, being possible that the first type of NETs release upon stimulation is composed of mitochondrial DNA, which still allows the survival of the cell. In this manner, the cell continues engulfing and performing antimicrobial properties. In addition, the release of mitochondrial DNA induces the secretion of type I interferon by plasmacytoid cells, generating a better immune response. Also, it is possible that NETs release composes of nuclear DNA occurs after the release of mitochondrial DNA, as an inflammatory consequence of the mitochondrial NETs release, inducing the NETosis process due to the nuclear NETs release. As example of this, the fibers that entrap the microorganisms are generated in vital NETs release, in opposite to the suicidal NETosis, were a cloud of DNA is generated, which not necessarily present antimicrobial properties (Yousefi and Simon, 2016).

It is currently studied that bacteria and viruses induce different pathways of NETs release, depending on the receptor activated by the microorganism. In this sense, bacteria have developed various mechanisms to evade the NETs release, generating a state of inflammation that allows pathogen spreading or the generation of a niche of infection—being the most common virulence factor among bacteria, the enzymes that degraded the NETs structure (Table 1). It is essential to mention that as NETs release, an inflammatory environment exists, and regulating this process is extremely necessary. One regulation occurs during the elimination of the NETs structure by the action of DNases, or C1q, allowing the recognition by the M1 macrophages (Farrera and Fadeel, 2013). Finally, it is crucial to find a proper definition of NETs due to the several aspects discussed above, which recognize if some pathogens induce or not the structure with antimicrobial properties or induce a structure that allows a higher inflammatory environment. Along these lines, this antimicrobial response will open targets for therapeutic intervention to treat diseases caused by bacteria and viruses, for example, the treatment of cystic fibrosis with DNases to liquify the sputum properly.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has caused a pandemic of coronavirus disease 2019 (COVID-19) and is threatening global health. SARS-CoV-2 spreads by air with a transmission rate of up to 15%, but the probability of its maternal–fetal transmission through the placenta is reported to be low at around 3.28%. However, it is still unclear that which tissues and developmental periods hold higher risks and what the underlying molecular mechanisms are. We conducted an integrated analysis of large-scale transcriptome and single-cell sequencing data to investigate the key factors that affect SARS-CoV-2 maternal–fetal transmission as well as the characteristics and effects of them. Our results showed that the abundance of cytomegalovirus (CMV) and Zika virus (ZIKV) infection-associated factors in the placenta were higher than their primarily infected tissues, while the expression levels of SARS-CoV-2 binding receptor angiotensin-converting enzyme II (ACE2) were similar between lung and placenta. By contrast, an important SARS-CoV-2 infection-associated factor, type II transmembrane serine protease (TMPRSS2), was poorly expressed in placenta. Further scRNA-Seq analysis revealed that ACE2 and TMPRSS2 were co-expressed in very few trophoblastic cells. Interestingly, during the embryonic development stages, the abundance of ACE2 and TMPRSS2 was much higher in multiple embryonic tissues than in the placenta. Based on our present analysis, the intestine in 20th week of embryonic development was at a high risk of SARS-CoV-2 infection. Additionally, we found that during the fetal development, ACE2 and TMPRSS2 were enriched in pathogen infection-associated pathways and may involve in the biological processes related to T-cell activation. In conclusion, our present study suggests that though the placenta provides a good physical barrier against SARS-CoV-2 infection for healthy fetal development, multiple embryonic tissues are under risks of the virus infection, which may be adversely affected once infected prenatally. Therefore, it is necessary to enhance maternal care to prevent the potential impact and harm of SARS-CoV-2 maternal–fetal transmission.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has caused a worldwide outbreak of coronavirus disease 2019 (COVID-19) and posed a serious threat to public health all over the world. Different from general population, pregnant women often develop a special condition of immune tolerance and may be more susceptible to various infections (Aghaeepour et al., 2017). Common pathogens that infect women during pregnancy include Toxoplasma gondii, HIV, rubella, cytomegalovirus (CMV), herpes simplex virus (HSV), hepatitis B virus (HBV), and Zika virus (ZIKV). These viruses can transmit vertically from mother to fetus through the placenta and infect certain fetal organs (Schwartz, 2017). For example, ZIKV is highly neurotropic, causing microcephaly and fetal brain damage like severe cerebral atrophy and intracranial calcifications (Alvarado and Schwartz, 2017). CMV has high viral loads in the fetal liver, resulting in liver calcifications and hepatosplenomegaly (Iwasenko et al., 2011; Diogo et al., 2020). Maternal–fetal transmission of other pathogens can also cause a variety of severe complications, such as miscarriages, congenital malformation, fetal growth restriction, and nervous system damage (Coyne and Lazear, 2016). Recent studies show that though most pregnant women infected by COVID-19 present mild to moderate symptoms, they are at increased risk of pregnancy complications, such as miscarriages, preeclampsia, and preterm labor (Narang et al., 2020). This raises curiosity that whether SARS-CoV-2 infection of pregnant women can cause maternal–fetal transmission and what the underlying mechanism and effects are.

In early small-scale studies of pregnancy complicated with COVID-19, no cases of maternal–fetal transmission were observed (Chen et al., 2020; Schwartz, 2020). However, a case report from Renmin Hospital of Wuhan University showed that IgM antibody was elevated in a newborn baby whose mother was diagnosed with COVID-19, suggesting that SARS-CoV-2 may transmit through the placenta (Dong et al., 2020). The first confirmed case of SARS-CoV-2 transplacental transmission from an infected mother to her neonate is reported in France (Vivanti et al., 2020), and then, more cases of maternal–fetal transmission of SARS-CoV-2 in second and third trimester have been reported (Sukhikh et al., 2021). A Study with a small sample size did not reveal risks of maternal–fetal transmission of SARS-CoV-2 in early pregnancy (Halici-Ozturk et al., 2021), but subsequently, congenital SARS-CoV-2 infection of the fetus and placenta in a woman infected in the first trimester of pregnancy was reported (Valdespino-Vazquez et al., 2021). Therefore, maternal–fetal transmission of SARS-CoV-2 is possible throughout the entire pregnancy.

The general steps of virus infecting and crossing the placenta include host receptor/co-receptor recognition, uptake into cells of placenta, and hijacking cellular processes for viral replication (Schneider-Schaulies, 2000). It is reported that the receptors for CMV, rubella, ZIKV and HBV, are highly expressed in the human placental tissues (Vyas et al., 2018; Pique-Regi et al., 2020). Recent studies also suggest that at least two conditions are needed for maternal–fetal transmission of SARS-CoV-2: (a) The virus can reach the placenta; and (b) angiotensin-converting enzyme II (ACE2), known as the recognition receptor of SARS-CoV-2 and key to virus infection (Shang et al., 2020), must be present in the placenta (Gengler et al., 2021). These conditions have been continually proven by various studies, indicating that SARS-CoV-2 has the ability to transmit vertically. However, the maternal–fetal transmission probability of SARS-CoV-2 is reported to be low, around 3.28% (Yuan et al., 2021). Why is the transmission rate relatively low so far? Are there any other factors affecting the risk of the maternal–fetal transmission of SARS-CoV-2?

The successful entry of SARS-CoV-2 into host cells depends not only on the receptor, but also on an important SARS-CoV-2 infection-associated factor, the type II transmembrane serine protease (TMPRSS2), for S protein priming (Bertram et al., 2011; Xiao et al., 2020). Therefore, the expression of both factors should be taken into account simultaneously to consider the risk of SARS-CoV-2 maternal–fetal transmission.

Generally, SARS-CoV-2 mainly spreads through the air, infects into the lung, and causes substantial respiratory pathology as ACE2 is highly expressed in lung alveolar cells (Sungnak et al., 2020). On the other hand, ACE2 expressed in multiple extrapulmonary tissues along with dysregulation of immune responses and the interaction between ACE2 and TMPRSS2 could be decisive for extrapulmonary manifestations and the clinical outcome of COVID-19 (Gupta et al., 2020; Zipeto et al., 2020). However, it seems that the fetal lung is not the primary organ targeted by SARS-CoV-2 when transplacental transmission occurs. The effects of intrauterine SARS-CoV-2 infection on the health of the fetus remain poorly studied. Only few cases reported abnormal conditions including fetal growth restriction, hydropericardium, periventricular leukomalacia, and intraventricular hemorrhage (Sukhikh et al., 2021). So how is the distribution of SARS-CoV-2 infection-associated factors in the placenta and the risk of SARS-CoV-2 infecting specific organ of the fetus like? Is there any correlation between the infection period and the impact on fetal organs?

To answer these questions, we conducted an integrated analysis of large-scale transcriptome sequencing data of multiple tissues in normal people and during fetal development and single-cell sequencing data of the maternal–fetal interface. We aim to investigate the expression levels and changes of ACE2 and TMPRSS2 in different tissues and periods of fetal development and their potential functions, to uncover the characteristics and effects of maternal–fetal transmission of SARS-CoV-2.



MATERIALS AND METHODS


Data Acquisition

The expression matrix of the bulk RNA-Seq data containing FPKM values for 20,050 genes in 27 tissues was downloaded from Fagerberg et al. (2014) supplementary materials. Gene expression data of lung and placenta were taken out for boxplot in R (version 4.0.5) using package ggpubr (version 0.4.0) and ggplot2 (version 3.3.3).

The microarray data of placenta at different stages of pregnancy were downloaded from GEO under the accession number GSE9984 of Mikheev et al. (2008). This study contains the comparison of placental gene expression profiles of three gestational stages [first trimester (45–59 days), second trimester (109–115 days), and C-section term placentae], with four replicates each.

The single-cell RNA-Seq data of maternal–fetal interface are deposited at ArrayExpress, with experiment codes E-MTAB-6701 (Vento-Tormo et al., 2018). The gene expression matrix and the cell type annotation file were downloaded and reanalysis using R (version 4.0.5).

The bulk RNA-Seq data in 6 tissues between the 10th and 20th week of fetal development (Szabo et al., 2015) can be download from NCBI Bioproject database (PRJNA270632). The mean expression of each tissues’ replicates was taken out for downstream analysis.



Data Processing and Analysis


Single-Cell RNA-Seq Data Analysis

The gene expression matrix contains unique molecular identifier (UMI) count was converted to Seurat object using R package Seurat (version 4.0.3). Cells with fewer than 500 detected genes and for which the total mitochondrial gene expression exceeded 20% were removed and mitochondrial genes and genes that were expressed in fewer than three cells were also removed by Roser et al. We used sctransform for the normalization with default parameters (Hafemeister and Satija, 2019). Then perform dimensionality reduction by PCA and UMAP embedding using function RunPCA, RunUMAP, FindNeighbors, and FindClusters with dims = 1:30. We annotated the cell types using the annotation files adopted from the publication of Roser et al. The UMAP plot was generated using function DimPlot, and the dot plot of the expression level of ACE2, and TMPRSS2 was generated using function DotPlot and modified using ggplot2 (version 3.3.3).



Fetal Development Analysis

To get the risk assessment criterion, the adult lung gene expression was taken from the 27 different adult tissues data and then merge with the gene expression of 6 fetal tissues data between 10th and 20th week of fetal development. In order to make the tissues comparable, we applied the quantile normalization (Bolstad et al., 2003) on the merge matrix which ensure the distribution of gene expression intensities for each samples the same, using function normalize quantiles of the R package preprocessCore (version 3.3.3). We used the expression values of ACE2 and TMPRSS2 in placental and adult lung tissue as baseline. If the expression values of both risk factors in an organ were above the maximum value of the baseline threshold range, then we set the organ as High risk; if only one risk factor was above the maximum value of the baseline threshold range, then we classified the organ as Medium–high risk; if the expression values of both risk factors in an organ were within the baseline threshold range, then the organ was classified as Medium risk; If only one risk factor is within the baseline threshold range, the organ is classified as Medium-low risk; if both risk factors are below the minimum value of the baseline threshold range, the organ is classified as low risk.



WGCNA Analysis and Enrichment Analysis

The R package WGCNA (version 1.70) was used to explore gene networks of fetal development gene expression data. Co-expressed genes were clustered into networks and created “modules,” which are defined as groups of highly interconnected genes. We use a soft threshold power of 12 for transforming the unsigned co-expression matrix based on the correlation between genes into an adjacent matrix. After module identification, phenotypic data (which tissue and development stage come from) were correlated with modules. We analyzed the correlation between eigengene with all genes in the brown module and the correlation between all genes in the module with the intestine tissue. Then, genes with high correlation coefficients were selected as hub genes. Gene Significance (GS) or Module Membership (MM) were calculated by correlating the gene’s expression with the respective phenotypic trait or the respective module’s expression, respectively.

High relationship genes (genes with MM > 0.79 and GS > 0.24) in intestine vs. brown module were used for enrichment analysis using the R package clusterProfiler (version 3.18.1). Gene Ontology (GO) enrichment analysis was performed using the function enrichGO, and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed using the function enrichKEGG.





RESULTS


SARS-CoV-2 Infection-Associated Factors Are Expressed Unevenly in the Placenta

As CMV and ZIKV were commonly studied that can be transmitted vertically and cause fetal complications, such as microcephaly, multiorgan disease, congenital malformations, and intrauterine growth restriction (Schwartz, 2017), so firstly, we examined the expression levels of several CMV infection-associated factors (NRP2, PDGFRA) and ZIKV infection-associated factors (AXL, CD209) to investigate whether there is correlation between the expression levels of infection-associated factors and the ability of viruses infecting the placenta and fetus. Remarkably, we found that the expression levels of these factors were all higher in the placenta than the primary targeted tissues infected by the corresponding virus (liver for CMV and brain for ZIKV; Figure 1), consistent with the maternal–fetal transmission characteristics of two viruses. Then the expression levels of certain SARS-CoV-2 infection-associated factors (ACE2, TMPRSS2) were explored. The result showed that although ACE2 expressed comparable in placenta and lung, the abundance of TMPRSS2 was relatively high in lung but was almost absent in placenta (Figures 2A,B). In addition, we analyzed the expression level of these two genes in placenta at different stages of pregnancy. We found that ACE2 was not significantly changed during early, middle, and late pregnancy (Supplementary Figure S1A), and consistently, TMPRSS2 was hardly detected in the placenta during the whole pregnancy (Supplementary Figure S1B). The uneven distribution of the two infection factors in the placenta may limit the infection of SARS-CoV-2 into the placenta and its further vertically spread. We therefore wanted to investigate which cell types in the placenta simultaneously express these two factors.
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FIGURE 1. The expression of CMV and ZIKV infection-associated factors in targeted tissues and placenta. The boxplot represents the expression level of CMV infection-associated factors NRP2 (A), PDGFRA (B) in the liver and placenta, and ZIKV infection-associated factors AXL (C), and CD209 (D) in the brain and placenta, the asterisk marks the mean expression level of genes. The y-axis indicates the normalized expression (log2-transformed FPKM + 1) of genes. FPKM, Fragments Per Kilobase of exon model per Million mapped fragments.
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FIGURE 2. The expression of the SARS-CoV-2 infection-associated factors in the lung and placenta. The boxplot represents the expression level of ACE2 (A) and TMPRSS2 (B) in the lung and placenta, the asterisk marks the mean expression level of genes. The y-axis indicates the normalized expression (log2-transformed FPKM + 1) of genes.




ACE2 and TMPRSS2 Are Co-expressed in Very Few Trophoblastic Cells

Further, we investigated the cell types in the placenta which are possibly vulnerable to be infected by SARS-CoV-2 utilizing the single-cell sequencing (scRNA-Seq) data of maternal–fetal interface (Vento-Tormo et al., 2018). Firstly, cell types were annotated according to the result by Vento-Tormo et al., and 32 types of cells were identified and merged into main clusters (Figure 3A), including three types of trophoblasts, three types of endothelia, three types of stromal cells, two types of epithelia, two types of perivascular cells, two types of fibroblasts, and 17 types of immune cells (details in Section “Materials and Methods”).
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FIGURE 3. Identification and expression of cell types at the maternal–fetal interface. (A) The UMAP clusters plot of cell types at the maternal–fetal interface using scRNA-seq analysis, dots means a single cell and colors indicate cell type {epithelium (Epi1, Epi2), endothelium [Endo L, Endo (f), Endo (m)], stromal cells (S1, S2, S3), perivascular cells (P1, P2), fibroblasts (FB1, FB2), trophoblast (VCT, SCT, EVT), and immune cells (HB, DC1, DC2, MO, NK CD16−, NK CD16+, T cells, granulocytes, M1, M2, M3, NKp, NK1, NK2, NK3, ILC3, and plasma)}. DC, dendritic cells; M, macrophages; MO, monocytes; S, stromal cells; Endo, endothelial cells; Epi, epithelial glandular cells; FB, fibroblasts; HB, Hofbauer cells; P, perivascular cells; ILC, innate lymphocyte cells; SCT, syncytiotrophoblast; VCT, villous cytotrophoblast; EVT, extravillous trophoblast. And the points in (B) colored red are the cells co-expressed ACE2 and TMPRSS2. UMAP visualization of the log-transformed, normalized expression of ACE2 (C), and TMPRSS2 (D) at the maternal–fetal interface using scRNA-seq analysis, dots mean a single cell and colors indicate different expression level.


We then investigated the distribution of ACE2 and TMPRSS2 in different cell types (Figures 3C,D). Similar to the findings of bulk RNA-seq data, the proportion of ACE2+ and TMPRESS2+ cells were low in many cell types of the placenta. In 32 types of cells, 19 and 17 cell types contained ACE2+ cells and TMPRESS2+ cells, respectively. ACE2 was mainly expressed in perivascular cells, stromal cells, trophoblasts, and TMPRESS2 was mainly expressed in epithelium, fibroblasts, and trophoblasts.

We next sought to find out the cell types in which the two cofactors were expressed simultaneously. The results (Figure 3B) showed that most placental cells did not express ACE2 and TMPRSS2 at the same time, and they were co-expressed in only five cells which all belonged to villous cytotrophoblasts (VCT), which created very unfavorable conditions for SARS-CoV-2 to infect the placenta. Results taken together indicated that the placenta provides a potent barrier against SARS-CoV-2 infection, but what is the situation like within the embryos?



SARS-CoV-2 Infection-Associated Factors Are Highly Expressed in Multiple Embryonic Tissues During Development

The expression levels of ACE2 and TMPRSS2 in 6 tissues (adrenal gland, heart, intestine, kidney, lung, and stomach) between 10th and 20th week of fetal development were investigated (Figure 4). We found that compared with the low expression level of ACE2 in placenta, the abundance of ACE2 was higher in multiple fetal tissues (almost near the 50th percentile), especially in the heart, intestine, kidney, and lung, with an average expression level exceeding the median expression level of all genes in the tissue. More interestingly, expression of ACE2 in these tissues gradually increased with the fetal development stages. By the 20th week, the expression levels of ACE2 have exceeded three quarters of all genes in heart and intestine and reached the median expression level in kidney and lung (Figure 4A).
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FIGURE 4. The expression level of SARS-CoV-2 infection-associated factors. The gene expression level in multiple embryonic tissues, the red dots and dotted lines represent the expression level of ACE2 (A) and TMPRSS2 (B) in different stages. The y-axis indicates the normalized expression (log10-transformed FPKM) of genes.


Next, we studied the expression levels and changes of TMPRSS2 in these tissues during embryonic development (Figure 4B). We noticed that the abundance of TMPRSS2 varied among different fetal tissues, but it exceeded the median expression level in intestine, kidney, lung, and stomach and kept at a stable expression level during different stages, which significantly differed from its low abundance in placenta. The results taken together suggest that in multiple fetal tissues between the 10th and 20th week of fetal development, it is sufficient for SARS-CoV-2 to infect successfully.

To further study the risk of SARS-CoV-2 infection in different fetal tissues and development stages, we established a risk assessment criterion. The expression levels of ACE2 and TMPRSS2 in adult lung and placental tissue were used as the baseline, and we classified the tissues’ intrusion risks into five levels: high, medium–high, medium, medium–low, and low (see Section “Materials and Methods,” Supplementary Table S1). Our results found that in 6 tissues between 10th and 20th week of fetal development, stomach and intestine tissues showed high risk or medium–high risk in most of the stage (Figure 5). In addition, heart, kidney, and lung were at mediate risk or medium–low risk in various fetal development stages. Adrenal tissue was at low risk from 18th to 20th week. Specifically, we found that ACE2 and TMPRSS2 expression levels were consistently higher in fetal intestinal tissue than the placental baseline expression level. In particular, both factors were higher in the intestine than the lung and placental baseline expression levels by 20th week.
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FIGURE 5. The risk of SARS-CoV-2 infection. The red line is the baseline which represents the expression levels of two SARS-CoV-2 infection-associated factors in adult lung tissue, the black line is the baseline which represents the expression levels of two SARS-CoV-2 infection-associated factors in placenta tissue. The bars reflect the expression levels of two factors in six fetal tissues during fetal development. The colors represent the different risks.




ACE2 and TMPRSS2 Are Collectively Enriched in Intestinal Pathogen Infection-Related Pathways

To look for gene modules that may be significantly related to development stages and specific tissues, we next performed weighted correlation network analysis (WGCNA) on the six fetal tissues during embryonic development stages. Results showed that totally 30 gene modules with similar gene expression patterns were identified (Figure 6A), which were not strongly related to development stages but were significantly related to specific tissues (Supplementary Figure S2). Surprisingly, ACE2 and TMPRSS2 were commonly enriched in the Brown module, which had the most significant correlation with the intestine (Pearson correlation coefficient = 0.59, value of p = 0.003). In our previous analysis, the intestine was at a high risk of being infected by SARS-CoV-2 during fetal development, so further we focused on the Brown module and sought to find out the hub gene set of it. It is found that ACE2 and TMPRSS2 were both hub genes in the Brown module, indicating that a group of genes with similar expression patterns as ACE2 and TMPRSS2 may influence the intestine organ development collectively (Figure 6B).

[image: Figure 6]

FIGURE 6. WGCNA analysis of organs of the fetus. (A) Gene dendrogram obtained by average linkage hierarchical clustering. The color row underneath the dendrogram shows the module assignment determined by the Dynamic Tree Cut. (B) The scatterplot of Gene Significance (GS) for intestine vs. Module Membership (MM) in the brown module. GS is (the absolute value of) the correlation between the gene and the trait, and for each module, MM is the correlation of the module eigengene and the gene expression profile. The red points are ACE2 or TMPRSS2 and have a highly significant correlation between GS and MM in this module.


Subsequently, we analyzed the function of hub genes in the Brown module and the biological pathways that they were involved in. These genes were significantly enriched in pathways associated with infection processes, providing further evidence that ACE2 and TMPRSS2 were co-expressed with genes associated with pathogen infection. KEGG analysis also suggested that hub genes may be related to intestinal pathogen infection pathways (Figure 7A), and GO analysis showed that more than 6% of these genes were involved in the biological processes related to T-cell activation (Figure 7B).

[image: Figure 7]

FIGURE 7. Enrichment analysis of genes of the brown module. Kyoto Encyclopedia of Genes and Genomes pathway (A) and biological process analysis results (B) of high relationship genes in intestine vs. brown module. One thousand thirty one genes (genes with MM > 0.79 and GS > 0.24) were used for enrichment analysis.





DISCUSSION

Since the outbreak of COVID-19, there have been many contradictions and controversies over whether SARS-CoV-2 can transmit through the placenta (Juan et al., 2020; Kotlyar et al., 2021). There are studies inferring whether maternal–fetal transmission happens (Gengler et al., 2021) or not (Pique-Regi et al., 2020) base on the expression level of ACE2 in placenta. Our present study showed that the expression levels of CMV and ZIKV infection-associated factors were higher in the placenta than their primary infection tissues (liver for CMV and brain for ZIKV), in consistence with previous study results, which can reflect the probability of maternal–fetal transmission to a certain extent. However, the expression levels of ACE2 were similar between lung and placenta in terms of both the absolute value and relative percentile, which cannot fully explain the low maternal–fetal transmission rate in clinical reports. Therefore, we propose that the risk of SARS-CoV-2 maternal–fetal transmission cannot be determined solely by the expression level of ACE2. Then we found that the expression level of an important SARS-CoV-2 infection-associated factor, TMPRSS2, was significantly different between lung and placenta. It was highly expressed in lung while poorly expressed in placenta, which we considered as the reason for the relatively low maternal–fetal transmission rate of SARS-CoV-2.

Further, ACE2 and TMPRSS2 were found to be co-expressed in VCT, a subtype of trophoblasts. Trophoblast is the major cell type of the placenta, and an important part of the maternal–fetal interface, that is the key basis of fetal development (Jansson, 2016). There are three main subtypes: VCT, syncytiotrophoblast (SCT), and extravillous trophoblast (EVT). VCTs are proliferative progenitor cells that play a critical role in various physiological processes in trophoblast differentiation and placenta maturation, including villi formation, nutrient exchange, and hormone production (Kreis et al., 2020). Trophoblast dysfunction is associated with several pregnancy complications, such as placenta accreta, preeclampsia, and fetal growth restriction, and the affected offspring are predisposed to certain health problems in the future (O’Tierney-Ginn and Lash, 2014). Therefore, we consider that though the probability of transplacental transmission of SARS-CoV-2 is not high, it may cause damage to fetal development once transmitted vertically.

Subsequently, our results showed that the abundance of ACE2 and TMPRSS2 was much higher in multiple embryonic tissues during different fetal development stages than in the placenta and gradually increased. In addition, estimated by our risk assessment criterion, stomach, and intestine were at a high or medium–high risk of SARS-CoV-2 infection. The results taken together suggested that SARS-CoV-2 may be transmitted from infected mothers to the fetus during the whole pregnancy and present adverse impact on multiple organs of the fetus, especially the digestive system. Though existing researches showed that most newborns delivered by COVID-19 pregnant women were asymptomatic, few with slight respiratory symptoms (Juan et al., 2020), there were also cases reporting neonatal gastrointestinal symptoms, such as vomiting and abdominal distension (Zhu et al., 2020; Fan et al., 2021) and fetal organ dysfunction including right ventricular hypertrophy, hydropericardium, and intraventricular hemorrhage (Sukhikh et al., 2021). Thus, we call for comprehensively fetal organ screening for pregnancy complicated with COVID-19.

Moreover, we found that ACE2 and TMPRSS2 were commonly enriched in intestinal immunity-related pathways and may involve in the biological processes related to infection and T-cell activation. Similarly, a recent study proposed that during pregnancy, maternally restricted infection can directly impose epigenetic changes on fetal intestinal epithelial stem cells, leading to long-lasting impacts on intestinal immune homeostasis (Lim et al., 2021). Further postnatal monitoring of offspring born to COVID-19 pregnant women is needed to investigate whether there will be long-term effect of SARS-CoV-2 maternal–fetal transmission.

However, as a preliminary study, there are still some limitations in our study. First of all, all analyses are based on transcriptome data of various tissues and cells, which may not truly represent the overall state of protein expression in vivo. In addition, the data are derived from physiological conditions of healthy people, but the infection of SARS-CoV-2 may affect the transcriptional profiles of the maternal–fetal interface and fetal tissues. Thus, the results should be interpreted with intense care and further clinical studies and confirmation experiments are necessary to get a more comprehensive conclusion.

At a time when global epidemic of COVID-19 is still serious, we call for enhanced maternal care throughout the whole pregnancy to prevent the potential impact and harm of SARS-CoV-2 maternal–fetal transmission. At the same time, more attention should be paid on relevant research, to explore the molecular mechanism of maternal–fetal transmission of the virus and provide guidance for clinical practice in the health of mothers and fetuses.
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A Case Report and Review of the Literature: Reactive Arthritis Caused by Clostridioides difficile ribotype 027
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With an annual incidence of 250-300 per 100,000 inhabitants, reactive arthritis is not uncommon. However, the fact that Clostridioides difficile infection (CDI) can also lead to this complication is largely unknown. We report on a 69-years-old man who developed reactive arthritis of his right knee joint one week after antibiotic-associated diarrhea with evidence of C. difficile of the hypervirulent ribotype 027. His female partner also became infected with C. difficile ribotype 027, but did not develop reactive arthritis. The further investigation showed that the patient - in contrast to his partner - was HLA-B27 positive and had strong antibody levels against C. difficile. The case history together with the review of 45 other cases described so far shows that C. difficile can also lead to reactive arthritis. C. difficile-associated reactive arthritis (CDARA) is characterized by the fact that patients suffer from diarrhea or colitis after taking antibiotics, toxigenic C. difficile or only the toxins are detectable in the stool and there are no other explanations for the arthritis and diarrhea.
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INTRODUCTION

The frequency of Clostridioides difficile infections (CDIs) has been increasing worldwide for more than 15 years (Rupnik et al., 2009). It is assumed that there are at least 1,500 severe CDIs in Germany per year, with regional incidences varying between 0.2 (State of Saarland) and 6.6 diseases/100,000 inhabitants (State of Saxony-Anhalt). The most accepted typing scheme of C. difficile is based on PCR ribotyping. Like has been described for the general prevalence of C. difficile, large variation of 0.6 to 37.4% has also been found in Germany for the prevalence of ribotype 027 (Marujo and Arvand, 2020), with a 10.3% prevalence rate of this C. difficile ribotype in the State of Lower Saxony (Seugendo et al., 2018). 418 (26%) of the patients registered in Germany in 2020 did not survive their illness (Robert-Koch-Institute [RKI], 2020). In the United States, around 30,000 deaths per year have been reported (Lessa et al., 2015). Almost all clinically manifest CDIs develop colitis, the symptoms of which range from simple inflammation of the mucosa to a pseudomembranous form or even a megacolon (Lübbert et al., 2014). Extraintestinal forms such as, for example, reactive arthritis have hitherto been viewed as a very rare complication. Therefore, C. difficile is mostly overlooked as the cause of this potential secondary disease (Birnbaum et al., 2008; Mattila et al., 2013). Up to date - together with our patient - a total of 46 cases of C. difficile-associated reactive arthritis (CDARA) have been described. However, information on the respective ribotype that has caused this complication is only given for one other case, making the contribution of ribotype 027 for the development of CDARA unclear at the moment.



CASE PRESENTATION

A 69-years-old man from the State of Lower Saxony, Germany, presented at his doctors practice because of mushy stool and pain in the lower abdomen that had persisted for several days. At this time, no diagnosis of C. difficile infection was done. However, abdominal sonography showed clear signs of sigmoid diverticulitis with a considerable pericolic inflammatory reaction, whereupon the patient was treated intravenously with piperacillin/combactam (3 g × 4.5 g daily) for five days. The diagnosis could be confirmed by computer tomography. His inflammation parameters decreased significantly during antibiotic therapy (drop in CRP from 100 mg/l to 20 mg/l). The antibiotic therapy had to be administered orally for the upcoming discharge. Therefore, the patient was prescribed ciprofloxacin 250 mg (1-0-1) for an additional seven days.

Under this therapy, the patient developed intestinal symptoms as early as the third day after discharge with watery, not bloody, but painful diarrhea, which occurred up to twenty times a day during the worst phase. Stool samples were cultivated on C. difficile selective agar (bioMérieux, Marcy-l’Étoile, France) for 48 hrs under anaerobic conditions. Suspected colonies were sub-cultured on COS Columbia blood agar that was enriched with 5% sheep blood (bioMérieux). C. difficile was identified with score values ≥ 2,000 using MALDI-TOF mass spectrometry (Biotyper, Bruker Daltonics, Bremen, Germany). Bacterial toxins were determined using the Quik Chek Complete (Alere Techlab, Blacksburg, United States). PCR ribotyping was performed by Maja Rupnik, Slovenia, by capillary gel electrophoresis as described before (Seugendo et al., 2018). These examinations showed as cause of this diarrhea both the cultural proof of C. difficile ribotype 027 and the presence of toxins A and B. No other intestinal pathogens were detected. Since oral metronidazole therapy quickly improved the intestinal symptoms, the patient and his partner, who lived in the same household, decided to go on vacation to an island in the Northern Sea a week later. The drive there went without any further health problems; even immediately before the crossing to the island, no joint problems were yet evident.

Immediately after arrival at their holiday home, however, his right knee was so painfully swollen that he could hardly move it and would have liked to break off the vacation he had just started. In the course of the 14 days holidays, the symptoms of diarrhea improved after taking a bland diet and a preparation containing Saccharomyces boulardii (Perenterol ®). Therefore, he decided not to break off his vacation and not to see a doctor on the island, although the knee joint was still painfully swollen and restricted in movement. According to the patient’s memory, he had already suffered reactive arthritis of the right knee joint after an enteric Salmonella infection more than 30 years ago. After his return from vacation, a previously planned total colonoscopy was performed, but the result was normal. Just five days after the colonoscopy, the patient developed another flare-up of severe intestinal infection with a high fever and severe diarrhea, so he sought medical advice.

Physical findings: We saw a 168 cm tall, 66 kg heavy patient in a reduced general condition. He stated that he had lost 9 kg in body weight and suffered from pain in the right knee joint within the last six weeks due to febrile diarrhea episodes. The function of the right knee was slightly terminally impaired in a side comparison. The cardiopulmonary auscultation findings and ECG were normal.

Diagnostic findings: Due to the pain in the right knee joint described in the anamnestic, a duplex sonography of the deep leg veins on the right was performed, which could rule out a thrombosis, but showed a slight knee joint effusion on the right. The microbiological examination of the stool again revealed C. difficile ribotype 027, so that it was most likely a relapse of its original CDI. The X-ray findings of his right knee joint still showed a slight swelling of the capsule, but no relevant joint effusion. The function was ultimately slightly impaired in a comparison of the sides (Figure 1).
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FIGURE 1. X ray of the right knee.


Intervention: With oral vancomycin therapy, his symptoms finally improved within a few days. The knee pain was treated conservatively with diclofenac resinate and local compresses with Kytta plasma for the night.

Follow-up and outcome: Further examinations did not reveal any evidence of persistent CDI in the patient. The 63-years-old female partner, who lives in the same household, was treated orally with ampicillin for a tooth abscess at the time of our patient’s relapse. As a result, five days after the start of ampicillin therapy, she developed watery, non-bloody and hardly painful diarrhea, which was treated orally with metronidazole one day after the onset of symptoms. However, since the symptoms initially improved only slightly, she also provided a stool sample for microbiological analysis. The test for C. difficile toxin A/B was positive; the cultural examination confirmed also a CDI with a RT027 strain. Since (i) C. difficile ribotype 027 is relatively rare in the State of Lower Saxony, (ii) both patients live as a pair in the very same household, and (iii) both were infected by an identical ribotype 027 at the very same time, it is very likely that they were infected by the same strain. However, since we did not perform whole genome sequencing at that time, final proof for strain identity could not be achieved. In contrast to her partner, this female patient suffered only from moderately severe diarrhea, which, however, dragged on for two months and was not accompanied by any joint involvement. Metronidazole was only taken intermittently for seven days due to poor tolerability. In addition, she did not consult a doctor because she did not suffer from fever or significant weight loss.

Analytics: Due to the diarrhea symptoms of the patient and his partner and the detection of toxigenic C. difficile strains in the examined stool, the bacterial isolates were ribotyped using PCR. Since the identical hypervirulent ribotype 027 of clade 2 was involved in both cases, it is very likely that the partner living in the same household had been infected by the patient. Interestingly, only the male patient developed reactive arthritis, and his intestinal symptoms were much more severe than those of his female partner. For this reason, we assumed an immunopathological reaction as the cause of both the more severe intestinal symptoms and the development of reactive arthritis and examined the humoral immune response of the patient and his partner to C. difficile in an immunoblot (Pantosti et al., 1989). It was shown that the patient - in contrast to his partner - had a strong humoral immune response to the low-molecular-weight S-layer protein SlpA from C. difficile, which is considered to be immunodominant (Figure 2).
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FIGURE 2. Strong humoral immune response of the patient against SlpA of three RT027 strains (reference strain, isolate of the female partner, two isolates of the patient) but not against a ribotype 002 control isolate. The arrow marks the humoral immune response against the immunodominant protein SlpA.




REVIEW OF THE LITERATURE AND DISCUSSION

We performed a literature search on PubMed Central to identify articles published as of December 14, 2021. With the help of the key words “Clostridium difficile, Clostridioides difficile” in combination with “reactive arthritis”, 53 articles could be identified. Of these, 19 were removed because they were reviews, focused on basic science studies, the patients described had co-infections or no reactive arthritis, leaving 34 relevant articles for discussion (Table 1). In addition, articles were included that are important in understanding the possible pathogenesis of C. difficile-associated reactive arthritis (CDARA).


TABLE 1. Published cases of C. difficile-associated reactive arthritis (CDARA) in chronological order.
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In the 46 patients described in Table 1, C. difficile was identified as a potential cause of reactive arthritis by culture (n = 21; 45.6%), toxin detection (n = 40; 87.0%) or a positive glutamate dehydrogenase (GDH) test from stool specimens (n = 2; 4.3%). However, ribotyping of the bacterial isolates was only carried out in two of the 46 patients described so far. The mean age of the affected patients was 37.1 years with an increased occurrence in the age group 21-30 years. There was no clear association of reactive arthritis with the sex of the patients (25 male vs. 21 female). In contrast to our patient, 72.5% of those affected had oligo- or polyarthritis (n = 29/40). As in our patient, HLA-B27 was detected in 59.0% of the patients tested (23/39). Like our patient, 89.1% (41/46) of the patients described in Table 1 fulfilled all of the criteria established by Putterman and Rubinow (26) for the diagnosis of CDARA (Table 2). Only five of the affected patients reported no pre-existing antibiosis in their anamnesis.


TABLE 2. Criteria for the diagnosis of C. difficile-associated reactive arthritis (mod. Putterman and Rubinow, 1999).
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The vast majority of patients (n = 31/41; 75.6%) took beta-lactam antibiotics in connection with reactive arthritis. Amoxicillin and ampicillin - possibly combined with a beta-lactamase inhibitor - were clearly in the foreground with 29.3% (12/41) of the patients, followed by cephalosporins with 26.8% (11/41) of the patients. Eight of the patients with antibiotics (19.5%) had taken clindamycin.

In contrast to his female partner, who was also infected with the C. difficile ribotype 027 and who did not develop reactive arthritis, HLA-B27 was detectable in our patient. He reported having had reactive arthritis after enteric Salmonella infection more than 30 years ago. Although determination of HLA-B27 was not done at that time, an association between this phenotypic marker and reactive arthritis is well known making it likely that the patient’s tendency to develop reactive arthritis after infection with defined intestinal pathogens (e.g., Salmonella enterica and C. difficile) is at least partially linked to HLA-B27 (Bentaleb et al., 2020). Even if this evidence attaches a role to HLA-B27 in the development of post-infectious reactive arthritis, only 59% of the described patients were positive for this biomarker (Table 1), making its precise involvement in pathogenesis still debatable (Bentaleb et al., 2020).

We therefore looked for other possible factors that predispose to the development of reactive arthritis after CDI or that may be suitable as prognostic biomarkers for the development of reactive arthritis after CDI in the future. Toxigenic CDI induces the production of interleukin-23, which - together with IL-17 - plays an important role in the development of inflammatory arthritis. In the context of this IL-23/IL-17 axis, B cells are activated for the production of autoantibodies (Lubberts, 2015). For this reason, we wanted to clarify whether the humoral immunity of the patient and his partner differ. In fact, a significantly stronger humoral immune response to the immunodominant C. difficile protein SlpA was detectable in the patient’s serum compared to his female partner. These data are not intended as an explanation for pathogenesis of reactive arthritis but should rather give possible other explanations for the immunological difference between the patient and his female partner. This finding is also consistent with the persistence of IgA antibodies in reactive arthritis after infections with a whole range of other pathogens (Mäki-Ikola et al., 1994). It still remains to be clarified what role these antibodies play in the pathogenesis of CDARA and whether they are suitable as prognostic biomarkers for the development of reactive arthritis after CDI.



CONCLUSION

This case shows that CDI should in principle be considered as a rare cause of reactive arthritis. The identification or further development of corresponding biomarkers would be desirable, also to improve the state of knowledge on pathogenesis.
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Oral candidiasis remains a common problem in HIV-infected individuals, especially in sub-Saharan Africa. Here, we performed the first study in Chad on the prevalence of oral yeasts carriage and oral candidiasis in HIV-positive subjects from southern Chad and analyzed the influence of HAART, CD4+ T-cell numbers, and antimycotics in 589 patients. These patients were recruited from a specialized medical center for HIV patients in Sarh and from a rural medical health dispensary in the vicinity, including a total of 384 HIV-positive and 205 HIV-negative individuals. Yeasts obtained from oral specimen were identified by MALDI-TOF MS and their antifungal susceptibility profiles determined. The overall prevalence of yeast colonization and symptomatic oral candidiasis in HIV-infected patients was 25.1%. The prevalence of oral candidiasis was higher in untreated than in HAART-treated HIV-positive patients (16% vs. 2%; p < 0.01). Oral candidiasis was furthermore associated with high fungal burdens of Candida albicans and a CD4+ T-cell number <200/μl. A shift toward non-albicans Candida species was observed under nucleoside-based HAART therapy. Azole antifungal drug resistance was only observed for the intrinsically resistant species Candida krusei and Candida glabrata. Prevalence of oral candidiasis in the studied area was very low. The species distribution was similar to other countries around the world, with C. albicans being dominant. Candida dubliniensis was not isolated. Nucleoside-based HAART therapy significantly reduced oral colonization as well as occurrence of oral candidiasis caused by C. albicans and led to a species shift toward non-albicans species. Antifungal resistance was not yet a concern in Chad.

Keywords: oral Candida colonization, HIV, AIDS, Chad, NNRIT-HAART


INTRODUCTION

Oral candidiasis is one of the most common oral lesions associated with human immunodeficiency virus infection (Holmberg and Meyer, 1986; Phelan et al., 1987; Barr, 1992; Laskaris et al., 1992; Greenspan et al., 2000; Leao et al., 2009; Chopra and Arora, 2012). It can be the first hint to the manifestation of AIDS (Klein et al., 1984; Laskaris et al., 1992; Chapple and Hamburger, 2000) and is strongly associated with esophageal candidiasis (Tavitian et al., 1986), one of the AIDS-defining illnesses (Dore and Cooper, 2001). Candida albicans is a commensal of the human gastrointestinal tract and oral mucosa. It is the most common yeast causing oropharyngeal candidiasis (Schoofs et al., 1998), but other non-albicans Candida species have also emerged in this context (De Bernardis et al., 1996; Powderly et al., 1998; Cartledge et al., 1999; Mushi et al., 2016, 2018; Ambe et al., 2020). Colonization of oral mucosal surfaces with yeasts such as C. albicans is closely correlated to symptomatic disease (oropharyngeal and esophageal candidiasis; Pappas et al., 2003) and latter one with the severity of cellular immunodeficiency, especially infected hosts with the HI virus (Mercante et al., 2006; Malele Kolisa et al., 2019). In a resource-poor setting without access to CD4+ T-cell counting and HIV viral load measurements, oral candidiasis is one of the most important clinical markers of HIV infection, disease progression, CD4+ T-cell status (Fidel, 2006; Berberi et al., 2015), and can even give a hint to antiretroviral therapy failure (Hodgson and Rachanis, 2002; Ramirez-Amador et al., 2007).

If left untreated, these lesions contribute considerably to HIV-associated morbidity (Holmberg and Meyer, 1986; Gautam et al., 2010). The prevention and treatment of oral candidiasis is therefore an important component of the maintenance of the quality of life of affected individuals (Minamoto and Rosenberg, 1997).

Between 67% and 70% of individuals infected with HIV worldwide live in Sub-Saharan Africa (Hodgson and Rachanis, 2002; UNAIDS, 2009), but there are only few reports on oral candidiasis or antifungal drug resistance from this region. Reports from Tanzania, Mali, Ghana, Uganda, Cameroon, Ivory Coast, and South Africa show that oral candidiasis still is significantly associated with HIV infection (Hamza et al., 2008; Agwu et al., 2012; Tami-Maury et al., 2012; Kwamin et al., 2013; Konate et al., 2017; Malele Kolisa et al., 2019; Ambe et al., 2020).

In the general population of Chad, the HIV prevalence amounts to approximately 3.4% (UNAIDS, 2009), but may be as high as 10% in urban areas, such as Sarh. As in other Sub-Saharan countries (Hodgson and Rachanis, 2002), sampling of the oral cavity for determination of fungi, and to an even lesser degree antifungal drug resistance testing, is not conducted on a regular basis. Diagnosis and treatment of this important opportunistic infectious disease are based on very limited knowledge and, for the most part, rely solely on clinical impression, which, however, is not always conclusive. So far, there are no data available on the prevalence of oral yeast colonization and infection, species distribution, or antifungal drug susceptibility among HIV patients of Chad.

Here, we conducted a cross-sectional study to determine the prevalence of oral yeast colonization and infection among HIV-infected and HIV-negative subjects in Chad. Furthermore, we evaluated the susceptibility of the identified isolates to antifungal drugs and analyzed the association of oral candidiasis with the degree of immunosuppression and the effects of nucleoside-based HAART and antimycotics on the oral fungal burden.



MATERIALS, METHODS, AND PATIENTS


Patient Recruitment

This study was approved by the participating institutions in Chad and the ethical committee of the University Medical Center Göttingen, Germany (21/06/07). All patients involved were informed about the aim of the study and gave their informed consent according to the Helsinki Declaration before inclusion into the study (World Medical Association, 2013).

Patients were recruited from individuals presenting for consultation to the clinic of Maingara in Sarh, the third largest city of Chad. The majority of these patients were either HIV-infected and came to their regular monthly health controls or had just been tested HIV-positive. Patients from a dispensary in Bemouli, a small health center in a rural area 50 km away from Sarh, were included into the study to enlarge the HIV-negative control group. HIV status in both groups was obtained by testing with the HIV test kit Determine HIV-1/2 (Abbott Diagnostic Medical Co. Ltd., Matsudo, Japan), and if positive, confirmed through the rapid test kit ImmunoComb II HIV 1&2 Bispot (Orgenics, Yavne, Israel). HIV positivity was only considered when both tests were positive. Both study areas are located in the subtropical South of Chad.



Anamnesis and Sampling

Sampling was performed over a period of 3 months. It included a short anamnesis, taking data on age, sex, HIV status, current, and previous opportunistic infections and medications, antiretroviral therapy, and the latest CD4+ T-cell count were directly recorded or taken from medical records. Additionally, a brief clinical examination was done, including inspection of the oral cavity. From patients presenting again during the study period, a consecutive sample and examination were taken to evaluate disease progression and effect of antimycotics or HAART therapy. Only samples from the first visit of each patient were considered for evaluation of the prevalence of fungal colonization and patients who had received antifungal or antibiotic treatment within 3 weeks before examination were excluded from this analysis. Similarly, patients having received less than 4 weeks of HAART therapy were excluded from the HAART+ group. The oral cavity of the patients was sampled by taking swabs with a sterile cotton swab (Copan, Brescia, Italy) from visible oral lesions, or when no symptoms were visible, going over tongue, hard gum, and side cheek pockets. The swab was then directly inoculated onto Sabouraud agar (Oxoid, Wesel, Germany). Due to the lack of an incubator, the plates were cultured at room temperature (26°C–28°C during nighttime, 30°C–36°C during daytime) and controlled for the growth of yeasts after 24 and 48 h. Yeast growth was confirmed by identification under the microscope. For evaluation of the fungal burden, colony-forming units (CFU) were counted (Pomarico et al., 2009). CFU counts were categorized into seven semi-quantitative classes (0: no growth; 1: single colony, 2: 2–5 CFU, 3: 6–10 CFU, 4: 11–15 CFU, 5: 16–25 CFU, 6: >25 CFU, or 7: at least partial confluent growth on a 1/8th of an agar plate). Categories 1–4 were considered as “low fungal burden” and categories 5–7 as “high fungal burden.” Samples of several colonies were generously taken from the plates including colonies of morphologically distinct appearance and stored on Sabouraud agar slants at 4°C until they were transferred to Germany.



Diagnostic Criteria

Based on the diagnostic criteria proposed by Parihar (2011) and the scoring index for oral mucositis proposed by McGuire et al. (2002), oral candidiasis was classified based on clinical and mycological observations. Confirmatory tests such as exfoliative cytology or tissue biopsy were not available on site. Patients were divided into four distinct subgroups: (a) asymptomatic, (b) mildly symptomatic, for example, a whitish or yellowish coated tongue with <50% affected area but no further clinical signs, (c) moderately symptomatic, for example, a whitish or yellowish coated tongue with >50% affected area without erythematous ground, and (d) severely symptomatic, for example, thrush and/or atrophy and/or erythema and/or other mucosal sites affected like palate or side cheek pockets (Figure 1).
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FIGURE 1. Representative samples of oral symptoms of the tongue and palate within the study group: (A,B) mild symptoms with less than 50% coverage of the tongue by whitish plaque, (C) >50% of tongue surface covered with whitish plaque, (D) median rhomboid glossitis with central atrophy, and (E) involvement of palate.


Together with the results from mycological culture (colonized vs. non-colonized and CFU counts), four different patient groups were defined: (i) yeast free irrespectively of clinical symptoms (non-carriers), (ii) culture-positive but asymptomatic (asymptomatic yeast carriers), (iii) culture-positive with mild symptoms (mildly) or moderate symptoms and low fungal burden, and (iv) culture-positive with moderate or severe symptoms with high fungal burden. Only patients of group (iv) were classified as having oral candidiasis. Yeast-positive patients with mild coating as well as yeast-positive patients with moderate coating but low fungal burden were considered colonized.



Yeast Differentiation and Drug Susceptibility Testing

In Germany, samples were recultivated on Sabouraud agar (Oxoid, Wesel, Germany) and those presenting with apparent mixed cultures by colony morphology separated and recultivated until obtaining morphological purified cultures. Isolated purified species where again identified as yeast under the microscope, then further processed with phenotypic methods (rice and Staib agar, API) and PCR in difficult cases. Additionally, all samples (live isolates) were typed and confirmed by MALDI-TOF MS (Bruker MALDI Biotyper 3.0) as described previously (Bader et al., 2011) and stored using the Cryobank system (Mast Diagnostica, Reinfeld, Germany) at −70°C. Fifteen isolates could not be re-cultured and were omitted from the resistance analyses. In nine of these, the species could be determined by sequencing of the ITS2 locus (Chen et al., 2000) amplified from DNA prepared from the storage swab.

Antifungal susceptibility testing was determined by the CLSI broth microdilution method M27-A3 (CLSI, 2008). Antimycotics tested were fluconazole, itraconazole (Discovery Fine Chemicals, Bournemouth, United Kingdom), nystatin, amphotericin B (Sigma, Taufkirchen, Germany), and caspofungin (MSD, Whitehouse St., NJ, United States). The minimal inhibitory concentration (MIC) for amphotericin B and nystatin was defined as the lowest concentration in which at least 90% of growth of the sample was inhibited, defined as MIC90, for caspofungin and the azoles, as the lowest concentration in which at least 50% of growth was inhibited (MIC50). For the quality control of the plates, the strains recommended by CLSI [C. parapsilosis (ATCC 22019) and C. krusei (ATCC 6258)] were included in the testing procedure. Species-specific breakpoints were used in accordance with the CLSI guidelines (CLSI, 2017). For polyenes such as nystatin no clinical breakpoints have yet been defined, and use of itraconazole breakpoints is discouraged. Briefly, C. albicans, C. krusei, and C. tropicalis were considered caspofungin susceptible at MIC values ≤0.25 mg/L, C. glabrata at ≤0.125 mg/L, and C. parapsilosis group isolates at ≤2 mg/L. For fluconazole, C. albicans, C. parapsilosis group, and C. tropicalis were considered susceptible at MIC values ≤2 mg/L, and C. glabrata at ≤32 mg/L. C. krusei is considered intrinsically resistant to fluconazole.



HIV Testing, CD4+ T-Cell Counting, and Antiretroviral Therapy

The HIV status and the latest CD4+ T-cell counts of the patients were taken from hospital records. HIV testing was done as described above. CD4+ T-cell counts were routinely determined (cyFlow, Partec, Münster, Germany) during regular monthly health check-ups. Only recent CD4+ T-cell counts from the 3 months prior to the first consultation and during the study period were considered for evaluation, therefore, although patients were encouraged to regularly consult the clinic, a current CD4+ T-cell count was not available for all.

Patients received antiretroviral treatment (HAART) according to the national guidelines of Chad for antiretroviral therapy, which refer to the WHO Standard (WHO, 2006). Briefly, HAART was indicated when the patient had a CD4+ T-cell count <200 cells/μl or was in WHO clinical stages IV or III with CD4+ T cells <350 cells/μl. Treatment could also be considered in patients in WHO clinical stage II when CD4+ T-cell counts were <350 cells/μl. The antiretroviral therapy available in Maingara at time of this study was TRIOMUNE, a combination of stavudine, lamivudine, and nevirapine, given twice daily. In cases of intolerability of nevirapine or tuberculosis treatment with rifampicin, patients received a combination with either efavirenz (four cases) or indinavir (four cases) instead of nevirapine.

Only samples from the first visit of each patient were considered for evaluation of the prevalence of fungal colonization and patients who had received antifungal or antibiotic treatment within 3 weeks before examination were excluded from this analysis. Similarly, patients having received less than 4 weeks of HAART therapy were excluded from the HAART+ group.



Statistics

Statistical significance was calculated using chi-square and Student’s t-test, where value of p < 0.05 were considered as significant.




RESULTS


Patients

During the study period 589 patients were seen; 441 at the clinic in Maingara (Sarh) and 148 at the medical dispensary of Bemouli (Figure 2). In Maingara 87.1% of the patients were HIV-infected (n = 384), 27.8% HIV-negative (n = 57). As there were no relevant significant differences between the HIV-negative patients from Maingara and Bemouli (data not shown), these patients were combined into one group. The mean average age was 34 in Maingara and 28 in Bemouli (Figure 2). In all subgroups, women were overrepresented (>70%). This bias is similar to reports from other African countries (Hamza et al., 2008; Agwu et al., 2012; Tami-Maury et al., 2012; Kwamin et al., 2013; Konate et al., 2017; Ambe et al., 2020), since women are more often affected by HIV than men and also more likely to consult the local health care system (UNGASS, 2008; UNAIDS, 2009). Since there were no specific or relevant differences observed between male and female subgroups, genders were not further separated for our analyses.
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FIGURE 2. Distribution of the patients according to age, gender, and HIV status. m, male; f, female; and ?, unknown.




Prevalence of Clinical Manifestations of Oral Candidiasis and Colonizing Yeasts

The majority of patients with clinical signs of oral candidiasis (Table 1; Figure 1) presented with a whitish coated tongue affecting >50% of the area without further signs of inflamed erythematous area beneath the coating (Figure 1). The second most common clinical sign was the median rhomboid glossitis (MRG), out of which the majority appeared in the HAART− group with a prevalence of 26.6% and a mean CD4+ T-cell count of <150 cells/μl. There were five cases of acute pseudomembranous candidiasis (PC; whitish creamy lesions on erythematous surface) with additionally affected palate. Two patients without HAART presented with acute PC combined with either MRG or atrophy.



TABLE 1. Distribution of symptoms according to semi-quantitative yeast culture results.
[image: Table1]

The prevalence of moderate-to-severe symptoms (Figure 3A) was significantly higher in the HIV+/HAART− group than in the HIV+/HAART+ (p < 0.01) and the HIV-negative group (p = 0.01). HIV+/HAART+ had again similar rates of severe symptoms as the HIV− control group.
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FIGURE 3. Prevalence rates of yeast species among patient groups with different HIV and treatment status. (A) Rates and degree of oral symptoms (* indicates significant differences in prevalence of moderate-to-severe symptoms), (B) rates and degree of oral yeast colonization (* indicates significant differences in prevalence of a high yeast burden), (C) association of oral colonization with disease symptoms (* indicates significant differences in moderately to severely symptomatic yeast carriers), and (D) species distribution derived from yeast-positive swabs. In panels (A–C), numbers above columns indicate size of patient subgroups. a: Y-axis of panel (D) is scaled to total number of isolates, given in parentheses after number of swabs. Due to mixed-species colonization the number of isolates can exceed number of swabs (* indicates significant differences in prevalence rates of Candida albicans).


The overall prevalence of a high yeast burden (as measured by semi-quantitative CFU counts) in the oral cavity from HIV+/HAART− was significantly higher than among those with HAART therapy (p < 0.01) but not as compared to the HIV-negative control group (p = 0.09; Figure 3B). HIV+/HAART+ patients had similar rates of oral yeast colonization as HIV-negative patients, with this group also having the lowest oral fungal burden (19% vs. 22% (HIV−) and 32% (HIV+/HAART−); Figure 3B).

No or mild symptoms were highly associated with no or low yeast growth (Table 1) in HIV-positive patients (p < 0.01). In contrast, moderate-to-severe symptoms were not necessarily associated with the isolation of yeasts in HIV+/HAART+ patients. Only 38% of patients with moderate-to-severe symptoms in the HIV+/HAART+ compared to 62% in the HIV+/HAART− group were yeast-positive.

HIV-positive patients with moderate-to-severe symptoms and a positive swab culture with high CFU were classified as having oral candidiasis. Hence, the prevalence rates were 16% in the HIV+/HAART− and 2% in the HIV+/HAART+ group (p < 0.01; Figure 3C).

Candida albicans was the most frequently isolated species in our study, being highly dominant in the HIV+/HAART− group (86%) as compared to the HIV-negative (44%; p < 0.01), and HIV+/HAART+ group (59%; p < 0.01; Figure 3D). Distributed across all patient subgroups the next most prevalent species isolated were C. krusei (Issatchenkia orientalis), followed by C. tropicalis, and, surprisingly, the non-Candida yeast species Saccharomyces cerevisiae. The frequency of C. glabrata was very low, and it was not found in the HIV-negative group from Bemouli at all. However, C. fabianii (Pichia fabianii) and the non-Candida yeast species S. cerevisiae were the second next most prevalent species there (Figure 3D), two yeast species only rarely giving rise to clinical symptoms. C. dubliniensis, which has been linked to OC in HIV patients (Gutiérrez et al., 2002), was not isolated from any of the patients, irrespectively of HIV status.

In some cases, mixed cultures of two to three species were observed: four cases in the HIV-negative group including the species C. albicans, C. glabrata, C. tropicalis, C. krusei, and S. cerevisiae, seven in the HIV+/HAART+ and three in the HIV+/HAART− group. In the HIV+/HAART+ group mixed colonization included predominantly a combination of non-albicans species (C. tropicalis, C. krusei, C. parapsilosis, C. orthopsilosis-like, C. kefyr, C. glabrata) whereas in the HIV+/HAART− group mixed colonization always included C. albicans combined either with C. tropicalis, C. krusei or C. parapsilosis.



Influence of HAART and CD4+ T-Cell Numbers on Oral Yeasts

Among the HIV-positive patients where CD4+ T-cell counts were available (n = 252), we analyzed the association of HAART therapy and CD4+ T-cell counts with oral symptoms and the degree of oral yeast colonization. Any patients receiving antifungal treatment were excluded from this analysis.

Irrespectively of the degree of symptoms high fungal burden was significantly associated with CD4+ T-cell counts ≤200 cells/μl in HIV+/HAART+ and HIV+/HAART− patients (p < 0.01).

In both HAART+ and HAART− patients with oral candidiasis we found C. albicans, alone or in combination with non-albicans species. In patients not receiving antiretroviral therapy, mixed colonization always appeared in a combination with C. albicans and with CD4+ T-cell counts <200 cells/μl (Figure 4A). Interestingly, colonization with C. glabrata or C. tropicalis was seen only in patients with a CD4+ T-cell count <200 cells/μl in both groups but without severe clinical symptoms. Other species such as C. guilliermondii, C. krusei, and C. parapsilosis group species were mainly found at low abundance when CD4+ T-cell counts were >300 cells/μl. The same was true for the non-Candida yeast species S. cerevisiae that was probably a transient organism in isolated cases.
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FIGURE 4. Influence of Triomune HAART therapy on oral symptoms and yeast colonization in HIV-positive patients. (A) Association of CD4+ T-cell numbers with observational parameters investigated, (B) CD4+ T-cell numbers, (C) oral symptoms, (D) fungal burden, and (E) colonizing yeast species observed in HIV-positive patients with different lengths of Triomune HAART therapy (up to 0.25, 1, 2, and more than 2 years after initiation). Boxed regions in panel (A) denote CD4+ T-cell numbers below 200 cells/μl (dark grey) and 200–350 cells/μl (light grey). Numbers in panel (B) are mean values.


For those patients where no growth of yeasts was found in the oral cavity, there was no significant difference in CD4+ T-cell counts between HIV-infected patients under HAART and without antiretroviral therapy (p > 0.5).

The majority of the HIV-infected patients receiving antiretroviral therapy without presence of yeasts in the oral cavity had been receiving HAART already for over 1 year. Division of the patients into subgroups according to the length of HAART therapy (Figures 4B–E) showed that groups with at least 1 year of treatment had higher CD4 counts than the group with 3 months of treatment, as well as a lower frequency of severe oral symptoms, colonization, and high fungal burden, as well as reduced colonization specifically with C. albicans and a rise in colonization with non-albicans species (Figure 4E). The presence of oral candidiasis is not completely eradicated after HAART for 1 year, cases are still seen even with a treatment exceeding this time (Figures 4A–D). Similarly, colonization with yeasts in symptom-free patients and cases with high colonization are still present.



Antifungal Treatment and Drug Susceptibility

Antifungal susceptibility testing showed that no particularly unusual resistance phenotype was present among the isolates obtained in this study (Figure 5). If observed, higher MIC values were within the previously reported ranges for that particular species (Pfaller et al., 2006, 2010, 2011). Mainly, high MICs for azoles and polyenes were found in C. krusei and C. glabrata, however, the majority of patients harboring C. glabrata or C. krusei had no previous history of antifungal treatment (data not shown). Increased echinocandin MICs were only found for isolates from the C. parapsilosis group (C. ortho-, meta-, and parapsilosis), which, however, were within normal ranges observed for these species (Diekema et al., 2009). All colonized or infected patients without HAART but receiving antifungal therapy (n = 11) responded positively with reduction of oral colonization or symptoms (data not shown).
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FIGURE 5. Antifungal drug resistance. Susceptibility distribution to five common antifungals, stratified by species. For color codes see inset, species-specific breakpoints are briefly outlined in the Methods section.





DISCUSSION

Oral candidiasis is a common opportunistic infection and often a first AIDS-defining disease in HIV-infected patients (Klein et al., 1984; Laskaris et al., 1992; Chapple and Hamburger, 2000). However, only a few studies on the prevalence of yeasts in the oral cavity of HIV-positive patients (Hodgson and Rachanis, 2002; Owotade et al., 2013; Africa and Abrantes, 2017) have been performed in sub-Saharan African countries. For Chad, no data are available at all. Here, we have studied the prevalence and epidemiology of oral asymptomatic and symptomatic yeast carriage of HIV-infected patients vs. non-HIV-infected individuals as controls from southern Chad and analyzed the impact of HAART and CD4+ T-cell numbers on oral yeast colonization and infection in HIV-infected individuals.

Historically, median rhomboid glossitis (MRG) was thought to be a developmental anomaly. However, in the 1970s C. albicans was identified in all patients presenting with median rhomboid glossitis giving evidence that MRG is caused by chronic fungal infection (Cooke, 1975; Wright, 1978). Starting in 1990, MRG was found to be common in HIV-infected patients, (Flaitz and Hicks, 1999; Barasch et al., 2000; Okunseri et al., 2003; Lalla et al., 2013). Very few studies highlight or distinguish between the appearance of the different candidiasis forms and study their epidemiology. A study performed in Zambia (Hodgson, 1997) described that erythematous candidiasis (EC) was associated with CD4+ T-cell counts <200 cells/μl. It seems that there is a correlation of the appearance of EC (and possibly MRG) with the absence of HAART treatment which is supported by our findings and other studies (Bodhade et al., 2011). In a study in Tanzania including patients under HAART the prevalence of EC was only 1.4% (Hamza et al., 2008).

Compared with other African studies, where the prevalence of oral candidiasis ranged from 42% in Cameroon (Ambe et al., 2020), 60% in Nigeria (Nweze and Ogbonnaya, 2011) 65% in Malawi (McCullough et al., 2001) up to 80% in South Africa (Patel et al., 2006), Ghana (Kwamin et al., 2013) and Ivory coast (Konate et al., 2017) the prevalence in the studied area in Chad was surprisingly low. These differences may be due to the differences in the selected study groups, diagnostic tools and criteria, and experience of the investigators. However, our data support previous findings (Jordan, 2007; Patel et al., 2012; Ambe et al., 2020) where investigations toward the correlation between oral manifestations and antiretroviral therapy found that oral Candida infections are less likely to develop when on HAART. This has been shown as well in a study among HIV patients in Nigeria, where the oral colonization rate and OC among HIV patients treated with HAART was only 20% and 0.5%, respectively, (Osaigbovo et al., 2017).

In our study, oral candidiasis emerged irrespectively of HAART when CD4+ T-cell counts were <200 cells/μl and was mainly caused by C. albicans. This is similar to reports from Tanzania (Matee et al., 2000), Ghana (Kwamin et al., 2013), Cameroon (Ambe et al., 2020), and India (Lattif et al., 2004; Anwar et al., 2012), where oral candidiasis is associated with CD4+ T-cell counts <200 cells/μl. Severe symptoms indicative of candidiasis were seen in only two patients with CD4+ T-cell counts >300 cells/μl. Whether the non-albicans Candida species present in both these cases were the cause of disease could not be clarified.

In the vast majority of cases based on the classification of having severe oral symptoms together with a yeast-positive oral swab lead us to suspect a CD4+ T-cell count <200 cells/μl. This monitoring strategy could help to initiate HAART and antifungal therapy in resource-poor settings. For patients who are not yet under HAART the probability that a patient presenting with severe oral symptoms is colonized by yeasts is high. In that group, 60% of the patients with severe symptoms were swab positive, had a mean CD4+ T-cell count <200 cells/μl, and were mainly infected with C. albicans.

In our study, the incidence of oral candidiasis significantly decreased under HAART like in other studies (Powderly et al., 1998; Yang et al., 2006; Lourenco et al., 2011; Ambe et al., 2020), but does not totally eliminate Candida from the oral microbiome, as has been described before (Cauda et al., 1999; Yang et al., 2006). With ongoing time of HAART, a shift toward non-albicans species was observed, which also correlated with a rise in CD4+ T-cell numbers. As oral candidiasis caused by C. albicans is still highly associated with a CD4+ T-cell count <200 cells/μl even in patients with a longer period of time of HAART, it is likely that the improvement of the immune function under HAART with increased CD4+ T-cell counts and decreased viral loads may be responsible for the decrease of oral candidiasis caused by C. albicans (Fethi et al., 2005; Sanchez-Vargas et al., 2005; Fidel, 2006; Yang et al., 2006; Ortega et al., 2009; Wu et al., 2012; Ribeiro et al., 2015; Maheshwari et al., 2016) and the emergence of non-albicans species colonizing the oral cavity of HIV-infected patients (Nweze and Ogbonnaya, 2011; Maheshwari et al., 2016).

In our setting, a basic selection of drugs was available to treat and prevent the most common AIDS-related opportunistic diseases, including a limited supply of antimycotics. Antifungal treatment was administered when patients presented with dermatomycoses or oral thrush, or in some cases in the absence of clinical symptoms when CD4+ T-cell numbers were <200 cells/μl. Patients received either azoles (oral fluconazole or ketoconazole) or polyenes (mouthwash with amphotericin B or nystatin).

Previous studies suggested that repeated exposure to azole antifungal agents might predispose for colonization and infection by non-albicans species, caused through the selection of less susceptible species like C. glabrata or C. krusei, especially in patients suffering from oropharyngeal candidiasis (Schoofs et al., 1998; Cartledge et al., 1999; Hope et al., 2002; Snydman, 2003; Melo et al., 2004; Enwuru et al., 2008; Hamza et al., 2008; Agwu et al., 2012; Maheshwari et al., 2016; Africa and Abrantes, 2017). The restricted and rare use of antimycotics, due to restricted availability in Chad, may explain the absence of resistant C. albicans isolates, but not the species shift to non-albicans Candida species in HIV patients.

A limitation of the study is that the lack of a 35°C incubator in the Chad laboratory might have influenced the Candida growth results, including the CFUs. In addition, the need to preselect colonies on site while performing species identification only after re-culture may have led to underestimation of non-albicans Candida species.



CONCLUSION

The HIV-infected patients in Chad enrolled in our study presented with an oral yeast flora comparable to other sub-Saharan African countries with C. albicans being the predominant species. Oral candidiasis still remains a significant opportunistic infectious disease in advanced stages of AIDS with CD4+ T-cell counts <200 cells/μl. Under HAART, a significant reduction of the fungal burden in the oral cavity was seen. It is likely that HAART led to restoration of the immune system with a rise in CD4+ T-cell counts that protected the oral cavity against fungal colonization with C. albicans. Higher CD4+ T-cell counts also correlated with lower oral yeast colonization and the emergence of non-albicans species, possibly through repression of C. albicans. Antifungal resistance is not yet a concern in Chad. The intrinsically azole-resistant species C. krusei and C. glabrata were observed although a selection through azole treatment toward these species could not be demonstrated.
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The coronavirus disease 2019 (COVID-19) vaccines have very successfully decreased the disease risk as we know; some key information remains unknown due to the short development history and the lack of long-term follow-up studies in vaccinated populations. One of the unanswered issues is the protection duration conferred after COVID-19 vaccination, which appears to play a pivotal role in the future impact of pathogens and is critical to inform the public health response and policy decisions. Here, we review current information on the long-term effectiveness of different COVID-19 vaccines, persistence of immunogenicity, and gaps in knowledge. Meanwhile, we also discuss the influencing factors and future study prospects on this topic.
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INTRODUCTION

An emerging infectious respiratory disease named as coronavirus disease 2019 (COVID-19) was caused by SARS-CoV-2 infection, which has spread worldwide and led to a tremendous disease burden. According to the World Health Organization (WHO), as of December 2021, there have been more than 290 million confirmed cases of COVID-19 and nearly 5.4 million deaths [World Health Organization (WHO), 2021e]. As the war against SARS-CoV-2 began, companies and research institutions have raced to develop COVID-19 vaccines at an unprecedented speed. Encouragingly, the preventive COVID-19 vaccine was developed just months after the beginning of the pandemic, which was undoubtedly a milestone in the development of human vaccines. There have been currently 23 COVID-19 vaccines approved for use in different countries [World Health Organization (WHO), 2021a], and 8 have WHO emergency use listing (EUL) authorization [World Health Organization (WHO), 2021c], including BNT162b2 (Pfizer/BioNTech, New York/Mainz, NY, United States/Germany), mRNA-1273 (Moderna Biotech, Cambridge, MA, United States), Ad26.COV2. S (Janssen, Raritan, NJ, United States), AZD1222 (Oxford/AstraZeneca, Oxford/London, United Kingdom), CoronaVac (Sinovac, Beijing, China), BBIBP-CorV (Sinopharm, Beijing, China), Covishield (Serum Institute of India Pvt. Ltd., Pune, India) and COVAXIN (Bharat Biotech, Hyderabad, India). As the widespread immunization campaign is being rapidly implemented around the world, most countries have achieved high levels of vaccination coverage with a total of more than 8,600 million doses that have been administered to date [World Health Organization (WHO), 2021e]. However, approximately 2 years since SARS-CoV-2 was first identified, there is critical information that remains unknown, let alone frequent mutations of the virus that make things more complicated. Thousands of cumulative mutations have occurred since the emergence of the virus, while only a few of them have a notable effect of the spread and virulence of the virus (Chen et al., 2020; Li et al., 2020). The WHO defined three classes of SARS-CoV-2 variants based on the risk posed to global public health, including the variant of concern (VOC), variant of interest (VOI), and variant under monitoring (VUM) [World Health Organization (WHO), 2021d]. As a class of variants that pose the greatest threat, the designated VOCs include Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529), according to the data updated on December 31, 2021. Although widespread mass vaccination campaigns had been implemented globally in the second half of 2021, the Delta variant that emerged in October 2020 in India led to a new wave of outbreak and became a predominance in most countries, even in Israel and Singapore where the vaccination coverages were already high (more than 50% in June 2021). In early November, 2021, the resurgent outbreak in Europe pushed the number of new COVID-19 cases past previous peaks. The spike of breakthrough infections began to raise concerns about the vaccine effectiveness (VE) against variants, but the extent to which reduced effectiveness is a result of the new variant remains not yet clear. To make matters worse, a new variant named “Omicron,” which was first reported to the WHO from South Africa on November 24, 2021, has been spreading rapidly and has ravaged South Africa and Europe before Christmas, even involved the United Kingdom and Denmark where the vaccination coverage were about 70%. All these prompted vaccinees to intend to figure out whether the immunity conferred after vaccination has waned over time. Thus, the duration of COVID-19 vaccine protection is an urgent issue that needs to be studied and explained.



IS THE VACCINE EFFECTIVENESS REALLY WANING OVER TIME?

Several vaccines have shown good efficacy in their phase 3 clinical trials, but only a few have completed relatively long-term follow-up for protection. As shown in Figure 1, the recent studies (Andrews et al., 2021; Chemaitelly et al., 2021; Lin et al., 2021; Tartof et al., 2021) of long-term VE for BNT162b2 (Figure 1A), mRNA-1273 (Figure 1B), AZD1222 (Figure 1C), and Ad26.COV2.S (Figure 1D) suggested that these vaccines differ widely on the extents of waning VE over time in symptomatic COVID-19 cases or asymptomatic infections caused by the Delta variant. As the world’s first COVID-19 vaccine was added to EUL, BNT162b2 has currently been approved for use in more than 100 countries, as well as the most studied vaccine. According to Figure 1A, in the context of the Delta variant as the dominant epidemic strain, the VE of BNT162b2 against symptomatic COVID-19 or infection overall appeared to peak 1–2 months after two doses (83.3–94.3%) and began to decrease apparently after 3 months. Waning VE was most pronounced in a one test-negative case–control study conducted in a population aged 12 and older in Qatar (Chemaitelly et al., 2021); the results showed that the VE of BNT162b2 against SARS-CoV-2 infection was less than 50% within 10–14 weeks after two doses and could not even be observed after 20 weeks—there was no difference in the incidence of infection between vaccinated and unvaccinated population. Lin et al. (2021) recently published a retrospective study that simultaneously evaluated the long-term VE against the symptomatic COVID-19 disease of BNT162b2, mRNA-1273, and Ad26.COV2.S in a population aged 12 and older in North Carolina, United States. In that study, the VE for BNT162b2 and mRNA-1273 against symptomatic disease within 1–3 months after two doses of vaccination peaked at 94.3 and 96.0%, respectively. However, the VE for BNT162b2 has decreased to 63.2% at 8–9 months, while mRNA-1273 remained more than 80% (Figures 1A,B). Since Ad26.COV2.S was not deployed until March 2021 in the United States and was suspended for a short period due to safety concerns, the information about its effectiveness is limited. Based on the available data in North Carolina, the effectiveness of a single dose of Ad26.COV2.S ramped to a peak level that seemed to be lower than the effectiveness of the two doses of mRNA vaccines 1 month after vaccination in the pre-Delta period, but there was little loss of VE caused by the Delta variant at 6–7 months (Figure 1D). In addition, a study from the United Kingdom (Andrews et al., 2021), using a test-negative design, demonstrated waning VE against symptomatic disease for BNT162b2 and AZD1222. Among individuals aged 16 and older with full vaccination, after 20 weeks, the VE for AZD1222 and BNT162b2 were both approximately 20% lower than their peaks (Figures 1A,C).
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FIGURE 1. Long-term VE against infection or symptomatic disease caused by SARS-CoV-2 Delta variant. The line chart shows the trends over time of the VE against infection or symptomatic disease caused by the Delta variant after two doses of (A) BNT162b2, (B) mRNA-1273, and (C) AZD1222 and one dose of (D) Ad26.COV2.S. The reference numbers in the figure are the same as those in the text. The study as reference 7 (Andrews et al., 2021) was conducted in population aged 16 and older in the United Kingdom using test-negative case–control design. The study as reference 8 (Lin et al., 2021) was conducted in population aged 12 and older in North Carolina, United States, using a retrospective design based on the COVID-19 Surveillance System. The study as reference 9 (Chemaitelly et al., 2021) was conducted in population aged 12 and older in Qatar using test-negative case–control design. The study as reference 10 (Tartof et al., 2021) was conducted in population aged 12 and older in Southern California, United States, using retrospective design based on the healthcare system. In this review, the VE data from references 7 and 8 were for symptomatic COVID-19 disease, while the data from reference 9 and 10 were for all monitored SARS-CoV-2 infections.


Furthermore, there is no significant correlation between the extent of waning VE and age, notwithstanding the lower peak VE in the elderly (Andrews et al., 2021; Chemaitelly et al., 2021; Tartof et al., 2021). Despite the fact that male sex has been found to experience more severe COVID-19 outcomes than females (Kelada et al., 2020), to our knowledge, there are no data to support the effect of sex on the level and waning of VE (Bruxvoort et al., 2021; Lin et al., 2021; Thomas et al., 2021). One good news is that there is also no evidence of the waning VE against hospitalizations and deaths. About half a year after the full vaccination, the VE against severe outcomes remains more than 75% for BNT162b2, mRNA-1273, and AZD1222 and more than 68% for Ad26.COV2.S (Bajema et al., 2021; Nunes et al., 2021; Self et al., 2021; Thompson et al., 2021). However, it is still too early to tell with the insufficient follow-up whether the waning VE against severe outcomes might occur after more time has elapsed, and it is unclear whether the Omicron variant will weaken VE further or faster.

Overall, based on the findings thus far, although the results vary from study to study, it is generally considered that VE might begin to decline over time around 3 months after the full vaccination. Among the licensed COVID-19 vaccines continuously monitored, the duration of VE against symptomatic infection for mRNA-1273 may be relatively optimistic, while almost all showed persistence in protecting against hospitalization and death after 6 months.



WHAT FACTORS INFLUENCE THE DURATION OF PROTECTION?

There are several contributing factors in the duration of VE, which might be summarized into three categories: research methodologies, vaccine-induced immune responses, and SARS-CoV-2 variants.

Different approaches to assess waning VE, including study design, objects, sites, and the statistical method, may yield different results. For instance, the statistical data from a randomized controlled trial, real-world test-negative case–control designed study, retrospective study attached to the public health system, and a lot more may have varying degrees of reliability and bias. It is important to note that the disproportionate risk of infection in individuals vaccinated early due to some strategy, the great diversity in means of obtaining confirmed cases or government interventions, and the changing dominant variants over time make the conclusions of studies conducted in specific settings need to be carefully employed. Although the data included in Figure 1 in this review were only for the Delta variant, as well as from very similar study periods and populations, there is a potential limitation that the results of different studies may not be comparable, with the confounding factors mentioned above. Nevertheless, longer-term follow-up studies with larger population sizes will provide a more consistent picture of waning VE, which is always critical for public health response and policy decisions.

The VE is undoubtedly closely related to the type and characteristics of the vaccine since the action mechanism of vaccines developed along different technical routes is different, such as the level of antibodies or the number of long-lived immune cells the vaccine induces. Yet, whether a neutralizing antibody (NAb) is necessary mechanism in mediating protection remains controversial. One study published in May 2021 (Khoury et al., 2021) suggested that the neutralization level was highly predictive of immune protection and predicted that the immune protection from infection may wane over time as neutralization levels decline based on a model. This prediction seems to be matched by subsequent studies on the durability of the antibody induced by mRNA vaccines (Andrews et al., 2021; Falsey et al., 2021). Collier et al. (2021) conducted a study on the differential kinetics of immune responses elicited by two mRNA vaccines (two doses) and Ad26.COV2.S (one dose) over an 8-month follow-up period. The results of the kinetics of live virus-neutralizing antibody responses showed that BNT162b2 and mRNA-1273 vaccines were characterized by high peak neutralizing antibody responses that declined sharply by 6 months (BNT162b2: 1,789–543; mRNA-1273: 5,848–1,524) and the responses declined further by 8 months (BNT162b2: 543–53; mRNA-1273: 1524–133), while the Ad26.COV2.S induced lower initial antibody responses but were relatively stable with minimal-to-no evidence of decline. However, with all three vaccines, there were generally stable antibody-dependent cellular phagocytosis and complement deposition responses, and there was no clear trend overall in the percentage of CD4 + and CD8 + T cells at 8 months. The data from Lin et al. (2021)’s study on the waning VE in North Carolina mentioned above seems to be perfectly explained by these antibody results, although the correlations of protection from SARS-CoV-2 are not yet defined. Conversely, some researchers believe that decreased neutralizing activity in vitro does not, on its own, predict that vaccines will be ineffective. Despite the fact that a decline was observed in neutralization response, vaccinees retained a neutralization capability against the Beta variant, possibly due to vaccination stimulating a cross-variant immune response (Corbett et al., 2021; Dejnirattisai et al., 2021; Stamatatos et al., 2021), as emerging evidence suggests that NAbs might not be the only mechanism of protection. T cells and non-NAbs are considered to also play a vital role in regard to the protection against COVID-19 (Geers et al., 2021; Reynolds et al., 2021; Tan et al., 2021; Tarke et al., 2021). SARS-CoV-2 spike-specific T-cell response induced upon COVID-19 vaccination or infection appears to be more robust and persistent than expected (Sekine et al., 2020; Collier et al., 2021), and remains responsive to the variants, including Omicron (Keeton et al., 2021), but the extent to which long-lived specific T cells contribute to protection needs to be studied in depth. Moreover, it turned out that a longer interval between the first and second doses of COVID-19 vaccines might confer stronger immune responses against SARS-CoV-2 (Payne et al., 2021; Voysey et al., 2021). It has been argued that the long dosing interval gives rise to T cells that are more typical of helper T cells and long-term memory T cells that promote the memory and generation of antibodies (Mahase, 2021). However, the concern with longer regimen is the increased infection risk during the interval when the single dose of most COVID-19 vaccines provides limited protection.

Indeed, the unknown aspect of the virus is the worst enemy in the fight against the future outbreak. The combination of the replication and recombination of the RNA of the virus in a huge number of individuals is conducive to the emergence of variants with improved transmissibility and increased immunological escape (Burkert et al., 2021; Krause et al., 2021), some of which are even untraceable. It is vital to remain vigilant and monitor the variants arising around the globe, as well as the trends during the outbreak.

On the basis of the available data, the mainstream viewpoint seems to be that the Delta variant had little effect on VE. In October, 2021, a published study (Lucas et al., 2021) on the effectiveness of the two mRNA vaccines against 16 epidemic variants revealed that Delta was less concerning for Nab escape than Gamma and Beta. Another study also found no significant difference in the extents of waning VE among different variants (Tartof et al., 2021). There have been data supporting that the rise in vaccine breakthroughs associated with Delta is more probably associated with its high transmissibility and increased viral load prior to symptoms (Bolze et al., 2021; Challen et al., 2021; Lopez Bernal et al., 2021; Lustig et al., 2021). Blaiszik et al. (2021) concluded in one study that the waning VE appears to be driven by the demographic factors affecting the composition of vaccinated cohorts, particularly as pertains to age distribution. Although the Delta variant currently had a negligible effect on VE, a continued adaptation of SARS-CoV-2 to human transmission and immune escape seems inevitable. The Omicron variant is believed to pose a grave threat to humans because there are at least 32 amino acid mutations that occurred in spike protein, which is the target antigen for current COVID-19 vaccines, while the number of that for Delta is only 15 (Jhun et al., 2021). The preliminary evidence suggested an increased risk of reinfection with this variant, as compared to other VOCs. However, with a limited knowledge of Omicron, data are needed to support whether existing vaccines can still protect against this variant.



FUTURE CONSIDERATIONS

Given the above, the factors influencing the duration of protection are intricate. Whether the wanning VE is the cause of the periodic outbreaks in waves remains a mystery. However, what is clear is that much more needs to be done to fill in the information gaps in COVID-19. On the one hand, a more indestructible public health system should be established to keep pace with SARS-CoV-2 variants and make decisions quickly based on strong clinical evidence. On the other hand, the rapid global deployment of licensed and effective vaccines remains an urgent and vital public health priority, while safer, more effective and broad-spectrum vaccines with different delivery routes still imminently need to be developed worldwide.

As part of effort, several studies on sequential booster vaccination have been carried out. Based on current results, the safety is reassuring; the immunogenicity and even the VE can be greatly improved after both homologous and heterologous booster vaccinations (Barda et al., 2021; Borobia et al., 2021; Choi et al., 2021; Falsey et al., 2021; Grange et al., 2021; Hall et al., 2021). By 1 month after dose 3 of BNT162b2 (administered at 7–9 months after the primary two-dose series), neutralization geometric mean titers (GMTs) against wild-type virus increased to more than five times as high (in 18-to-55-year-olds: 387–2,119) and to more than seven times as high (in 65-to-85-year-olds: 261–2,032) as the GMTs 1 month after dose 2, and a similar pattern was seen in the assays of neutralization GMTs against the Delta variant (Falsey et al., 2021). Meanwhile, BNT162b2 given as a second dose in individuals prime-vaccinated with a single dose of AZD1222 (the interval was 8–12 weeks) induced a robust immune response, with significantly higher GMTs after 14 days in the booster dose recipients than those who did not receive the booster dose (1,905.69 vs. 41.81; P < 0.0001) (Borobia et al., 2021). Moreover, a large-scale observational study (Barda et al., 2021) in Israel encouragingly demonstrated that the effectiveness of the third BNT162b2 dose administered at more than 5 months after the second dose, compared with two doses only, was estimated to be 93% against hospitalization, 92% against severe disease, and 81% against COVID-19-related death. The data from Moderna were also impressive; wild-type virus neutralization was 3.8-fold higher 2 weeks after 50 μg booster doses of mRNA-1273 (mean boost interval of 6.7 months), compared to peak titers measured 1 month after the primary series in healthy adults (Choi et al., 2021). It also emerged that the mRNA-1273 booster increased neutralization against the other VOCs or VOIs to the levels that were statistically equivalent to the wild-type benchmarks. It is interesting to note that Atmar et al. (2021) recently conducted a study on booster doses with nine different combinations based on three vaccines (BNT162b2, mRNA-1273, and Ad26.COV2.S), which reported that homologous boost increased neutralizing antibody titers 4.2–20-fold whereas heterologous boost increased 6.2–76-fold (mean boost interval of 13.7–24.1 months). There were signs that heterologous prime boost strategies might offer immunological advantages to optimize the breadth and longevity of protection achieved with currently available vaccines. However, little evidence has been published on the long-term VE of either homologous or heterologous booster regimen, and more data are needed to further support the VE of a booster dose against the newer variant. So far, more than 50 countries have confirmed COVID-19 vaccine booster or additional doses, although the WHO has not yet recommended booster doses due to the unbalanced allocation of vaccine resources (World Health Organization (WHO), 2021b). In addition, the relationship between measured immunity and clinical protection conferred after vaccination or natural infection conduces to plan the next steps in vaccine campaign. In most instances for now, it seems inappropriate to perform direct comparisons of neutralizing antibody titers among diverse human trials for different vaccines measured by different neutralization assays (Khoury et al., 2020). Although the WHO international standard (IS) for anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/136) was available in December 2020, the standardization and harmonization in laboratory testing take some time to move on (Infantino et al., 2021). Another significant refinement should be to figure out the correlation between serological markers and protection against infection, disease or adverse outcomes, and to identify if any other markers provide a better predictive value than neutralization.

As natural immunity builds in the population, SARS-CoV-2 variants may be increasingly selected as immune escape variants. It is almost unlikely that a booster shot of vaccine based on the original strain of SARS-CoV-2 would always be able to block out the variants. The reestablishment of antigenic composition is in urgent need to fight against the emergent VOCs. According to the official statement, Pfizer and BioNTech have already started the development of a variant-specific vaccine for Omicron and expected to have it available by March 2022. It should be also noted that effective vaccination strategies need not be restricted to a single route. There are eight intranasal spray COVID-19 vaccines currently under clinical development worldwide according to the WHO (World Health Organization (WHO), 2021a); however, no intranasal COVID-19 vaccine has been approved for use to date. Compared to intramuscular vaccines, intranasal vaccines provide two additional layers of protection: one is vaccine-induced IgA antibody, and the other is resident memory B and T cells in the respiratory mucosa, which are considered as powerful weapons in the prevention of respiratory infections in the whole population. One study conducted by Shin and Iwasaki (2012) indicated that memory cells primed by intramuscular vaccination can be “pulled” into mucosal sites by subsequent mucosal vaccination. When one plus one is greater than two, the ideal vaccination strategy might use an intramuscular vaccine to induce a long-lived systemic humoral response and a broad repertoire of central memory B and T cells, followed by an intranasal booster that recruits memory B and T cells to the nasal passages and further guides their differentiation toward mucosal protection, including IgA secretion and tissue-resident memory cells in the respiratory tract (Lapuente et al., 2021; Lund and Randall, 2021). Ultimately, the goal of vaccination is to elicit long-lived protective immunity, and in addition to developing new vaccines and increasing coverage, innovative strategies might be a shortcut to achieve this.



CONCLUSION

The benefits of vaccination in reducing the risk of COVID-19 disease are clearly supported based on current evidence. Sustained and protective immunity in the population is the key to end the pandemic, which is exactly what the countries around the world need to make efforts to achieve in the years ahead. However, a continued adaptation of SARS-CoV-2 to transmission and immune escape appears to be inevitable. Facing the complex and uncertain situation, it might be urgent and effective to make continued efforts to optimize vaccine, implement prime and booster campaigns, and further explore multiple and additional layers of protection against infection. It is also highly important to monitor the evolution and mutation patterns of SARS-CoV-2, which make it possible to establish a forecasting model for viral mutations. The knowledge on the characteristics of future variants may enable shortened timelines to vaccine and therapeutic drug development and help in the control of future COVID-19 outbreak.
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Black swan events in infectious disease describe rare but devastatingly large outbreaks. While experts are skeptical that such events are predictable, it might be possible to identify the warning signs of a black swan event. Specifically, following the initiation of an outbreak, key differentiating features could serve as alerts. Such features could be derived from meta-analyses of large outbreaks for multiple infectious diseases. We hypothesized there may be common features among the pathogen, environment, and host epidemiological triad that characterize an infectious disease black swan event. Using Los Alamos National Laboratory’s tool, Analytics for Investigation of Disease Outbreaks, we investigated historical disease outbreak information and anomalous events for several infectious diseases. By studying 32 different infectious diseases and global outbreaks, we observed that in the past 20–30 years, there have been potential black swan events in the majority of infectious diseases analyzed. Importantly, these potential black swan events cannot be attributed to the first introduction of the disease to a susceptible host population. This paper describes our observations and perspectives and illustrates the value of broad analysis of data across the infectious disease realm, providing insights that may not be possible when we focus on singular infectious agents or diseases. Data analytics could be developed to warn health authorities at the beginning of an outbreak of an impending black swan event. Such tools could complement traditional epidemiological modeling to help forecast future large outbreaks and facilitate timely warning and effective, targeted resource allocation for mitigation efforts.

Keywords: black swan event, infectious disease, outbreak analysis, prediction and forecasting, visual analytic


INTRODUCTION

Disease outbreaks are primarily influenced by three factors, the pathogen, environment, and host, which form an epidemiological triangle influencing disease severity and pathogen dissemination (Scholthof, 2007). Co-evolution between these factors is a constant battle as new pathogens emerge, environmental conditions change, and hosts acquire immunity. Emerging pathogens arise as new serotypes or strains are created during pathogen replication or zoonotic transmission. The environment plays a critical role as changing migration patterns, sprawling urban development, and limited resources trigger natural and manmade crises. In the context of host susceptibility, vaccination is vital for boosting host immunity. However, challenges associated with manufacturing, distribution, and waning vaccine efficacy, contribute to host susceptibility.

The modern designation of a “black swan” event was proposed by Taleb (2007) and relies on three characteristics: (1) it is an outlier outside the scope of regular expectations; (2) it has an extreme impact; and (3) following the event, causes for the event can be rationalized. This concept can be applied to infectious disease outbreaks to describe rare but devastatingly large outbreaks. However, the criteria to define and forecast black swan disease outbreaks are still under discussion. Would black swan disease outbreaks arise due to a single factor or will they require convergence of multiple components of the epidemiological triangle? The ability to predict the specific outcome of disease outbreaks would help inform intervention strategies. Many efforts have been pursued to predict the occurrence and outcome of disease outbreaks; specifically, those with the potential to cause severe medical burden and negatively impacting society as a whole. However, additional investigation is necessary to better predict or even warn of catastrophic large disease outbreaks, which have the potential to be classified as a black swan event. Tools are needed that could at a minimum, provide timely warning, which would allow for accurate resource allocation and targeted control strategies.

Our previous research on historical outbreaks led to the development of Analytics for Investigation of Disease Outbreaks (AIDO; Velappan et al., 2019), a visual analytic tool which provides insights into the outbreak characteristics of 40 different infectious diseases. AIDO provides situational awareness during an unfolding outbreak of an infectious disease by comparing the user’s input data about the situation to a library of representative global outbreaks for that disease. AIDO provides the user with the closest matching historical outbreak that can help the user forecast the trajectory of their event. The analytic also provides detailed historic contextual data, capturing outbreak features and mitigation actions. For a single infectious disease, it is also possible to identify anomalous presentations of an unfolding outbreak by comparing the values of various properties (e.g., case counts) of the outbreak to the distribution of values for those properties of the representative library. This feature of AIDO was used in our current study to determine anomalous outbreaks with uncharacteristically high case counts. The tool also synthesizes data in our library to identify pathogen, environmental, and host features across diseases. We leveraged the large amount of data and analytics present in AIDO for 32 different infectious diseases to test our hypothesis that there may be common features from the pathogen, environment, or host epidemiological triad that characterize a potential infectious disease black swan event. We investigated whether there were (1) anomalous outbreaks that could be described for the diseases we researched, and (2) key common differentiating features that could be classified as warning signs of a potential black swan event. Here, we describe our study approach using AIDO, provide observations that support our hypothesis, and offer suggestions on how they could be used to develop new tools that provide alerts/warnings of potential black swan events in infectious disease. This study also illustrates the value of broad data analysis across the infectious disease realm to provide insights that may not be possible when we focus on singular infectious agents or diseases. We encourage the scientific community to develop new tools taking advantage of the vast and rich historical data to avoid repeating history.



AIDO APPLICATION


Identifying Potential Black Swan Outbreaks

Analytics for Investigation of Disease Outbreaks is available at https://aido.bsvgateway.org/ and contains ~650 outbreaks identified for about 40 diseases. Velappan et al. (2019) extensively describe the development of AIDO. One key analytic in this tool is anomaly detection, which provides a distribution of outbreak characteristics for a given disease across the representative outbreak library. We used the case count property to identify unusually large outbreaks for each infectious disease included in AIDO. The box and whisker plots show the total and average case counts for outbreaks of a given disease, including the upper and lower quartile values, the upper and lower extremes, and outliers to this distribution (Figure 1A). Figures 1B,C provide examples for the total case count distribution for campylobacteriosis and the average case count per day distribution for mumps, respectively. AIDO also allows visualization of the ongoing/unfolding outbreak in the anomaly detection algorithm by highlighting the “user’s input” as illustrated with dengue outbreaks in Figure 1D.
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FIGURE 1. Analytics for Investigation of Disease Outbreaks (AIDO) generated property-specific box and whisker plots for each disease to visualize outliers from each disease-specific library of outbreaks. Titles for each panel identify the largest outlier outbreaks in the distribution; (A) Plague outbreak, India 1994—The hover feature shown provides the specific values (average, upper and lower quartile, and the upper and lower extremes) for average cases/day; (B) Campylobacteriosis outbreak, New Zealand 2016—Distribution of total case counts; (C) Mumps outbreak, United Kingdom 2003—Distribution of average cases/day; and (D) Dengue outbreak, Brazil 2012—an illustration of a user’s outbreak (shown as the orange dot) in the context of the library distribution for average cases per day.


Using the AIDO disease libraries and anomaly detection algorithm, we identified potential black swan outbreaks (PBSO) for 32 infectious diseases. While AIDO has over 40 diseases in the database representing human, animal, and plant diseases, 32 have a sizeable representative library (more than 10 outbreaks) that could be used for analysis. We also focused on human diseases. We used the boxplots generated by AIDO in its anomaly detection feature, together with Tukey’s rule (Q3 + 1.5 × IQR), to identify outlier outbreaks (Tukey, 1977). The total case count for the largest outlier was compared to the average total case count values for that disease. Similar analyses were also performed with average case count/day (total case count/outbreak duration). The largest outliers showing at least an order of magnitude greater (>×10) for both characteristics, were marked as anomalous events. This criterion helped conservatively analyze the limited data sets we were working with.

In the next step, we compared the anomalous outbreaks to all other outbreaks in AIDO’s representative library for each disease. We used the outbreak descriptions provided in AIDO (event features, contextual information, and action or control measures) as well as the original data source for the given outbreak. Our goal here was to identify unique contributing and differentiating factors for the anomalous event and classify them as PBSOs based on the characteristics described by Taleb (2007).



Cross-Disease Analysis

Our analysis identified PBSOs in 17 of the 32 diseases investigated, indicating that the potential for such events exists in diverse diseases caused by multiple categories of pathogens (bacteria, viruses, and parasites), diverse modes of transmission, and regardless of endemicity of a disease. Other than the PBSOs for Zika and the Novel influenza A, all other PBSOs occurred for diseases that were not newly emerging. Fifteen diseases did not have PBSOs as identified by our criteria: Brucellosis, Chikungunya, Crimean Congo Hemorrhagic fever, Japanese encephalitis virus, Monkey pox, Nipah virus, Norovirus, Polio, Q-fever, Rift Valley virus, Severe Acute Respiratory syndrome (SARS), Shigellosis, Salmonellosis, Tularemia, and West Nile Virus.

Diseases with PBSOs are shown in Table 1 together with information indicating how they met our criteria for PBSO classification (average total case count and average cases per day for the largest outlier outbreak compared to disease specific library). Differentiating factors for the PBSOs are captured under pathogen, environment, or host categories. Environment was further sub-categorized as natural (e.g., floods and outbreaks among wild animals) or manmade (e.g., poor healthcare infrastructure and war). We invite the reader to explore the specific unusual circumstances of these PBSOs on AIDO.1 Three diseases (malaria, STEC, and Zika) had PBSOs caused by convergence of pathogen, environmental, and host differentiating factors. Vaccine-preventable diseases, such as ebola, measles, mumps, novel influenza A, pertussis, rubella, yellow fever, and dengue (has vaccine development potential) had PBSOs caused by convergence of two differentiating factors from the epidemiological triad. These were either a convergence of host and pathogen, or host and manmade environmental factors (health infrastructure and behavioral factors such as vaccine hesitancy). Natural and/or manmade environmental factors contributed to outlier outbreaks in bacterial diseases: anthrax, campylobacteriosis, cholera, leptospirosis, meningococcal disease, and plague.



TABLE 1. Potential Black Swan Outbreaks (PBSOs) identified using Analytics for Investigation of Disease Outbreaks (AIDO).
[image: Table1]

While there were no pathogen or host factors common to all PBSOs, we noted that for almost every PBSO, the manmade environment (e.g., displacement, continuing cultural practices that promote transmission, and vaccine hesitancy) consistently contributed to the magnitude of the outbreak. The human behavior contributing to the lack of mitigation and control measures occurred independent of the quality of public health infrastructure or economic status of a location. PBSOs were identified globally and not restricted to specific areas of endemic disease.

In order for an outbreak to occur, it is necessary to have a convergence of a pathogen, a susceptible host, and an environment that promotes disease transmission. Our analysis of multiple diseases suggests that in order to identify warning signs for an impending PBSO, these same categories should be considered, albeit with a higher level of resolution to include qualifying questions for pathogen, environment, and host. It is also helpful to have an understanding of “normal” or baseline outbreak characteristics for a particular disease or syndrome, which could facilitate analysis of an unfolding event, as provided by the outbreak libraries of AIDO.

As an example, let us consider the very early stages of the Corona Virus Disease 2019 (COVID-19) pandemic, when a pneumonia surveillance program in China identified a novel pathogen which had not yet spread to the rest of the world. It was determined to be from the Coronavirus family by the time the world took notice, and therefore previous SARS and MERS outbreaks could be used to define some common characteristics. Using our AIDO libraries, we compared the largest outbreaks of SARS (Hong Kong and Guangdong, China, 2003) and MERS (South Korea, 2015) to the ongoing outbreak in China (WHO, 2020 Wind et al., 2020). The unfolding COVID-19 outbreak had almost 10 times more cases than the SARS outbreak in the timeframe being compared across the three outbreaks. Additionally, the case fatality rate was an order of magnitude lower. This indicated a more transmissible pathogen.

The following types of questions could be used to identify warning signs for an impending PBSO;

1. Pathogen – Is there a new variant/serotype detected? Is there drug resistance? Is there a new vector?

Yes, a new type of Coronavirus, similar to SARS and MERS, but more transmissible. This indicated the potential for large outbreak.

2. Host – Is there is a significant susceptible population either due to vaccination gaps or poor public health infrastructure? Is there an unusual form of disease transmission?

Yes, humans have never been exposed to this pathogen and had no pre-existing immunity, and the infectivity rate was higher compared to SARS and MERS. This again suggested there was potential for large outbreak.

3. Environment – Are there behavioral conditions that could promote large scale transmission (population density changes due to mass exodus, lack of awareness, and geopolitical barriers to response)

Yes, the lack of awareness regarding the rate and mode of transmission occurred even as significant international travel continued. This too signified the potential for large outbreak.

A “yes” to any of these questions could have provided warning signs at a very early stage prior to global spread.

In the case of COVID-19, all three factors had converged to cause the global pandemic. However, our analyses have shown that any one specific circumstance could provide a warning sign, as seen from the PBSO analysis across multiple diseases. There is no requirement for a convergence of the epidemiological triad as is necessary for an outbreak to occur.




DISCUSSION

Having PBSOs identified in 17 of the 32 diseases investigated in our study strongly suggests that all types of infectious outbreaks have the potential to become black swan events. One can use the epidemiological triad of pathogen, host, and the manmade environment to identify warning signs in the early stages of any infectious disease outbreak as described above. Our observations demonstrate that historical outbreak data can be a valuable source of information beyond just case counts and durations to inform epidemiological investigations. While our study was limited to data available in AIDO, it illustrates the value of mining rich repositories of outbreak information and the potential of computational tools that could be developed to automatically generate red flags for PBSOs. Such a tool could certainly be an important weapon in the arsenal for combating a new outbreak and preventing a PBSO by targeted mitigation as opposed to expensive, blanket actions.

There are limitations to our study. We took advantage of a tool (AIDO) and data set that was easily available to us. This is a small, but representative, data set that does not include every single outbreak that has occurred in the recent 20–30 years, and therefore, our observations could be biased. Some emerging diseases were not considered. Other diseases did not have PBSOs identified because there were limited libraries of outbreaks. Diseases like norovirus, which are self-limiting, did not pass our conservative criteria, because they did not have outbreaks with dramatically high case counts.

Despite the limited data set, we were able to identify warning signs that are applicable across the infectious disease realm, as evidenced by features of the manmade environment that contributed to each identified PBSO. Our analysis was possible due to AIDO’s anomaly detection feature, and the structured manner in which contextual data for outbreaks are captured.

Since the emergence of Severe acute respiratory syndrome–related coronavirus 2 (SARS-CoV-2), experts have contemplated designating the COVID-19 pandemic as a black swan event. Many, including Taleb (2007), point to the predicted pandemic potential of an emergent respiratory pathogen as evidence that COVID-19 was not a black swan event (Norman et al., 2020). Others argue that the indirect social and economic impacts during the pandemic are the true black swan events (Wind et al., 2020). However, it is important to note the warning signs that were identified in this ongoing discussion are very similar to the pathogen, environment, and host categories that we have highlighted in our study – notably the manmade environment (human behavior).

Through this perspective, we introduce a new area for risk modeling and call for future development of data analytics that could warn health officials of an impending PBSO. Our identification of the warning signs at the early stages of the COVID-19 pandemic suggests that a computational approach could be used to find nuanced indicators are that not immediately evident. By providing a risk measure that takes into account specific pathogen, manmade environment, and host features of an unfolding outbreak, such analytics can be companion tools to traditional, accurate epidemiological models and would facilitate effective, targeted mitigation actions, and specific resource allocation.
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Humankind has been interested in reproduction for millennia. Infertility, in which male factors contribute to approximately 50%, is estimated to concern over 72 million people worldwide. Despite advances in the diagnosis, medical treatment, and psychosocial management of male infertility over the past few decades, approximately 30% of male infertility is still thought to be idiopathic. Despite emerging advances in the microbiome associated with male infertility have indicated that the microbiome may be a key factor to the management of male infertility, roles, and mechanisms of the microbiome remain ambiguous. Here, we mainly discussed the association between microbial infection in the genital tract and male infertility, effect of antimicrobial therapy on male reproduction, association between microbial dysbiosis and male infertility, and effect of probiotic intervention on male reproduction. This review made progress toward establishing a relationship between the microbiome and male infertility, and explored the role of the microbiome in male infertility. We call for more high-quality studies to focus on the relationship between microbes and male infertility, and strongly suggest increasing awareness among sterile males with microbial infection and/or microbial dysbiosis when they seek fertility help.

Keywords: microbiome, male infertility, microbial infection, microbial dysbiosis, antimicrobial agents, probiotics


INTRODUCTION

Infertility is defined as couples who have had regular sex for more than 1 year without contraception failing to conceive and has been regarded as a major global public health issue. Infertility constitutes an emotional, social, and financial burden, yet appropriate services directed toward preventing and addressing infertility are often inaccessible, unaffordable, or non-existent (Dierickx et al., 2021). Compared with female infertility, too little attention has been given to male infertility.

The topic of worldwide decline in sperm parameters is contentious (Mann et al., 2020). Manuscripts reported heterogeneous findings, with some studies confirming a decreasing trend in semen quality while others did not (Huang et al., 2017). A systematic review reported that sperm counts in western countries decreased by 50–60% between 1973 and 2011, and approximately one-third of cases remained idiopathic (Levine et al., 2017; Fainberg and Kashanian, 2019). Another study conducted a retrospective analysis of 119,972 men looking at total motile sperm count trends from 2002 to 2017 and revealed a decline of approximately 10% over the past 16 years (Tiegs et al., 2019; Mann et al., 2020). Jorgensen et al. (2012) showed an increasing trend in sperm concentration and total sperm count in 4,867 young men in Copenhagen, Denmark (Huang et al., 2017). Despite the decline in male fertility continues unabated, recent high-quality studies have demonstrated that there is indeed a decline in sperm parameters and have shown possible links for this decline in sperm parameters such as obesity, diet, and environmental toxins (Mann et al., 2020). Many efforts have been made to identify the deeper causes and develop new approaches to improve fertility in infertile men over the past few decades. However, there is currently few effective treatment to slow the decline in idiopathic male infertility.

The human microbiome is the focus of one of the most dynamic research fields of our time. The microbiome is a tiny ecosystem made up of thousands of species of microbes that mainly exist in external cavities, such as the reproductive tract, oral cavity, and gastrointestinal tract. Recent improvements in technology for collecting and analyzing DNA sequence data give a much deeper cognition of the diverse human microbiome. The complex composition of the human microbiome often poses challenges for scientists to classify and understand its effects on health. Studies in the microbiome field have found that the human microbiome plays a role in important physiological processes, such as host nutrient absorption immune system development, etc., and changes in human microbiome are closely related to the occurrence, development and treatment of a variety of diseases (Cani, 2018).

The “culture-negative” status of male reproductive tract samples in microbiological tests was once considered free of microbial infection, which has resulted in the male reproductive tract microbiota not being well described for many years. Yet, recent studies have found that a microbiota indeed exists in the male healthy reproductive tract and its body fluids, such seminal fluid and urine (Allen-Vercoe, 2013). As 16S ribosomal RNA sequencing has been applied to the microbiome of infertile males, correlations between human microbiome and semen parameters/fertility have been gradually revealed, which may be one of the important reasons why this disease has been so hard to track down in the clinic for so many years and is reluctantly called idiopathic male infertility (Lundy et al., 2020). Supplements of probiotics to modulate the microbiome have become a hotspot. It is well known that probiotics and their metabolites can alter the composition of the human microbiome and further influence the body’s metabolism and disease status. Considering that strategies using probiotics may benefit the microbial balance of the host, the influence of microbiota and probiotics on male infertility is gaining attention. Therefore, the potential of probiotics to affect the microbiome associated with male infertility has recently led to a significant increase in research interest.

Thus, the goal of this review was to give a current cognition of the microbiome’s potential effects on male infertility. In general, this review mainly included the following three aspects: the association between microbial infection in the genital tract and male infertility as well as the effect of antimicrobial therapy on male reproduction, the association between microbial dysbiosis and male infertility as well as the effect of probiotic intervention on male reproduction, and the limitations of current research as well as the suggestions for future research.



MICROBIAL INFECTION IN THE GENITAL TRACT AND MALE INFERTILITY

Studies devoted to understanding the role of microorganisms isolated in seminal fluid are conducted as early as 1976 (Kundsin et al., 1967; Busolo et al., 1984). The role of microbial infections in male infertility has been debatable (Huang et al., 2015). However, the impact of some microorganisms on male infertility has been extensively studied and established in the literature. Here, we will provide an overview of the relationship between microbial infections and male infertility. The relationship between bacterial infection, genital mycoplasmas or trachomatis infection, viral infection, and fungal infection with male infertility will be described in turn. In addition, we will present the effects of antimicrobial intervention on fertility in men with infection.


Bacterial Infection Influences Male Infertility

Escherichia coli (E. coli) is among the most common pathogens having negative effects on male infertility (Berjis et al., 2018). E. coli is the most common cause of urogenital infection (Farsimadan and Motamedifar, 2020). Studies have provided compelling evidence indicating that E. coli infection has a detrimental effect on male fertility by reducing sperm motility or vitality and changing sperm morphology (Table 1). Semen quality in patients with E. coli infection can improve after the eradication of this infection, indirectly proving the detrimental role of E. coli in the genesis of male infertility (Vicari et al., 2016). As far as is known, the detrimental effect of E. coli on sperm may be via its adhesion to sperm and/or the expression of hemolysin A, a virulence factor involved in premature acrosomal activation and sperm nuclear DNA damage (Lang et al., 2013).


TABLE 1. Effects of genital microbial infection on sperm.
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As a kind of symbiotic bacteria in human body, Staphylococcal species can attack reproductive tissues directly or through hematogenous pathway, and mediate the inflammatory response in reproductive system through innate immune pathway triggered by TLR2 (Dutta et al., 2020). Among Staphylococcal species, Staphylococcus aureus (S. aureus) is most closely related to male infertility. S. aureus may be an important adverse factor for deteriorating male reproductive function by decreasing sperm motility and increasing abnormal morphology, as well as decreasing sperm concentration (Esmailkhani et al., 2018). S. aureus along with other bacteria (E. coli, UUR, Neisseria gonorrhoeae, Enterococcus faecalis, Gardnerella vaginalis, and Streptococcus agalactiae) in male reproductive system is proved to be related to the lowering of sperm concentration, normal sperm morphology, sperm volume, and sperm vitality, as well as leads to the decreased fertilization rate, increased sperm protamine deficiency, and decreased sperm chromatin condensation (Table 1). In addition, high concentrations of S. aureus in seminal vesicles have been reported to be associated with sperm abnormalities (Esmailkhani et al., 2018). Also, S. aureus is able to immobilize and agglutinate spermatozoa, and thus colonization of S. aureus in male reproductive system should not be neglected in the treatment of male infertility (Dutta et al., 2020).

Enterococcus faecalis is found to negatively affect both sperm motility and morphology (Table 1). As mentioned in the previous paragraph, Enterococcus faecalis with other bacteria is proved to be related to the decreased semen quality.

In recent years, many other bacteria have been (e.g., Enterococcus faecalis, Gardnerella vaginalis, Helicobacter pylori, etc.) reported to be associated with male infertility, but independent studies on the relationship between single bacteria and male infertility are often lacking, so that we cannot tell which bacteria are really associated with male infertility (Merino et al., 1995; Gizzo et al., 2014; Moretti et al., 2017). Some studies have even drawn opposite conclusions about the relationship between the same bacteria and male infertility.



Infection With Genital Mycoplasmas or Trachomatis Influences Male Infertility

Since 1967, Ureaplasma spp., infection in the male reproductive system has been considered as one of the causes of male infertility (Kundsin et al., 1967). It was reported that Ureaplasma was more frequently isolated from semen of infertile men (76%) than those of fertile men (19%) as early as 1974 (Friberg and Gnarpe, 1974). Since then, the correlation between Ureaplasma spp. infection and male reproductive function has been widely studied based on standard PCR based culture. In several recent studies, Ureaplasma spp. has been isolated from the semen of infertile men with frequencies ranging from 5 to 58% and from fertile men with frequencies ranging from 3 to 31% (Andrade-Rocha, 2003; Knox et al., 2003). Most previous studies did not divide Ureaplasma spp. into these two categories when discussing its role in male reproductive function: Ureaplasma parvum (UPA) and Ureaplasma urealyticum (UUR), among which the former comprises four serovars and the latter comprises ten serovars (Pitcher et al., 2001; Burrello et al., 2004). With further in-depth research, UUR has been shown to be a pathogen with a potential etiologic role in both genital infections and male infertility (Huang et al., 2015). Evidence suggests that a negative impact on sperm parameters, including sperm concentration, sperm motility, sperm volume, sperm vitality, normal sperm morphology, pH, and reactive oxygen species (ROS), was found in infertile men with UUR infection (Table 1). There are several possible pathophysiological mechanisms of UUR infection in infertile men, including direct pathogen-related DNA damage, membrane damage by cross-reactive antigens, or alterations in nitric oxide and interleukin-17/interleukin-18 expression (Shi et al., 2007; Gimenes et al., 2014; Qian et al., 2016). Nevertheless, UPA is more common than UUR in the semen of infertile and infertile men. Compared with UUR, UPA has higher pathogenicity and affects progressive movement and secretion function of semen (Zhou et al., 2018). Thus, the role of Ureaplasma spp. in the development of male infertility is beginning to be recognized.

Chlamydia trachomatis (C. trachomatis) is considered to be one of the most common sexually transmitted pathogens of the male reproductive tract (La Vignera et al., 2014). The detection rate of C. trachomatis in infertile men was several times higher than that in healthy fertile men (Ahmadi et al., 2018). Several studies agree with the negative impact of C. trachomatis infection on sperm count, sperm motility, normal sperm morphology, ROS production, total antioxidant capacity, and the egg penetration ability of sperm of infertile men (Table 1). Furthermore, C. trachomatis infection may lead to a higher incidence of male infertility by inducing the production of anti-sperm antibodies (Soffer et al., 1990).

Mycoplasma hominis (M. hominis) is also a common sexually transmitted pathogen with global distribution. The detection rate for M. hominis in infertile men was approximately more than three times higher than that in healthy fertile men (Huang et al., 2016; Ahmadi et al., 2017). A decrease in sperm count, motility, and rates of normal morphology, along with elevated ROS levels, was found in infertile men with M. hominis infection (Table 1). As a possible mechanism to explain the male infertility caused by M. hominis infection, Francisco Javier Diaz-Garcia et al. (2006) showed that M. hominis can adhere to the head, midpiece, or tail of the spermatozoa and can be internalized within cytosolic spaces (Diaz-Garcia et al., 2006).



Viral Infection Influences Male Infertility

Human papillomavirus (HPV) is one of the well-known sexually transmitted viruses, which may lead to HPV-associated cancers in both men and women. Most studies on HPV have only focused on HPV-related diseases in women. Few data were available about HPV infection in men until a recent study showed the presence of HPV in semen (Wang et al., 2010). The findings have drawn intense attention to the effect of HPV infection on male fertility impairment (Gizzo et al., 2014). Lyu et al. (2017) showed that the pooled HPV prevalence was higher in fertility clinic attendees (20.4%, 95% CI = 16.2–24.6%) than in the general population (11.4%, 95% CI = 7.8–15.0%), providing clues to HPV prevalence in semen and its relationship with male reproductive function. HPV16 is a high-risk type of HPV commonly found in male anogenital sites, prostate, bladder, and oropharynx (Ndiaye et al., 2014; Yang et al., 2015). According to Lyu’s research, HPV16 is the most common type of HPV in semen, accounting for about 1/5 HPV-positive samples (Lyu et al., 2017). They also found that in semen, the positive rate of high-risk HPV56 was second only to that of HPV16. HPV56 is less common in HPV-related cancers (Lyu et al., 2017). Their conclusions are consistent with other evidence that HPV infection in semen may contribute to the risk of male infertility (La Vignera et al., 2015; Garolla et al., 2016). Baleful effects of HPV infection on male infertility have also been reported (Table 1), such as decreases in sperm count, sperm motility, sperm volume, and normal sperm morphology, which partly indicates that HPV infection is a risk factor for male infertility.

Impaired sperm parameters, including a decrease in semen volume, sperm count, and progressive sperm motility, as well as an increase in abnormal sperm morphology in male patients with hepatitis B virus (HBV)/hepatitis C virus (HCV) infection, have been found in several studies (Table 1). Exposure of human spermatozoa to HBV S protein enhances the early events of the apoptotic cascade and reduces sperm fertilizing capacity in vitro, which may explain the harmful effects of HBV on male infertility (J. Huang et al., 2013). Deleterious effects of HCV on male fertility are reflected not only by impaired sperm parameters but also by the lower total serum testosterone and higher serum E2 and prolactin levels than those of healthy controls (Hofny et al., 2011).

Although human immunodeficiency virus (HIV) can be detected in semen shortly after infection and during all subsequent stages of disease, current research suggests that sperm alterations can be attributed to the effects of anti-HIV therapy rather than HIV infection itself (Garolla et al., 2013; Liu et al., 2018). Nevertheless, other viruses, such as herpesviruses, cytomegalovirus, and adeno-associated virus, were also reported to be connected with male infertility; currently available evidence does not support a clear association between these factors and male fertility (Garolla et al., 2013).



Fungal Infection Influences Male Infertility

Candida albicans (C. albicans) is one of the opportunistic pathogens of genitourinary infections, and its effect on male infertility has been poorly understood until a previous study reported that C. albicans is isolated from semen samples of asymptomatic men attending an infertility clinic (Rehewy et al., 1979). Then, the role of C. albicans on male infertility has been evaluated in several studies. C. albicans as well as its filtrates had an inhibitory effect on human sperm motility and impaired the ultrastructure of human spermatozoa in vitro, which could be associated with male infertility (Tian et al., 2007). Another study showed that the presence of C. albicans inhibited fertilization of oocytes and increased sperm DNA debris (Burrello et al., 2004). Fungal communities are likely closely tied to male infertility in ways we have only begun to characterize.



Therapeutic Effects of Antimicrobial Agents on Male Reproductive Tract Infection

Asymptomatic infection, accompanied by recurrent and latent infections, is one of the major challenges in the treatment of infertility. Raising awareness on cleanliness of genital area among infertile patients and adopting appropriate means of infection prevention or control could be considered for the management of infertile men (Farsimadan and Motamedifar, 2020). Antibiotic therapy may be beneficial in maintaining or restoring normal sperm parameters in infertile men with infections and several classes of antibiotics may be used, such as quinolones, trimethoprim, tetracyclines. macrolides, β-lactam antibiotics, etc. Improvements in spermatozoal motility, including the speed of forward progression and the percentage of motile cells, were found in men who were successfully treated for UUR infection (Swenson et al., 1979). One study suggested that most semen parameters of male infertility associated with C. trachomatis infection returned to normal levels, and 42.9% of wives of C. trachomatis-infected infertile men became pregnant after antibiotic treatment (Ahmadi et al., 2018). Another study indicated that antibiotic therapy can improve semen parameters and treat male infertility induced by Mycoplasma hominis, resulting in 58.3% of female partners becoming pregnant after antibiotic therapy (Ahmadi et al., 2017). Although antibiotic treatment remains to be the cornerstone of treating bacterial/mycoplasma/chlamydia mediated infections, some antibiotics may damage sperm. Sperm damage has not been directly shown in humans in randomized clinical trials, but there is some data suggesting toxicity of certain antibiotics to testes and/or sperm in rats or mice, such as ciprofloxacin and pefloxacin, ofloxacin, lomefloxacin, tetracycline, cephalosporin and other cephalosporins, and norfloxacin (Calogero et al., 2017).

Few studies have been conducted to evaluate the efficacy of antiviral or antifungal therapy on sterile males with viral or fungal infections. Even still, researchers found that the treatment of HCV with antiviral drugs worsens semen parameters in sterile males (Hofer et al., 2010; Lorusso et al., 2010; Bukhari et al., 2018). More researches are needed to elucidate the pathologic mechanisms of the harmful effects of different microorganisms on the male reproductive system and how to stop microbial infection from damaging the male reproductive system, which will help to produce new treatments to save infertile men in the future.




MICROBIAL DYSBIOSIS AND MALE INFERTILITY

Recent studies have suggested that the composition of the human microbiota is closely related to health outcomes (Natarajan and Bhatt, 2020; Tett et al., 2021). Since then, there is growing concern about the role of microbiota in reproductive health. Here, we will give an overview of the major findings and discuss the close relationship between microbiota and male infertility. Besides, we will also present some studies on the effects of probiotic supplementation on male reproduction.


Gut Microbial Dysbiosis and Male Infertility

Most efforts on the microbiome are directed at the gastrointestinal tract, which harbors most of our microbes. Recent studies have found a direct relationship between dysbiosis of gut microbiota and male infertility, which may be an overlooked factor in clinical practice (Ding et al., 2020; Zhao et al., 2020; Lundy et al., 2021). It has been proven that the sperm concentration and motility were significantly decreased in mice treated with a high-fat diet, along with a decreased abundance of Bacteroidetes and Verrucomicrobia and an increased abundance of Firmicutes and Proteobacteria in their gut microbiota (Ding et al., 2020). Increased sperm concentration (twofold) and sperm motility (20-fold) were found after fecal microbiota transplantation from alginate oligosaccharide-dosed mice to busulfan-treated mice, and this was accompanied by an increase in the “beneficial” bacteria Bacteroidales and Bifidobacteriales (Zhang et al., 2021). Another relevant study suggested that alginate oligosaccharides can rescue busulfan-disrupted spermatogenesis in mice along with an increase in “beneficial” bacteria such as Bacteroidales and Lactobacillaceae and a decrease in “harmful” bacteria such as Desulfovibrionaceae in the gut microbiota (Zhao et al., 2020).

Although direct studies on the relationship of gut microbiota and male infertility are few, these current studies provide clues for further studies on the modification of gut microbiota in sterile male, which may provide valuable clues for treating male infertility.



Microbial Dysbiosis in the Reproductive System and Male Infertility

Compared to microbiota in other body sites, the study on microbiota in the male reproductive system is relatively lacking. Previous studies have mainly focused on the detection of known pathogens based on traditional culture-dependent methods, targeted PCR amplification, and microscope observation. With the appearance of next-generation sequencing, it has become easier to determine the complex microbiota in the male reproductive system with high accurate and more detailed understanding of its interaction with male infertility.

A large number of studies have found that the disturbance of the female reproductive tract microbiota can lead to a series of reproductive diseases (Ravel et al., 2011; Phukan et al., 2013; Petrova et al., 2015). Although the social impact of reduced male fertility has been recognized, the male reproductive tract microbiota has been poorly studied and. As mentioned above, the “culture-negative” status of male reproductive tract samples in microbiological tests was once considered free of microbial infection, which has resulted in the male reproductive tract microbiota not being well described for many years. Yet, recent emerging evidence indicates that a microbiota indeed exists in the healthy reproductive tract and its body fluids, e.g., seminal fluid and urine (Allen-Vercoe, 2013). Microbiome investigations of male infertility focused on semen samples, and the results were relatively consistent for the microbiota in infertile men’s semen. Increased abundance of Prevotella and Staphylococcus, as well as decreased abundance of Lactobacillus and Pseudomonas, were shown in some studies (Weng et al., 2014; Baud et al., 2019; Farahani et al., 2021). Additionally, the abundance of Prevotella was negatively correlated with sperm motility and abnormal sperm morphology was directly correlated with the decreased abundance of Lactobacillus (Baud et al., 2019; Farahani et al., 2021).

Studies on the testicular microbiome are rare. Massimo Alfano et al. (2018) presented the first research evidence of a link between male infertility and alterations in the testicular microbiome. Compared with normal reproductive men, infertile men lacked Bacteroidetes and Proteobacteria in the testes. Tests with negative sperm retrieval at micro-testicular sperm extraction showed a decrease in Firmicutes and Clostridium, a complete lack of Peptoniphilus asaccharolyticus, and an increase in Actinobacteria. However, the fact that the control samples were from non-tumor regions of a tumor-bearing testis made it impossible to ignore the actual influence of the tumor microenvironment on the testicular microbiome. In addition, the small sample size of each group in this study further reduces its credibility. Lundy et al. (2021) found that both Collinsella (phylum Actinobacteria) and Staphylococcus (phylum Firmicutes) were depleted in semen after vasectomy, indirectly indicating the correlation between testicular microbiota and male infertility and providing further evidence for the relationship between male infertility and testicular microbiota. This study conducted by Lundy et al. (2021) also provided the first comprehensive survey of the rectum, semen, and urine microbiota of infertile men, in which similarities were found between the semen microbiota and the urine microbiota. Compared with the samples from fertile men, the rectum samples of infertile men showed decreased abundance of Anaerococcus and increased abundance of Lachnospiraceae, Collinsella, and Coprococcus; conversely, urine samples from infertile men contained increased Anaerococcus; semen samples of infertile men contained decreased Collinsella and increased Aerococcus (Lundy et al., 2021). Further study found a statistically negative correlation between Aerococcus abundance and both leukocytospermia and semen viscosity, a statistically negative correlation between Prevotella abundance and semen concentration, and a statistically direct correlation between Pseudomonas abundance and sperm count but inversely proportional to the pH of semen (Lundy et al., 2021).

Although the link between alterations in the male reproductive tract microbiota and male infertility is supported by the above studies, larger, multi-institution longitudinal studies are still needed to verify the accuracy of these results.



Probiotic Supplementation for the Management of Male Infertility

With growing knowledge of the relationship between the microbial dysbiosis and male infertility, it is also necessary to make clear how probiotic supplementation affects male infertility. Here, we will show some outcomes of probiotic intervention in sterile males.

Probiotic supplementation has gained increasing attention as a treatment in various medical fields, including reproductive health, due to its low side effects. In recent years, the effect of probiotic supplementation on the human gastrointestinal microbiota has been fully demonstrated (Unno et al., 2015). Probiotic supplementation have also been studied during pregnancy, the treatment of bacterial vaginitis, and assisted reproduction technology (Larsson et al., 2008; Barbonetti et al., 2011; Hemalatha et al., 2012; Gille et al., 2016; Chenoll et al., 2019).

The first study on probiotics and human sperm was conducted in vitro and preliminarily proved the potential of a combination of three selected strains of Lactobacilli [Lactobacillus brevis (CD2), Lactobacillus salivarius (FV2), and Lactobacillus plantarum (FV9)] in protecting human spermatozoa from radical oxygen species in the presence of vaginal disorders, thereby improving the fertilization potential of the female host (Barbonetti et al., 2011). Studies using probiotic administration for male infertility showed that probiotics could be administered to improve sperm parameters and fertility-related endocrine parameters (Table 2). With the administration of probiotics (Lactobacillus rhamnosus CECT8361 + Bifidobacterium longum CECT7347), sperm quality parameters of asthenozoospermic males were statistically improved (Valcarce et al., 2017). As follows, significantly increased sperm motility (about sixfold variation), decreased DNA fragments (about 1.2-fold variation), and decreased intracellular H2O2 levels (about 3.5-fold variation) were found after probiotic administration (Valcarce et al., 2017). After treatment with Flortec (one sachet containing Lactobacillus paracasei B21060) in infertile men, many indicators that benefit male reproduction improved: volume of the ejaculate (median from 2.4 to 3.1 mL, p < 0.01), sperm concentration (median: from 15.2 × 106/mL to 28.3 × 106/mL, p < 0.01), progressive motility (median: from 16.2 to 42.0%, p < 0.01), and the percentage of typical forms (median: from 7 to 16.3%, p < 0.01) (Maretti and Cavallini, 2017). In addition, their follicle-stimulating hormone, luteinizing hormone, and testosterone also improved (p < 0.01) after treatment with Flortec (Maretti and Cavallini, 2017). No modification was found in infertile men treated with control substances (starch) (Maretti and Cavallini, 2017). In another study on infertile men, their ejaculate volume (mean from 3.6 ± 0.91 mL to 4.94 ± 0.63 mL, p = 0.041), total sperm count (mean from 57.6 ± 7.09 106 sperm/ejaculate to 79.04 ± 14.21 sperm/ejaculate, p = 0.001), sperm concentration (mean from 16.25 ± 4.5 × 106/mL to 20.77 ± 6.49 × 106/mL, p = 0.001), percentage of motile sperm (mean from 25.19 ± 6.46% to 33.21 ± 7.91%, p = 0.037), live sperm (mean from 52.37 ± 10.13 to 62.43 ± 12.17, p = 0.003), and serum and seminal total antioxidant capacity (mean from 1.67 ± 0.19 μmol/L to 2.33 ± 0.6 μmol/L, p < 0.001) significantly increased; the serum and seminal malondialdehyde (mean from 0.9 ± 0.11 μmol/L to 0.69 ± 0.07 μmol/L, p = 0.003) and plasma inflammatory markers (mean of CRP from 6.93 ± 2.11 μM to 4.01 ± 1.09 μM, p = 0.001; mean of TNFα from 11.28 ± 3.12 μM to 8.85 ± 2.49 μM, p = 0.003) significantly decreased after intervention with Lactobacillus and Bifidobacteria species (Helli et al., 2020).


TABLE 2. Intervention of probiotics on males and their sperm.

[image: Table 2]
In addition, treatment with probiotics in an animal model was also proven to improve sperm parameters, antioxidant capacity and fertility-related endocrine parameters. The use of probiotics based on either Bacillus subtilis KA TMIRA1933 and Bacillus amyloliquefaciens B-1895 or of a mixture of strains in pedigree roosters can effectively improve the quality of sperm production, including increasing the volume of ejaculate, the spermatozoa concentration, and the total number of spermatozoa in the ejaculate, as well as decreasing the number of morphologically abnormal semen cells (Mazanko et al., 2018). The ameliorative effects of probiotics on sperm parameters and reproductive hormone levels have also been reported in different male murine models (Ibrahim et al., 2012; Dardmeh et al., 2017; Guo et al., 2020; Helli et al., 2020; Keshtmand et al., 2021). These probiotics, including Candida utilis (Cu. M02) and Streptococcus thermophilus (St. S07), Lactobacillus coagulans and Lactobacillus casei, Lactobacillus and Bifidobacteria species, and Lactobacillus rhamnosus PB01 (DSM 14870) (Ibrahim et al., 2012; Dardmeh et al., 2017; Guo et al., 2020; Helli et al., 2020; Keshtmand et al., 2021).

In addition to the effects on roosters and murine models, probiotics have also been investigated for possible male reproductive impacts in zebrafish models. Feeding zebrafish with Lactobacillus rhamnosus CECT8361 and Bifidobacterium longum CECT7347 positively increased their sperm concentration, total motility, progressive motility, and fast spermatozoa subpopulations (Valcarce et al., 2019).

Therefore, oral intake of probiotics has the potential to be one of the ways to address male infertility. The main features and results obtained in studies involving probiotics and male infertility are shown in Table 2.




LIMITATIONS OF CURRENT STUDIES AND FUTURE RESEARCH TRENDS


Limitations of the Current Studies on Microbiome and Male Infertility

Although many studies in this review are labeled randomized controlled trials, the randomization methods were not described in detail, the vast majority of controls were lacking or were blank controls, and almost no double-blind clinical studies were available, which greatly reduces the effectiveness of the research evidence. However, the accurate evaluation of the microbiome in male infertility is exceptionally difficult because of many confounding factors, such as age, body mass index, drinking and smoking habits, diet profile, scale and term of study, and medication exposure, may also affect microbiome and reproductive parameters. Standardization remains a critical issue hampering the implementation of microbiome analysis in clinical practice. Microbiome analysis may yield questionable conclusions of relevance to human disease if basic research information between cases and controls does not match (Vujkovic-Cvijin et al., 2020). This review is also limited by the small sample sizes in each study, application of different animal models, heterogeneity of the study types, discordance of reported outcomes, large variation in antimicrobial drug or probiotic administration, and limitation of sequencing range of 16S rRNA technology. Most studies have not examined the effect of the microbiome on clinical fertility outcomes and progeny of infertile men, such as clinical pregnancy rate and live birth rate.

Given the lack of evidence in the literature on this topic, further large-cohort prospective studies are needed to corroborate the importance of the microbiome as a cause of male infertility. Nonetheless, further work exploring the deeper mechanisms, as well as appropriate criteria for identifying patients with microbiome-induced infertility is required.



Future Trends in the Microbiome Association With Male Infertility

Although microbial infection or dysbiosis can affect male infertility, to date, only scant information is available about the influence of microbial infection or dysbiosis or its exact molecular mechanisms. Research in this field is just getting started, and there is still much work to be done in this area. For example, authoritative studies in this direction are expected to find out whether antibiotics cure infertile men by eliminating microbes, or whether there are other mechanisms involved, such as infection of the body’s microbiome or immune system. Also, the study of female infertility and microbiota may have many implications for us.

Given the lack of research on the relationship between the microbiome and male infertility, the three steps of correlations, causality, and mechanisms need to be fully explored traditionally. Specifically, correlation analysis mainly involves sequencing samples from different sources to analyze the changes in microbiome structure, abundance, and species between infertile men and fertile men/cured infertile men. In the study of causality, methods of fecal microbiota transplantation or probiotic supplementation are often used to study the relationship between the microbiome and diseases from a macroscopic perspective. Mechanistic exploration is based on multiomics methods (metagenomics, transcriptomics and metabolomics, etc.) to identify differential metabolites and targets for further intervention. The rapid development of next-generation sequencing will give us a more detailed understanding of the microbiome in infertile men. Subsequent work must use a large number of samples from multiple sampling centers in order to gain a clear understanding of the microbiome and its changes during adolescence, first sexual activity, adulthood, and old age, as well as its impact on reproductive function and reproductive disease processes (Farahani et al., 2021). Nevertheless, there is also room for bold research innovations in this area, and integrated studies will thereby allow us to truly advance research on the microbiome and male infertility, moving from association to modulation. In the process of studying microbiome and male infertility, factors such as genetic mutations, diet, environmental factors, drugs, female infertility, fertility outcome, and mental condition can be included to make the research results more comprehensive and convincing. Therefore, the design of future studies should attempt to eliminate confounding factors in order to better understand the relationship and regulatory mechanisms between microbiota and infertile male (Bordalo Tonucci et al., 2017). Each study should provide a comprehensive description of its entire protocol and procedure for microbiome assessment, including experimental design, sequencing platform, sequencing area and applied database, to enhance the usefulness of these studies to other investigators. Therefore, it is recommended that future studies in this area should be conducted in a multicentre, randomized controlled trial or with a randomized double-blind placebo-controlled design. In addition, future studies should also focus on non-pathogenic organisms that may have a protective role, and how these organisms can be developed as therapeutic options (e.g., probiotics), and attention should be especially paid to the safety monitoring of probiotics in sterile males. The key process in studying the microbiome of infertile males is from understanding correlation to determining causal molecular mechanisms. We are entering an era of personalized microbiome medicine, where treatments can be tailored not only to human genetic polymorphisms but also to the make-up of individual microbes.




CONCLUSION

There is growing evidence that an imbalance of the human microbiome can cause a range of diseases, some of which can be treated by restoring the symbiotic microbiome. Breakthrough research on the microbiome has opened up new ideas for disease treatment, and microbiome therapy has emerged. This review provides a new perspective for the prevention and treatment of male infertility, especially the previously unknown etiology of idiopathic male infertility, and proposes a new idea for its precise treatment with probiotics. With increasing evidence of the relationship between the human microbiome and various diseases, the use of these results to prevent, treat, and predict the prognosis of diseases has become a research hotspot. Research on the microbiome of sterile males can provide a more comprehensive understanding of the pathogenesis of male infertility, and individualized treatment of the microbiome can be carried out to meet the fertility needs of sterile males.
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Mycobacterium abscessus is a member of the non-tuberculous mycobacteria (NTM) group, responsible for chronic infections in individuals with cystic fibrosis (CF) or those otherwise immunocompromised. While viewed traditionally as an opportunistic pathogen, increasing research into M. abscessus in recent years has highlighted its continued evolution into a true pathogen. This is demonstrated through an extensive collection of virulence factors (VFs) possessed by this organism which facilitate survival within the host, particularly in the harsh environment of the CF lung. These include VFs resembling those of other Mycobacteria, and non-mycobacterial VFs, both of which make a notable contribution in shaping M. abscessus interaction with the host. Mycobacterium abscessus continued acquisition of VFs is cause for concern and highlights the need for novel vaccination strategies to combat this pathogen. An effective M. abscessus vaccine must be suitably designed for target populations (i.e., individuals with CF) and incorporate current knowledge on immune correlates of protection against M. abscessus infection. Vaccination strategies must also build upon lessons learned from ongoing efforts to develop novel vaccines for other pathogens, particularly Mycobacterium tuberculosis (M. tb); decades of research into M. tb has provided insight into unconventional and innovative vaccine approaches that may be applied to M. abscessus. Continued research into M. abscessus pathogenesis will be critical for the future development of safe and effective vaccines and therapeutics to reduce global incidence of this emerging pathogen.

Keywords: Mycobacterium abscessus, cystic fibrosis, vaccines, virulence factors, reverse vaccinology


INTRODUCTION

The Mycobacterium abscessus clade are an emerging group of prominent human pathogens. Comprised of the three subspecies M. abscessus subsp. abscessus, M. abscessus subsp. bolletti, and M. abscessus subsp. massiliense and previously including closely related species Mycobacterium chelonae, these organisms are responsible for severe skin, soft tissue, and pulmonary infections (Adekambi et al., 2017; Ryan and Byrd, 2018). The M. abscessus clade is particularly problematic for individuals with enhanced susceptibility to pulmonary infection, such as those with bronchiectasis or chronic obstructive pulmonary disease (COPD), prior tuberculosis (TB) infection, or individuals with cystic fibrosis (CF; Griffith et al., 2007). The incidence of NTM infection in individuals with non-CF bronchiectasis is particularly high, with an estimated 37% of all patients with this condition having an NTM infection (Mirsaeidi et al., 2013). CF patients are particularly susceptible to NTM infection, with incidence rates in one study reported to be 1,000 times higher than in the general population (Martiniano et al., 2019). CF is a recessive genetic disorder affecting the cystic fibrosis transmembrane conductance receptor (CFTR) and resulting in dysregulated chloride transport, with a wide affect across different organs including the lung. Individuals with CF have dysregulated mucus production and are particularly susceptible to bacterial infections that become chronic and difficult to eradicate (Cantin et al., 2015). Mycobacterium abscessus infection is extremely difficult to treat due to intrinsic, adaptive, and acquired antibiotic resistance traits; these result in poor treatment success rates as low as 30% depending on the subspecies (Nessar et al., 2012; Koh et al., 2014). Furthermore, the establishment of chronic M. abscessus infection is associated with a significant decline in lung function, which has a profound impact on patient quality of life (Esther et al., 2010; Kwak et al., 2019). Despite the significant impact of M. abscessus infection on susceptible populations, there is currently no vaccine available (approved or within clinical trials) for M. abscessus. Given both the difficulty in treating M. abscessus and the poor prognosis following the establishment of persistent and chronic infection, there is an urgent need to develop novel prophylactic interventions to reduce incidence of M. abscessus infections in at-risk populations.

The development of novel vaccines for pathogens, such as M. abscessus, can be guided by the characterization of novel virulence factors (VFs), molecular components which facilitate pathogen survival and persistence in the host. Bacterial VFs promote pathogen resistance to immune defenses, improve adherence or invasion of host cells/tissues or enhance survival through modification of the host environment (Wu et al., 2008). The study of virulence determinants can identify targets for the attenuation of pathogens, or proteins which themselves may be sufficiently immunogenic to be formulated into a vaccine (Ottenhoff and Kaufmann, 2012). For example, M. tuberculosis antigen 85 complex proteins are VFs that promote bacterial entry into host cells; the immunogenic nature of these proteins has led to their inclusion in numerous recombinant, subunit, and viral vectored vaccines (Babaki et al., 2017). Although some VFs are unsuitable for incorporation into vaccines—due to poor immunogenicity or unsuitable cellular location for immune exposure—mechanistic studies of these VFs can shed light onto host responses to infection and thus informs future vaccine studies.

While traditionally viewed as an opportunistic pathogen, there is now compelling evidence that the M. abscessus clade possesses hallmark characteristics of a true pathogen. Work on M. abscessus in recent years has shed light on the unique disease pathogenesis and VFs possessed by this clade. While M. abscessus has multiple well-characterized mycobacterial VFs, it also possesses non-mycobacterial VFs which share high homology with other notable CF pathogens (Ripoll et al., 2009). Given the developments in our understanding of M. abscessus virulence in recent years, the purpose of this review is to summarize our current knowledge on M. abscessus VFs, as well as recent research efforts to develop vaccines against this emerging pathogen. An overview of M. abscessus biology and pathogenesis in the context of non-tuberculous mycobacteria (NTM) can be found in Johansen, Herrmann (Johansen et al., 2020).



EVOLUTION OF MYCOBACTERIUM ABSCESSUS INTO A HUMAN PATHOGEN

Many species of NTM are ubiquitous in both urban and natural environments. NTM are adept at survival in numerous habitats, such as soil, peats, and swamps, where the thick hydrophobic membrane of Mycobacterium spp. facilitates strong adherence to different surfaces and likely promotes survival in hostile environments (Falkinham, 2009). This resilience to different environmental conditions has allowed the permeation of NTM into urban settings, where species, such as M. abscessus, are isolated from potable water sources and plumbing systems (Thomson et al., 2013). Hospital outbreaks of NTM infections are frequently linked to contaminated water supplies (Tam et al., 2014; Guimarães et al., 2016); acquisition of infection from environmental sources, rather than from other infected individuals, is through to be the major transmission route by which M. abscessus gains entry to human hosts (Thomson et al., 2013). The prevalence of M. abscessus in nosocomial environments, combined with high-level resistance to many glutaraldehyde-based hospital-grade disinfectants (Burgess et al., 2017), has facilitated the establishment of opportunistic M. abscessus infections in both immunocompetent and immunocompromised individuals.

Given the incursion of M. abscessus into urban environments, such as plumbing systems and water sources, the occurrence of opportunistic NTM infections is unsurprising. However, the diverse array of VFs possessed by the M. abscessus clade points to a more complex evolution of this organism into a human pathogen. Importantly, NTM including M. abscessus have been isolated from free-living amoeba derived from urban water sources, suggesting a role for amoeba in enabling NTM persistence (Delafont et al., 2014). It has been proposed that early adaptations of M. abscessus to an intracellular amoeba lifestyle may have enhanced M. abscessus virulence and promoted survival in mammalian hosts (Thomas and McDonnell, 2007). Preculture of M. abscessus in Acanthamoeba castellanii amoeba enhances persistence in vivo in a murine model of infection (N’Goma et al., 2015). Mycobacterium abscessus also remain viable when encysted by amoeba, suggestive of both their adaptation to the intracellular lifestyle and the potential for amoeba to act as an environmental reservoir for M. abscessus (da Silva et al., 2018). Dubois et al. (2019) performed extensive transcriptomic analysis to track changes in gene expression induced in M. abscessus during intracellular growth. It was demonstrated that growth of M. abscessus in amoeba and macrophages induced similar patterns of differential gene expression, including an upregulation of genes to cope with intracellular stresses, such as heat shock and oxidative stress (e.g., GroEL-ES and hsp), a switch to slower growth phenotype, and utilization of fatty acids as an energy source. Following selection of M. abscessus genes upregulated in amoeba and subsequent expression of these genes in opportunistic pathogen M. chelonae, the authors showed enhanced growth of complemented M. chelonae in macrophages. This supports the theory that growth of M. abscessus in amoeba facilitates enhanced infection and survival in mammalian macrophages, and also highlights the diverse range of mechanisms M. abscessus uses to persist in the host (Dubois et al., 2019).

Although most NTM infections are acquired from environmental sources, phylogenetic analysis of M. abscessus clinical isolates suggests that CF centers may facilitate indirect person-to-person transmission of M. abscessus clones through fomites (Aitken et al., 2012). Whole genome sequencing of M. abscessus isolated in global CF centers has revealed the presence of dominant M. abscessus clones with diverse geographical distribution. In addition to comprising 70% of total global M. abscessus infections, these dominant isolates display heightened virulence in macrophages and in Severe Combined Immunodeficiency (SCID) mice (Bryant et al., 2016). This is reflective of trends observed with other well-characterized CF pathogens, such as Pseudomonas aeruginosa, where epidemic strains are associated with worse patient outcome (Panagea et al., 2003; Fothergill et al., 2012).

While patterns of evolution in CF pathogens have been extensively described for other species, such as P. aeruginosa, only recently have similar patterns been described in M. abscessus. Bryant et al. recently used single nucleotide polymorphism analysis of global M. abscessus clinical isolates to define the trajectory of M. abscessus evolution into a true pathogen (Bryant et al., 2021). The initial horizontal acquisition of genes from unrelated species (as described by Ripoll et al., 2009) resulted in a significant leap in M. abscessus genomic variation. Following this, the transition of M. abscessus to the preferred infection site of the lung and evolution into a pulmonary pathogen was coupled with a further increase in M. abscessus genomic variation. This is unsurprising given the crucible of selective pressures present within the CF lung, such as antibiotic stressors, interspecific competition, and host immune defenses all encouraging the dominance of favorable traits (Harrison, 2007; Folkesson et al., 2012). Furthermore, the physical separation of different lung lobes coupled with the heterogeneity of CF lung tissue creates numerous ecological niches that facilitate species diversification (Harrison, 2007). Bryant et al. confirmed this hypothesis with the identification of numerous, genetically distinct subclones of M. abscessus isolated from different areas of the lung in individual patients (Bryant et al., 2021). The authors also described the presence of M. abscessus clones with hypermutable phenotypes, capable of greater phenotypic variation likely due to DNA damage from the highly oxidative pulmonary environment (Ciofu et al., 2005; Martina et al., 2014). While these results identified strong evolutionary pressure on M. abscessus genes that promote intramacrophage survival, perhaps the most prominent finding was the apparent fitness cost of enhanced virulence of M. abscessus isolates. Importantly, mutants with virulence mutations display reduced transmission rates, presumably due to their impaired survival on fomites. As such, the “evolutionary potential” or continued gain of virulence of M. abscessus is limited provided direct patient-to-patient spread (through aerosolized droplets) does not occur (Doyle et al., 2020; Bryant et al., 2021). However, whether M. abscessus can spread through aerosols is still a matter that requires clarification (Bryant et al., 2013). Given the demonstrated potential of this species to acquire polymorphisms that promote M. abscessus survival and the possibility for continued species adaptation, there is a significant need for the continued identification of M. abscessus VFs.



MYCOBACTERIA-SPECIFIC VIRULENCE FACTORS

The genus Mycobacterium contains approximately 200 species, many of which inhabit soil or water environments and have occasional interaction with humans (Tortoli et al., 2017; Armstrong and Parrish, 2021). However, some members of this genus, such as M. tb and Mycobacterium leprae, are extremely successful human pathogens, being the causative agents of TB and leprosy, respectively (Gupta et al., 2018). Similarly, Mycobacterium marinum and Mycobacterium ulcerans are NTM infections acquired by environmental exposure but are adept at establishing cutaneous infection in humans (Tan et al., 2020). The success of these species is tied closely with their ability to survive within the host using an extensive collection of Mycobacteria-specific VFs. As our understanding of M. abscessus virulence expands, there is continual discovery of virulence traits resembling other Mycobacterial species. These further contribute to the definition of M. abscessus as a truly pathogenic species.


Mycobacterial Membrane Protein Large Proteins

Mycobacterial membrane protein large (MmpL) proteins are a family of VFs of the Mycobacterium genus, responsible for transport of lipids and siderophores to the periplasmic space (Melly and Purdy, 2019). These include complex lipids that are essential for the integrity of the mycobacterial envelope, which forms a barrier of protection from immune cells and chemotherapeutic agents (Bailo et al., 2015). Many of these lipids play prominent roles in modifying host–pathogen interactions, and as a result mutations within MmpL proteins can lead to alterations in mycobacterial virulence (Chalut, 2016).

The MmpL class of transport proteins is overrepresented in M. abscessus, with 31 identified MmpL proteins in the reference strain compared to 14 within M. tb (Deshayes et al., 2010). MmpL4 proteins have an important contribution to M. abscessus virulence through their transport of glycopeptidolipids (GPL) to the outer mycobacterial surface which gives colonies a glossy and smooth appearance on solid agar. Disruption of MmpL4 proteins results in the conversion from the smooth morphotype to a rough cording morphotype, the latter of which is associated with enhanced virulence due to large serpentine cord formation, triggering pro-inflammatory responses and apoptosis (Pawlik et al., 2013). Disruption of M. abscessus MmpL8 reduces the transport of glycosyl-diacylated-nondecyl-diols (GDND), a novel glycolipid that facilitates bacterial adhesion to macrophages and induces macrophage phagosomal rupture, and thereby reduces mycobacterial virulence (Halloum et al., 2016). MmpL proteins from mycobacterial species, such as Mycobacterium smegmatis, also confer resistance to some antibiotics, such as isoniazid, by acting as an efflux pump (Pasca et al., 2005; Viljoen et al., 2017). Mutations within transcriptional regulator tetR, which controls two MmpS-MmpL gene pairs, promote resistance to clofazimine and bedaquiline in M. abscessus (Richard et al., 2019), while MmpS5-MmpL5 are associated with efflux of thiacetazone derivatives (Halloum et al., 2017). Absence of either MmpL-S pair increases susceptibility of intracellular M. abscessus to bedaquiline, indicating the contribution of this protein to providing antibiotic resistance (Gutiérrez et al., 2019). Given the role of MmpL proteins in enhancing or attenuating virulence and conferring antimicrobial resistance, this a particularly noteworthy area of continued research for the development of M. abscessus vaccine candidates.



ESX Secretion Systems

Members of the Mycobacterium genus possess an outer mycomembrane comprised of components that must be transported across the cell membrane to reach the extracellular space. Early secretory antigenic target (ESAT-6) secretion (ESX) systems, also known as Type VII secretion systems, are important players in facilitating transport of proteins across this outer membrane and are known to play a significant role in mycobacterial virulence, nutrient acquisition, and bacterial conjugation (Lagune et al., 2021). There are five characterized ESX secretion systems spread across the Mycobacterium genus, varying in complexity and in function (Gröschel et al., 2016). However, all ESX systems have a conserved set of genes that include the machinery for substrate secretion, accessory proteins, and ESX secreted proteins (Houben et al., 2014). The most extensively studied ESX system, ESX-1, facilitates M. tb intracellular survival via inhibition of phagosomal acidification and induces phagosome rupture and mycobacterial escape to the cytosol (Sturgill-Koszycki et al., 1994; van der Wel et al., 2007). The contribution of other ESX secretion systems to virulence is less well-characterized; however, the ESX-3 system of M. tb is known to be utilized for iron acquisition in low nutrient environments and the absence of this system attenuates growth in vivo (Siegrist et al., 2009; Tufariello et al., 2016). The role of the ESX-5 secretion system in slow-growing mycobacteria relates to the integrity of the mycobacterial capsule, with disruption of ESX-5 in M. marinum leading to inability of this pathogen to disrupt the cellular membrane (Ates et al., 2016). While attenuation of ESX-5 deficient M. marinum is evident in zebrafish embryos, the same mutant is hypervirulent in adult zebrafish (Weerdenburg et al., 2012). Given that zebrafish embryos solely possess innate immunity, while the adult zebrafish harbors both innate and adaptive immunity, these findings suggest that ESX-5 may play different roles in disease pathogenesis depending on whether innate or adaptive immunity is the major driver of cellular control of mycobacterial infection (Cronan and Tobin, 2014).

There are currently three characterized secretion systems of M. abscessus—ESX-3, ESX-4, and ESX-P. Secretion targets of ESX-3 (EsxG/H proteins) induce pro-inflammatory cytokine production when co-cultured with bone marrow-derived macrophages, and mice infected with ESX-3-deleted-M. abscessus display a reduced inflammatory and granulomatous response coupled with decreased bacterial survival (Kim et al., 2017). However, this work did not elucidate specific mechanisms by which ESX-3 promotes M. abscessus growth in vivo. Furthermore, this study did not include complementation of ESX-3 function in M. abscessus, highlighting the need for further investigation into the role of ESX-3 in M. abscessus virulence. In contrast, the function of ESX-4 within M. abscessus was recently characterized in detail (Laencina et al., 2018). Through generation of an extensive mutagenesis library, Laencina et al. associated disruptions of the ESX-4 locus with a decrease in intramacrophage and amoeba survival. ESX-4 associated ATPase EccB4 was shown to contribute to virulence by limiting phagosomal acidification and facilitating cytosol contact through phagosomal membrane damage. Unlike ESX-3 and ESX-4, ESX-P is a plasmid-borne secretion system unique to a clinical isolate of M. bolletti (Dumas et al., 2016). More recent work has characterized plasmid-borne ESX components within M. abscessus clinical isolates, suggesting a more extensive presence of ESX systems in this species than previously thought (Dedrick et al., 2021). Whether these secretion systems are functional and contribute to M. abscessus virulence is an area of continued research, and may represent an unexplored means by which M. abscessus is able to acquire novel VFs that contribute to evolving pathogenicity.



Lsr2

Lsr2 is a histone-like protein possessed by several members of the Mycobacterium genus, with roles in transcriptional regulation and DNA damage protection. In M. tb, Lsr2 is required for normal growth in anaerobic and DNA damage-inducing conditions (Bartek et al., 2014). When functioning as a transcriptional regulator, the binding of Lsr2 to coding sequences (of which VF genes are common) may contribute to the transition to a latent metabolic state that occurs during chronic M. tb infection (Gordon et al., 2010; Bartek et al., 2014). In M. smegmatis, lsr2-knockout strains have decreased persistence within macrophages, an effect which is reversed following scavenger treatment to sequester free radicals (Colangeli et al., 2009). Mycobacterium smegmatis lsr2 knockouts also display a smooth, glossy phenotype and are defective in biofilm and pellicle formation (Chen et al., 2006). This is reflected in M. abscessus, where rough morphotypes display greater levels of Lsr2 expression than smooth morphotypes. While M. abscessus lsr2 knockouts are not affected in their glycopeptidolipids (GPL) profile, lsr2 knockout in the rough morphotype of M. abscessus show greater susceptibility to reactive oxygen intermediates and display reduced survival within macrophages, as well as in the zebrafish and murine model of infection, particularly at later time points during infection (Le Moigne et al., 2019). Given the importance of this transcriptional regulator for pathogenesis of M. abscessus, Lsr2 may be a promising target for drug development (Liu and Gordon, 2012).



Glycopeptidolipids

Mycobacterium abscessus grown on solid agar medium displays distinct colony morphologies characterized as smooth (S) and rough (R) morphotypes, each with unique patterns of virulence. These are linked to the variable expression of GPL on the cell surface of M. abscessus, with expression of GPL within S morphotypes resulting in round, glossy colonies, while absence of GPL leads to R morphotypes resulting in a dry, corded appearance (Nessar et al., 2011). The localization of M. abscessus GPL has been shown to cluster to specific nanodomains on the bacterial surface, ultimately modulating surface hydrophobicity and likely influencing bacterial adhesion and virulence (Nessar et al., 2011; Viljoen et al., 2020). The conversion of S to R occur as a result of mutation within genes located within the GPL locus, often associated with GPL synthesis or secretion (Nessar et al., 2011; Pawlik et al., 2013; Park et al., 2015; Li et al., 2020). To date, the mechanisms responsible for S to R conversion are not known; however, this has been hypothesized to occur in response to stress (e.g., Antibiotic stress) which may manifest during host colonization (Bernut et al., 2016b; Gutiérrez et al., 2018). R morphotypes are more frequently isolated from CF patients with chronic infection, and display heightened virulence compared to smooth morphotypes (Jönsson et al., 2007; Kreutzfeldt et al., 2013). The differences in virulence can be linked to different interactions between S and R morphotypes with immune subsets following infection.

As surface molecules on M. abscessus, the absence of GPL on the surface of R morphotypes alters the initial interaction between bacteria and phagocytic cells. A lack of surface GPL exposes immunostimulatory ligands such phosphatidyl-inositol mannoside (PIM) moieties which activate Toll-like receptor (TLR) signaling, resulting in downstream pro-inflammatory cytokine production (Rhoades et al., 2009). While S morphotypes also express PIMs, the heightened expression of surface GPL masks these TLR ligands which acts to prevent innate cell activation (Davidson et al., 2011). Polar GPL themselves also act in an immunosuppressive manner, dampening pro-apoptotic signals induced by R morphotypes and limiting reactive oxygen species (ROS) production (Whang et al., 2017). It is likely that GPL also play an important role in cell–cell interactions, with post-translational modifications of GPL affecting adherence and invasion of M. abscessus to macrophages (Daher et al., 2020). Remodeling of surface GPL also occurs following growth in artificial CF sputum, although the biological significance of this is unknown (Wiersma et al., 2020). Together, these data point to the prominent role of GPL in defining early infection outcomes, with immunologically “silent” establishment of S morphotype M. abscessus in the upper respiratory tract likely facilitating initial colonization of the lung (Gutiérrez et al., 2018).

The S and R morphologies of M. abscessus interact differently with immune cells, leading to different patterns of growth in vivo. While S morphotypes exist largely as single bacilli, R morphotypes form clumps which are difficult for phagocytic cells to engulf (Roux et al., 2016). These aggregates remain adhered to phagocytic cups or, if small enough, are contained within “social” phagosomes containing multiple bacilli. Within the macrophage, R morphotypes appear resistant to lysosomal degradation, leading to extensive and rapid intracellular growth, followed by macrophage apoptosis (Aguilo et al., 2013; Kim et al., 2019). Following apoptosis, rough bacilli are then released into the extracellular space whereby they replicate freely and aggregate to form large extracellular serpentine cords which resist phagocytosis, causing excessive inflammation and abscess formation (Bernut et al., 2014a). Disruption of M. abscessus cording attenuates virulence in vivo, indicating the importance of this phenotype in dictating the outcome of infection (Bernut et al., 2014a; Halloum et al., 2016).

S morphotypes of M. abscessus also resist intracellular degradation, through more direct manipulation of macrophage effector function. Phagocytosed S bacilli often exist in “loner phagosomes,” and act to limit phagosomal acidification and disrupt phagosome membrane integrity, which may facilitate escape to the cytosol (Roux et al., 2016). While cytosol escape and blocking of phagosome acidification are associated with functional ESX-4 found in M. abscessus, it is unclear what role surface GPL may play in facilitating this effector function (Gutiérrez et al., 2018; Laencina et al., 2018). Given the integral link between mycobacterial virulence and macrophage function, understanding the mechanisms by which M. abscessus interacts with innate immune cells is critical in our understanding of M. abscessus virulence (Feng et al., 2020).



Other Cell Surface Molecules

The structure of the mycobacterial cell wall and outer envelope is comprised of a complex array of lipoproteins, glycolipids, and glycoproteins, many of which take part in host–pathogen interactions (Jackson, 2014). These may directly modulate immune responses, or improve the structural integrity of the mycomembrane which renders M. abscessus more resistant to immune mediators (Karakousis et al., 2004). For example, succinylation of M. abscessus surface polysaccharides alters intracellular survival by an uncharacterized mechanism, possibly in relation to altered cell surface hydrophobicity and charge (Palčeková et al., 2020). Other VFs may arise from proteins associated with the modification or transport of cell surface molecules. Knockout of pmt, a protein-O-mannosyltransferase which is responsible for glycosylation of lipoproteins in the mycobacterial cell envelope, increases cell wall permeability which may enhance susceptibility to innate cellular defenses, such as ROS (Becker et al., 2017). Similarly, probable N-acetyl transferase Eis2 is thought to play a role in cell wall biogenesis or transport of cell wall components; deletion of this VF increases M. abscessus susceptibility to ROS and H2O2 and reduces intracellular survival (Dubois et al., 2019). Expression of some surface components, such as trehalose polyphelates (TPPs), does not directly affect macrophage viability, but promote virulence by facilitating M. abscessus cording (Llorens-Fons et al., 2017). Mycobacterium abscessus cell envelope-derived lipids, such as cardiolipin or I-mannosides, are also effective at neutralizing LL-37, an antimicrobial peptide produced by neutrophils and macrophages (Honda et al., 2015, 2020). It has been established that different growth conditions alters the cell wall composition of M. abscessus; whether this occurs in an infection setting and how this impacts on the outcome of infection remains to be established (Hunt-Serracin et al., 2019).




NON-MYCOBACTERIA-SPECIFIC VIRULENCE FACTORS

While M. abscessus was first isolated in 1952, complete sequencing of the M. abscessus genome was completed relatively recently in 2009 (Brown-Elliott and Wallace, 2002; Ripoll et al., 2009). In their genomic analysis of M. abscessus, Ripoll et al. identified regions syntenic with non-mycobacterial species, including Actinobacteria, such as Rhodococcus, as well as opportunistic CF pathogens P. aeruginosa and Burkholderia cepacea (Ripoll et al., 2009; Mahenthiralingam, 2014). The organization of these genes into large clusters was suggestive of en bloc horizontal gene transfer events from distant species, with some of these regions encoding proteins that are known to promote virulence in other species. The functions of these VFs are well defined in other species, with most facilitating survival in harsh or stressful conditions. Some are involved in early P. aeruginosa colonization and/or persistence in CF airways, such as phenazine biosynthesis and homogentisate catabolism genes (Rodriguez-Rojas et al., 2009; Jimenez et al., 2012). VFs involved in iron acquisition and resistance to reactive nitrogen intermediates (RNI) were also identified, with sequence homology to Rhodococcus spp. (Ripoll et al., 2009). Similarly, the M. abscessus genome contained proteins with predicted function in phenylacetic acid degradation; these promote B. cenocepacia survival in the Caenorhabditis elegans models of infection, although their precise mechanism of action is unknown (Law et al., 2008; Loutet and Valvano, 2010). Some of these non-mycobacterial VFs have been examined in detail (Figure 1), however for the most part their function in M. abscessus virulence is yet to be established.
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FIGURE 1. Virulence factors of M. abscessus. M. abscessus uses an extensive range of virulence factors to facilitate survival within host cells. These include membrane bound proteins, pores and secretion systems (i); secreted proteins with a role in virulence (ii); transcriptional regulators and nucleic acid associated proteins (iii); proteins involved in the modification (iv) and transport (v) of cell surface components; and molecules that comprise the outer mycobacterial membrane (vi).



Phospholipase C

Phospholipases are virulence determinants found in a diverse range of mycobacterial and non-mycobacterial species, including P. aeruginosa, Staphylococcus aureus, and Listeria monocytogenes (Ghannoum, 2000). Phospholipases promote virulence by allowing escape from the phagosome and cell-to-cell spread, which is thought to be mediated by cleavage of phospholipids that form part of the cell membrane (Camilli et al., 1991; Smith et al., 1995; Ghannoum, 2000). Expression of plc genes by P. aeruginosa is associated with phosphate limiting conditions, and disruption of plcC results in a reduction of P. aeruginosa virulence in the murine model of infection (Ostroff et al., 1989). Similarly, phospholipase C is upregulated by virulent M. tb in phosphate limiting conditions, such as those that may occur in an intracellular environment (Le Chevalier et al., 2015). PlcC isolated from M. abscessus induces macrophage lysis, and plcC knockout strains display reduced survival within amoeba (N’Goma et al., 2015). Given the sequence similarity between plcC from M. abscessus and other CF pathogens (N’Goma et al., 2015), PlcC is a promising antigenic target for vaccine development. CF patients with pulmonary NTM infection or P. aeruginosa infection have higher titers of anti-PlcC antibodies in serum than uninfected individuals, indicating immune exposure to the PlcC antigen following infection (Le Moigne et al., 2015). Vaccination with M. abscessus plcC DNA induces potent antibody responses and a moderate reduction in bacterial burden in ΔF508 mice, which possess the most common CF gene mutation (Cutting, 2015; Le Moigne et al., 2015). However, the role of PlcC in nutrient acquisition in the lung, and if it enables M. abscessus to maintain long-term infection is unclear (Raynaud et al., 2002).



MgtC

MgtC plays an essential role in the survival of pathogens such Salmonella enterica subsp. typhimurium and CF pathogens B. cenopacea and P. aeruginosa (Alix and Blanc-Potard, 2007; Belon et al., 2015). While the physiological function of this protein has not been fully elucidated, MgtC is a membrane protein that confers survival benefits for both intracellular and extracellular pathogens (Belon et al., 2015). Expression is essential for growth in magnesium poor conditions for P. aeruginosa and B. cenopacea, while upregulation of MgtC following phagocytosis provides enhanced intracellular survival and resistance to low pH for intracellular pathogen Salmonella spp. (Maloney and Valvano, 2006; Rang et al., 2007; Lee and Lee, 2015). MgtC appears to perform a similar role in M. tb, as the protein contributes to improved survival in low magnesium and pH conditions and enhanced virulence in mice (Buchmeier et al., 2000). Mycobacterium abscessus has two sequences encoding proteins homologous to MgtC, MAB_3953, and MAB_0146, both of which bear sufficient sequence similarity to S. typhurmium MgtC, as they can partially restore its function in an mgtC-deficient strain (Le Moigne et al., 2016). Mycobacterium abscessus MgtC is induced in low Mg2+ conditions and within the macrophage, mgtC-encoding DNA provides protection against M. abscessus challenge (Le Moigne et al., 2015, 2016). Of note, M. abscessus lacking functional MgtC does not show a significant impairment in macrophage survival, which may indicate a role of this VF in the extracellular stage of M. abscessus growth (Bernut et al., 2014a).



Porins

Porins are a diverse class of pore proteins that play an important role in the transport of hydrophilic molecules into the bacterial cell. Porins are expressed widely among gram-positive and negative virulence of different species (Achouak et al., 2001). The contribution of porins to the virulence of different species of pathogenic bacteria is extremely diverse and includes facilitating cell adherence, inducing host cell apoptosis and transporting surface proteins associated with virulence (Müller et al., 1999; Azghani et al., 2002; Brunson et al., 2019). Within the context of mycobacteria, M. smegmatis has a collection of pore-forming proteins that regulate nutrient influx which is important for maintaining normal growth rates (Stephan et al., 2005). Deletion of M. smegmatis porin MspA, MspC, and MspD improves M. smegmatis survival in macrophages, by providing greater resistance of M. smegmatis to host-produced nitric oxide (NO; Fabrino et al., 2009). Similarly, deletion of porins mmpA/B in M. abscessus also improves M. abscessus intracellular survival within phagocytic cells and bacterial persistence in SCID mice (de Moura et al., 2021). Porin knockout strain ΔmmpA displays reduced uptake of glucose, but mutants did not display varied uptake by macrophages, susceptibility to NO, or cell cytotoxicity. Of note, sequential samples taken from different early and late M. abscessus infections in CF patients show mutations within the mmp porin genes (Lewin et al., 2021). However, phylogenetic analysis by de Moura et al. could not establish a contributing role of porin mutations to enhanced virulence or transmission of dominant clinical M. abscessus isolates (de Moura et al., 2021). This suggests that while this class of proteins are significant VFs of other species, porins possessed by mycobacterial species including M. abscessus may perform a role unrelated to virulence.




TOWARD THE DEVELOPMENT OF A MYCOBACTERIUM ABSCESSUS VACCINE: POSSIBILITIES AND CHALLENGES

The global incidence of NTM including M. abscessus is increasing, with disease prevalence within CF populations increasing from 9% to 13% in studies conducted after 2000 (Marras et al., 2007; Qvist et al., 2014, 2015; Bar-On et al., 2015; Adjemian et al., 2018). Chronic infection with M. abscessus leads to decreased lung function and is a significant contributor to morbidity and mortality of affected individuals (Esther et al., 2010; Qvist et al., 2015). This combined with the extensive antibiotic resistance and large repertoire of VFs of this pathogen (Figure 1; Table 1) emphasizes the need for prophylactic strategies to limit the global burden of M. abscessus. Given there is currently no vaccine available for M. abscessus and none in clinical development, there is a clear unmet need for the development of vaccines against this pathogen. However, development of a potential M. abscessus vaccine must consider target populations for vaccination, and specific challenges associated with immunizing these populations. This includes an understanding of immune correlates of protection against M. abscessus in both immunocompetent and immunocompromised individuals, in addition to gaining knowledge from efforts to develop a vaccine for M. tb.



TABLE 1. Known virulence factors of Mycobacterium abscessus.
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Immune Responses to Mycobacterium abscessus Infection

A thorough understanding of the immune correlates of protection against M. abscessus infection is critical for the development of an effective M. abscessus vaccine. This is an area of ongoing research, primarily focused on the use of in vitro, zebrafish, and murine models (Bernut et al., 2015, 2017; Caverly et al., 2015; Meir et al., 2018). Incorporating these different approaches has led to a greater knowledge of immune mechanisms involved in protection against this pathogen.

As with other members of the Mycobacterium genus, early and robust innate immune responses appear to play a critical role in shaping immune control of M. abscessus infection. Monocytes and macrophages are the most common cell subset infected by M. abscessus in human lung tissue (Ganbat et al., 2016). Both S and R morphotypes of M. abscessus are rapidly phagocytosed by macrophages early after infection and depletion of this subset substantially increases bacterial burden in zebrafish (Bernut et al., 2014a 2019). ROS and NO are major bactericidal mechanisms employed by macrophages to kill M. abscessus, with production of NO and ROS strongly correlated with a protective effect across in vitro and animal models of M. abscessus infection (Kim et al., 2014a; Lee et al., 2017). Interestingly, NO production is enhanced by a type I interferon (TI IFN) response and prophylactic administration of rIFN-Β can promote bacterial clearance (Lee et al., 2017). This is contrary to recent work on M. abscessus suggesting that TI IFNs promote macrophage apoptosis and bacterial spread from cell-to-cell (Zhang et al., 2019). In humans, the role of NO and ROS in providing protection against M. abscessus is less clear. When used as an inhaled therapeutic, NO improves lung function and quality of life in CF patients, but this has not been definitively linked to reduction in M. abscessus burden (Bentur et al., 2020). An oxidative environment within the macrophage also appears to enhance M. abscessus growth in an ex vivo setting (Oberley-Deegan et al., 2010). Moreover, NOS2 knockout (Nos2−/−) mice do not display exacerbated bacterial burden compared to wild type (Obregón-Henao et al., 2015). Taken together, these findings suggest a redundant or possibly detrimental role of ROS in protection against M. abscessus infection.

As early responders to pulmonary infection, neutrophils are a prominent component of the immune response against M. abscessus. Neutrophil accumulation is driven by TNF and IL-8 production by macrophages and alveolar epithelial cells, and this subset congregates within murine lungs following infection with both S and R morphotypes (Caverly et al., 2015; Bernut et al., 2016a; Malcolm et al., 2018). Despite the integral role of neutrophils in the formation of the granuloma, the efficacy of this subset in reducing bacterial burden remains unclear. Neutrophils phagocytose bacteria and employ neutrophil extracellular traps (NETs) and ROS production to eliminate M. abscessus, but neutrophil-derived ROS and LL-37 has limited killing activity against M. abscessus (Honda et al., 2015; Malcolm et al., 2018). Extracellular DNA released in response to M. abscessus during NETosis may also contribute to biofilm formation in the CF lung (Malcolm et al., 2013). Pulmonary infection with the more virulent R morphotype of M. abscessus is also accompanied by neutrophil accumulation in the bronchoalveolar lavage fluid, to a greater extent than that induced by the S morphotype (Caverly et al., 2015). Given the inflammatory nature of this immune cell subset, excessive neutrophilia can be extremely damaging to lung tissue and is a primary cause of tissue damage in CF (Downey et al., 2009). How exactly this subset contributes to protection or pathology following chronic infection is an area of continued research.

A cornerstone of the immune response to mycobacterial infection is the formation of the granuloma, a cluster of recruited host immune cell subsets which form a physical structure to restrict bacteria (Figure 2A). In zebrafish, M. abscessus granulomas are primarily comprised of neutrophils and macrophages. The accumulation of these subsets is dependent on TNF, which is required for development of the granuloma structure and the containment of bacterial growth (Bernut et al., 2016a). However, granuloma formation is not always sufficient in containing M. abscessus infection—the induction of macrophage cell death by M. abscessus releases extracellular bacteria, which form large serpentine cords that evade phagocytosis and resist immune defenses (Figure 2B; Bernut et al., 2014a; Halloum et al., 2016). Currently, the specific immunological factors differentiating protective granuloma formation from unrestrained bacterial growth are not known (Johansen et al., 2020). Murine models of M. abscessus infection also display granuloma formation in the lungs and spleen after aerosol or intravenous infection, respectively, and studies using TNF knockout (Tnf−/−) and IFN-γ knockout (Ifngr1−/− and GKO−/−) mice highlight the importance of these cytokines for maintenance of granuloma structure (Rottman et al., 2007; Ordway et al., 2008). Nude, severe combined immunodeficiency (SCID) and GMCSF knockout (GMCSF−/−) mice also develop progressive granulomatous lesions, making these useful models for preclinical drug testing but less suitable for understanding immune factors involved in granuloma formation (Obregón-Henao et al., 2015). While evidence from animal models points to a significant role of this structure in control of M. abscessus infection, the importance of granuloma formation in humans is less clear. Granuloma formation is well documented following cutaneous M. abscessus infection (Bartralot et al., 2000; Kwon et al., 2009), but fewer studies characterize the granulomatous response following pulmonary infection (Jeong et al., 2004; Okazaki et al., 2013). Mycobacterium abscessus results in heterogeneous changes to pulmonary tissue following infection, including inflammatory infiltrate which may be accompanied by the formation of necrotizing or non-necrotizing granulomas (Jeong et al., 2004). Based on what is known about other NTM infections, host immune responses, clinical isolate heterogeneity, and pathogen virulence may all contribute to the extent of granuloma formation and its ability to contain M. abscessus infection (Lammas et al., 2002).

[image: Figure 2]

FIGURE 2. Immune responses to M. abscessus infection. M. abscessus infection is followed by an influx of neutrophils and macrophages surrounded by lymphocytes which work to contain bacteria in the granuloma (A). Cytokines TNF and IFN-γ produced by macrophages and CD4+ T cells are required for granuloma formation and induce macrophage effector function, such as phagosome acidification and reactive oxygen species (ROS) production, while type I IFN production promotes nitric oxide (NO) production. IL-8 attracts neutrophils which are responsible for phagocytosis, NET production and secretion of antimicrobial peptide LL-37. However, release of M. abscessus into the extracellular space as a result of cell death leads to the formation of serpentine cords, which are resistant to innate immune defenses and leads to unchecked bacterial replication. M. abscessus also possesses numerous mechanisms of immune evasion to resist macrophage effector functions (B); these include bacterial escape from the phagosome to the cytosol through interference with the phagosomal membrane (i); prolonged survival within the phagosome by blocking phagosomal acidification and thereby preventing M. abscessus degradation (ii) and inhibition of macrophage TLR signaling which limits downstream immune cell activation and recruitment (iii). M. abscessus also persists in the extracellular environment by avoiding phagocytosis, which is enabled through adherence to macrophage phagocytic cups on the cell surface (iv) and by forming serpentine cords which are too large to be engulfed by macrophages (v).


Most relevant for vaccine design is the contribution of adaptive immune subsets to M. abscessus pulmonary infection. CD4+ T helper (TH) cells appear to be a key component of the protective response, with TH1 responses enabling control of mycobacterial dissemination and granuloma formation through their stimulation of innate immune subsets, such as macrophages and neutrophils (Rottman et al., 2007; Bernut et al., 2016a). In a murine model of M. abscessus infection, bacterial clearance is preceded by an influx of IFN-γ producing CD4+ T cells, and it has been shown that M. abscessus infection persists in IFN-γ knockout GKO−/− mice (Ordway et al., 2008; Obregón-Henao et al., 2015). High-dose infection models in GKO−/− mice display a heightened TH2 response resulting in an immunosuppressive phenotype, supporting the notion that TH1 polarization is ideal for protection against intracellular mycobacteria (Ordway et al., 2008). Similarly, individuals with deficiencies affecting T-cell function appear predisposed to M. abscessus infection (Lutzky et al., 2018). Patients with active M. abscessus infection also display a dampened TH1/TH2 and heightened TH17 cytokine profile compared to healthy controls, suggestive of a link between TH1 polarization and a protective phenotype (Kim et al., 2014b; Lake et al., 2016). This is an especially important consideration in the design of subunit M. abscessus vaccines, where adjuvant choice affects T-cell polarization and thus resulting protection (Knudsen et al., 2016).

While robust T-cell responses are clearly essential for protection against M. abscessus, the contribution of the humoral response to protection against pulmonary M. abscessus infection is less established. Antibodies to M. abscessus are generated following infection or vaccination (Jeon et al., 2009; Le Moigne et al., 2015) and B-cell deficiency in the murine model of infection promotes bacterial growth (Rottman et al., 2007). While humoral responses in healthy individuals are considered a critical components for extracellular pathogens, such as P. aeruginosa, their efficacy appears limited in preventing bacterial colonization or eradicating infection in CF patients (Yonker et al., 2015; Sainz-Mejías et al., 2020). Humoral responses that target surface GPL of M. abscessus S morphotypes may also encourage the conversion to the more virulent R morphotype, thus proving detrimental to the host (Gutiérrez et al., 2018). It is also unclear whether the extracellular stages of M. abscessus growth, such as biofilm formation during early infection, and extracellular cording following phagosome rupture would be effectively disrupted by neutralizing antibodies. Most vaccines currently approved for human use focus on the effective development of humoral responses, and development of vaccines targeting cell-mediated immunity appear more difficult to produce. As such, the contribution of this subset to M. abscessus protection will require continued investigation to inform development of an effective M. abscessus vaccine.



The Quest for a Mycobacterium abscessus Vaccine in Susceptible Populations

Mycobacterium abscessus infection primarily occurs in individuals with reduced pulmonary immune responses, including those with CF, COPD, and non-CF bronchiectasis (Ratnatunga et al., 2020). The development of novel immunization strategies for this pathogen has the potential to dramatically reduce the M. abscessus burden and improve quality of life for these susceptible populations. However, progress toward novel vaccines has been limited by an incomplete understanding of immune responses in these groups that perpetuate M. abscessus infection, and how this may impact the outcome of vaccination. While populations with COPD and non-CF bronchiectasis make up a significant proportion of M. abscessus cases, factors resulting in enhanced susceptibility of these populations to NTM infection have not yet been established (Griffith et al., 2007; Ratnatunga et al., 2020). It is speculated that structural damage within the lung in non-CF bronchiectasis permits bacterial colonization, but immune dysfunction, such as aberrant neutrophil migration and effector function, also perpetuates infection by preventing optimal clearance (Chalmers and Hill, 2013). Populations susceptible to NTM infection with no clear risk factors display reduced IFN in serum and altered adipokine levels, further suggesting an underlying link between immune responses and risk of infection (Kartalija et al., 2013).

Given the frequency with which CF populations become infected with NTM, the consideration of immune responses in CF populations is of utmost importance when developing a vaccine for M. abscessus. As research into the area continues, we are beginning to appreciate the profound impact of CFTR mutations within CF patients on immune cell functionality, and the implications of this for pulmonary bacterial clearance (Hartl et al., 2012). The immune landscape of CF patients includes macrophages with a skewed hyperinflammatory profile (Bruscia and Bonfield, 2016), neutrophils with dysfunctional phagosomal maturation and effector functions (Zhou et al., 2013; Gifford and Chalmers, 2014), and an inflammatory milieu that may limit the ability of innate cells to clear infection (Roghanian et al., 2006; Cockx et al., 2018). Recent work by Bernut et al. also showed impaired ROS production in professional phagocytic cells following M. abscessus infection, using a zebrafish model of CF (Bernut et al., 2019). While less is known about the implications of CFTR mutations on adaptive immune responses, lymphocytes from murine models of CF also display a predilection to the development of TH2 and TH17 responses (Mueller et al., 2011; Tiringer et al., 2013; Mulcahy et al., 2015). Cftr−/− mice also display dysregulated B-cell follicle formation, activation, and accumulation in the lung (Polverino et al., 2019). This adds to the complexity of vaccine development for M. abscessus, as immune responses may be harder to predict in target populations and could potentially be naturally skewed toward non-protective phenotypes (Kartalija et al., 2013). The quality of immune responses within these populations will play a significant role in shaping the outcome of vaccination with an M. abscessus vaccine and is therefore a key area of continued research.

Research of potential therapeutic agents to protect against M. abscessus infection may greatly benefit from effective animal models that recapitulate the clinical presentation of M. abscessus lung disease. This has been a continual challenge for researchers, as animal genotypes that possess common CF mutations do not display the same pathological symptoms as humans (Guilbault et al., 2007). For example, the ΔF508 mouse model possesses the most common mutation in the CFTR gene in humans but does not recapitulate the disease pathophysiology (Scholte et al., 2004). Although some knockout strains show greater persistence of bacterial load compared to wild-type littermates, none of these models develop spontaneous colonization or persistent infection by CF pathogens in the lung, such as in human patients (McMorran et al., 2001; Guilbault et al., 2005, 2007; Ordway et al., 2008; Bernut et al., 2014b). This problem has been circumvented by the use of immunocompromised strains (Lerat et al., 2014), corticosteroid administration (Maggioncalda et al., 2020), or infection with thrombin and fibrinogen plugs; a strategy similar to the agarose bead infection model used for P. aeruginosa (Facchini et al., 2014; Caverly et al., 2015). In addition to zebrafish and A. castellanni models, these have provided us with snapshots of the immune response to M. abscessus infection; however, an in-depth understanding of correlates of protection is best achieved with immune competent models which recapitulate the immune response to M. abscessus infection in humans.

The discovery of VF acquisition by M. abscessus from other CF pathogens highlights the continued evolutionary potential of this pathogen and reinforces the urgent need for vaccines to provide robust protection to susceptible groups. Suggestions that the CF lung provides an environment that may enhance M. abscessus virulence is particularly worrisome; however, shared VFs across different bacterial species could allow the development of protein vaccine candidates that target multiple CF pathogens (Ripoll et al., 2009; Bryant et al., 2021). For instance, PlcC antibodies from CF patients infected with P. aeruginosa are cross-reactive with M. abscessus PlcC (Le Moigne et al., 2015). Cross-protective vaccines are clearly advantageous in terms of research and development costs; however, no M. abscessus vaccine study to date has confirmed a protective effect of cross-reactive immune responses induced by vaccination (Le Moigne et al., 2016). Given the number of VFs acquired from non-mycobacterial species in the M. abscessus genome, this is a noteworthy area of continued research (Ripoll et al., 2009).

In addition to the development of vaccines for CF pathogens, there is interest in development of an M. abscessus vaccine to provide protection against different mycobacterial species. Lower incidence rates of Mycobacterium avium infection in HIV-positive individuals with prior M. tb infection suggest a degree of protection afforded by mycobacterial exposure (Horsburgh et al., 1996). This has encouraged interest in repurposing the current M. tb vaccine, Mycobacterium bovis Bacille Calmette–Guérin (BCG), to be used for protection against NTM infection in susceptible populations (World Health Organization, 2020). While lower incidences of NTM infection in BCG-vaccinated children support the notion of BCG vaccine-induced cross-protection, there is a paucity of information in the literature specifically referring to protection against M. abscessus (Trnka et al., 1994; Zimmermann et al., 2018). T cells isolated from peripheral blood of latent-TB-infected or BCG-vaccinated individuals produce IFN-γ and granzyme A in response to M. avium restimulation, and these cross-reactive T cells restrict growth of M. avium or M. abscessus in monocytes. BCG vaccination of mice also generates a population of T cells that secrete cytokines upon NTM restimulation; however, the effect of vaccination on bacterial burden was not determined in this study (Abate et al., 2019). As there are clear advantages of repurposing a currently approved and widely distributed vaccine, the role of BCG vaccination in providing protection against M. abscessus infection requires further investigation.



Lessons Learned From TB Vaccination Efforts

Despite being heavily researched since its discovery, M. tb is still a leading cause of death by infectious disease worldwide. In 2020, a quarter of the world’s population was estimated to be infected with M. tb with 10 million new infections in 2019 alone (Chakaya et al., 2021). The protection afforded by the current vaccine available, BCG, is extremely variable across different age groups, latitudes, and to those with previous infection or mycobacterial exposure (Mangtani et al., 2014; Ahmed et al., 2021). While numerous candidates for novel TB vaccines are currently in the developmental pipeline, none have been able to provide sufficient protection to replace BCG. However, we can learn from decades of TB research and vaccine development about factors to consider in the pursuit of an M. abscessus vaccine, in addition to identifying unique challenges specific to this pathogen.

A robust understanding of immune responses required for protection is essential in the development of novel M. abscessus vaccines. In the case of vaccines against M. tb, efforts have been consistently stalled by our incomplete knowledge of immune correlates of protection against M. tb (Counoupas et al., 2019). This was exemplified in the results of the Modified Vaccinia Ankara 85A (MVA85A) vaccine in Phase IIb clinical trials, which had been a leading candidate to replace BCG. While earlier studies had shown strong T-cell-mediated immune responses following vaccination, this vaccine did not show protective efficacy in infants (Scriba et al., 2010; Tameris et al., 2013). TH1 helper subsets and cytokines IFN-γ and TNF also appear to be important for protection against M. abscessus, but whether these subsets are predictive of protection afforded by vaccination has not yet been established (Rottman et al., 2007; Bernut et al., 2016a). The difficulty in determining immune correlates of protection against M. abscessus is exacerbated by the diverse growth stages of this microorganism, with extracellular biofilm formation and colonization preceding the emergence of invasive intracellular variants which form chronic infection in the lung (Howard et al., 2006; Gutiérrez et al., 2018; Bryant et al., 2021). There is currently a paucity of information on how different branches of the immune response (namely, humoral and cell-mediated subsets) contribute to effective bacterial clearance across different infection stages. Diverse vaccination strategies can be aimed at preventing colonization by inducing a strong humoral response or at enhancing clearance of persistent infection by inducing a strong cell-mediated immune response. As with M. tb infection, it is also unclear what impact natural immunity from prior M. abscessus infection has on the risk of reinfection (Verver et al., 2005; McIvor et al., 2017). Recurrence of M. abscessus infection has been attributed to poor antimicrobial efficacy, particularly the inefficacy of macrolide treatments to fully eradicate infection (Pasipanodya et al., 2017). However, it has been noted that reinfection with NTM, such as M. abscessus, frequently occurs with strains of different genotype, suggesting that M. abscessus antigenic variability has an impact on protective immune responses (Koh et al., 2017). A comprehensive understanding of the importance of natural immunity over the duration of M. abscessus infection will be critical to dictate the trajectory of novel vaccine development.


Potential Vaccination Strategies for Mycobacterium abscessus

There is an enormous array of strategies that may be used in the development of a novel M. abscessus vaccine, each with different advantages and drawbacks. These include whole-cell (live attenuated or heat-killed), nucleic acid vaccines, and subunit (viral vectored or protein and adjuvant) vaccines.

Live attenuated vaccines have an enormous advantage in that they possess an extremely diverse repertoire of proteins that may be recognized by the immune system, thereby inducing a more diverse immune response. Beyond attenuation, whole-cell vaccines may also be modified to further enhance antigenic visibility to the immune system. VPM1002, for example, is a modified form of the BCG vaccine containing protein Listeriolysin O, which allows BCG escape into the cytosol (Grode et al., 2013). This facilitates antigen presentation to CD8+ T cells, thereby activating an additional component of the immune response to the vaccine (Grode et al., 2005). However, live attenuated vaccines pose an inherent risk of vaccine-associated disease for immunocompromised individuals or those on immunosuppressants, such as individuals with CF (Burroughs and Moscona, 2000; Malfroot et al., 2005). Heat-killed whole-cell vaccines are advantageous for these populations because there is no risk of vaccine dissemination and have been particularly successful in the TB field. One such example is Vaccae™, a whole-cell vaccine of inactivated environmental mycobacteria Mycobacterium vaccae (Fatima et al., 2020). Given the shared epitopes of M. vaccae with NTM and M. tb, this is a potential vaccine candidate that could be repurposed for M. abscessus.

Novel vaccine candidates with the potential of incorporating VFs also include nucleic acid-based vaccines, such as DNA vaccines. These comprise plasmids encoding antigen/s of interest and employ host cells to synthesize proteins which are recognized by the immune system. Nucleic acid vaccines are advantageous due to the relative ease of design, production and scalability. However, no DNA vaccines have progressed beyond preclinical study within the M. tb field—this may be because of their poorly immunogenic nature, or the more complex requirements for vaccine delivery to enter the nucleus and prevent plasmid degradation (Lee et al., 2018; Sefidi-Heris et al., 2020). Recently however, the use of tetrafunctional block copolymers to enhance cell uptake of exogenous nucleic acid has improved our ability to effectively deliver DNA vaccines (Richard-Fiardo et al., 2015). Both preclinical vaccines for M. abscessus are DNA formulated with tetrafunctional block polymers, one targeting M. abscessus VF PlcC and another targeting MgtC (McIlroy et al., 2009; Le Moigne et al., 2015, 2016). DNA vaccination against M. abscessus PlcC appears to provide marginally superior protection to protein-based vaccination, although the immunological mechanisms driving this trend are unclear (Le Moigne et al., 2015). However, both PlcC and MgtC DNA vaccination have a limited ability to consistently reduce bacterial burden by an appreciable level in both ΔF508 and WT mice across the course of M. abscessus infection (Le Moigne et al., 2015, 2016). Recent successes in mRNA vaccination for the Coronavirus Disease 2019 (COVID-19) has also promoted interest in mRNA as a vaccination strategy. This is due to the ease of manufacturing ability and the ability to induce activation of immune cells by multiple cellular pathways in response to mRNA (Brisse et al., 2020). As this area of vaccine design is relatively new, it is likely that continued research will be required to improve the potential of this formulation before use against M. abscessus.

Subunit vaccines comprise antigenic proteins from the target species, delivered either through viral vector or with an adjuvant to promote induction of an immune response. The selection of appropriate antigen is a critical consideration for subunit vaccines and may determine the protective outcome. Highly expressed VFs are ideal vaccine candidates, and have been targets for multiple TB vaccines in development (Chakaya et al., 2021). Importantly, antigenic expression for M. tb varies over the course of chronic infection and subunit vaccines targeting antigens only expressed at specific stages of infection may lack efficacy (Shi et al., 2004; Rogerson et al., 2006). CF pathogens, such as P. aeruginosa, also show marked change in physiology following adaptation to the CF lung, such as development of a mucoid phenotype, reduced VF expression, and loss of motility, suggesting this is a possibility for M. abscessus (Winstanley et al., 2016). This obstacle may be overcome through the incorporation of “early” and “late” stage antigens to target a pathogen’s full antigenic repertoire. One such example is CysVac2, a subunit vaccine which combines the secreted mycolyltransferase Ag85B with CysD, a component of the sulfate assimilation pathway expressed highly during chronic infection (Pinto et al., 2013; Counoupas et al., 2016). This highlights the importance of understanding M. abscessus antigen expression during infection, which may inform vaccine design.

A particular advantage of subunit vaccines is that the quality and type of the immune response may be more easily modulated through the selection of an adjuvant. Adjuvants, such as these, are most effectively used when their selection is tailored to the variety of immune response generated, which is often independent of the co-administered antigen (Knudsen et al., 2016). A diverse range of adjuvants are currently used in clinical TB vaccine candidates, including TLR agonists and liposomal formulations, such as IC31 and GLA-SE (Stewart et al., 2019; Enriquez et al., 2021). Most of the adjuvants being used in clinical trials for TB encourage the generation of protective TH1 and/or TH17 immune responses (Stewart et al., 2019). Given this is thought to be an immune correlate of protection against M. abscessus, these adjuvants may be useful components of an M. abscessus vaccine. Appropriate selection of adjuvant (such as one with a minimal inflammatory profile) may also facilitate non-parenteral vaccine administration, such as vaccine delivery directly to the respiratory mucosa (Ferrell et al., 2021). There is renewed interest in pulmonary vaccination for TB, whereby delivery of the vaccine directly to the lung induces tissue-resident populations capable of rapid response to M. tb (Counoupas et al., 2020). Similarly, intranasal vaccination with BCG provides superior protection against M. tb infection to subcutaneous vaccination (Perdomo et al., 2016). As our knowledge of immune responses correlated with M. abscessus protection increases, this may be a valuable avenue of investigation.




Reverse Vaccinology for the Development of an Mycobacterium abscessus Vaccine

As the field of vaccinology has advanced, so too has the use of bioinformatics approaches to aid vaccination efforts. Increases in genomic sequencing of pathogenic species has given rise to the field of “reverse vaccinology” whereby potential VFs and antigenic targets are discovered through in silico analysis of a pathogen’s genome and predicted proteome (Rappuoli, 2000). This method has been relatively underutilized for M. tb, likely due to the wealth of in vitro knowledge that has emerged from decades of research. A pathogen, such as M. abscessus, is an excellent candidate for reverse vaccinology approaches to streamline the identification of potential vaccine candidates, given the continual and growing need for a vaccine against this pathogen. There are numerous studies using pangenome analysis to identify shared VFs across clinical isolates of M. abscessus, and this is an ideal starting point for a reverse vaccinology approach (Choo et al., 2014; Davidson et al., 2014; Bryant et al., 2021; Lewin et al., 2021). There is also an extensive range of protein pathway mapping, MHC-II binding prediction, and epitope mapping software currently available which provides greater insight into those proteins likely to yield immunogenic vaccine candidates (Heinson et al., 2015). The reverse vaccinology approach has most recently been used to identify potential VFs and therapeutic targets of M. abscessus by development of a novel hierarchical approach; the development of such workflows is beneficial because they may be applied to other pathogens in future (Dar et al., 2021). There is also enormous advantage in a synergistic approach using wet-lab based and in silico techniques as a starting point for vaccine candidate identification, as this is based upon the confirmed proteome or secretome of different species. This was recently used by Steindor et al. to identify immunogenic proteins across different clinical isolates of M. abscessus and yielded many potential VFs that could be suitable vaccine targets (Steindor et al., 2019). However, current studies on M. abscessus reverse vaccinology lack experimental verification of protein immunogenicity; this will be a critical area of future research to determine the best candidates for progression. As we continue to build on our knowledge of this emerging pathogen, reverse vaccinology will become an essential tool in antigenic discovery for the development of subunit vaccines.




CONCLUSION

In recent years, we have elevated our understanding of M. abscessus from a relatively innocuous environmental organism to a formidable evolving true pathogen with a range of immune modulatory mechanisms to facilitate its survival within the host. These include VFs with homology to well-known mycobacterial VFs in pathogenic species, such as M. tb, in addition to non-mycobacterial VFs which bear striking resemblance to those present within other CF species, such as B. cenocepacea and P. aeruginosa. These VFs have a range of immune modulatory mechanisms to enhance M. abscessus survival within the host: promoting phagosomal escape, restriction of phagosomal acidification, enhancement of bacterial cording, and immune masking to escape detection. These, in conjunction with the extensive antibiotic resistance of this pathogen, have likely contributed to the increasing global incidence and severity of pulmonary M. abscessus. However, through increased understanding of M. abscessus virulence, we have uncovered potential vaccine candidates and novel drug targets, bringing us closer to novel prevention and eradication strategies for this pathogen. Development of a vaccine may also be guided effectively by lessons learned from decades of research into other pathogenic Mycobacteria, such as M. tb. Continued research into the virulence and immune correlates of protection in M. abscessus pathogenesis using biologically relevant animal models will provide insight into the best strategies to adopt for the development of an M. abscessus vaccine, to improve the quality of life of susceptible populations.
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Increased Vascular Permeability Due to Spread and Invasion of Vibrio vulnificus in the Wound Infection Exacerbates Potentially Fatal Necrotizing Disease
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Vibrio vulnificus is known to cause necrotizing soft tissue infections (NSTIs). However, the pathogenic mechanism causing cellulitis, necrotizing fasciitis, muscle necrosis, and rapidly developing septicemia in humans have not been fully elucidated. Here, we report a multilayer analysis of tissue damage after subcutaneous bacterial inoculation as a murine model of V. vulnificus NSTIs. Our histopathological examination showed the progression of cellulitis, necrotizing fasciitis, and muscle necrosis worsening as the infection penetrated deeper into the muscle tissue layers. The increase in vascular permeability was the primary cause of the swelling and congestion, which are acute signs of inflammation in soft tissue and characteristic of human NSTIs. Most importantly, our sequential analysis revealed for the first time that V. vulnificus not only spreads along the skin and subcutaneous tissues or fascia but also invades deeper muscle tissues beyond the fascia as the crucial process of its lethality. Also, increased vascular permeability enabled V. vulnificus to proliferate in muscle tissue and enter the systemic circulation, escalating the bacterium’s lethality. Our finding may yield important clinical benefits to patients by helping physicians understand the impact of surgical debridement on the patient’s quality of life. Furthermore, this study provides a promising system to accelerate studies of virulence factors and eventually help establish new therapies.

Keywords: Vibrio vulnificus, necrotizing soft tissue infection (NSTI), pathogenic factor, vascular permeability, murine model, in vivo imaging


INTRODUCTION

Vibrio vulnificus is a Gram-negative and highly motile bacterium that lives in the sea and brackish waters and is known as a major causative bacterium of necrotizing soft-tissue infections (NSTIs; Tacket et al., 1984; Klontz, 1988; Finkelstein et al., 2002; Ito et al., 2012; Oliver, 2015; Baker-Austin and Oliver, 2016; Stevens and Bryant, 2017; Yamazaki et al., 2019). There are two types of V. vulnificus infection: primary septicemia and wound infection. Primary septicemia generally develops following ingestion of raw, contaminated seafood in patients with underlying disease and leads to death (Klontz, 1988; Ito et al., 2012; Stevens and Bryant, 2017). Wound infection occurs when an open wound is exposed to V. vulnificus in seawater, even in healthy people with no underlying disease (Tacket et al., 1984; Finkelstein et al., 2002; Oliver, 2015; Baker-Austin and Oliver, 2016). Moreover, a greater incidence of wound infections caused by V. vulnificus has been reported, owing to rising seawater temperatures caused by climate change (Baker-Austin et al., 2010, 2013; Hakkarainen et al., 2014).

Swelling, edema, cellulitis, and necrotizing fasciitis in soft tissues of limbs known as NSTIs are common signs of V. vulnificus infections arising from an open wound exposed to the bacterium in seawater or ingested in contaminated food, leading to primary septicemia (Klontz, 1988; Finkelstein et al., 2002; Ito et al., 2012; Hakkarainen et al., 2014; Oliver, 2015; Baker-Austin and Oliver, 2016; Stevens and Bryant, 2017; Yamazaki et al., 2019). The local signs are regarded as a chain of events that are associated with increased vascular permeability (Hakkarainen et al., 2014; Oliver, 2015), and the edema arising from it predisposes patients to cellulitis and necrotizing fasciitis (NF; Swartz, 2004; Lewis et al., 2005; Sarani et al., 2009; Roje et al., 2011; Stevens and Bryant, 2017). Cellulitis is a severe presentation of aggressive infection of deep soft tissue (Swartz, 2004; Lewis et al., 2005; Roje et al., 2011). The acute inflammatory response begins with neutrophil migration to the subcutaneous tissue and progresses to necrotizing fasciitis when inflammation reaches the fascia (Sarani et al., 2009). The clinical signs in wound infection resulting from the V. vulnificus infection are known to develop within 16 h, and over 80% of patients have no underlying disease (Oliver, 2015). Taken together, these suggest that V. vulnificus has an efficient mechanism for proliferating in soft tissue and evading the immunity of a healthy host. It does this through multifunctional autoprocessing repeats-in toxin (MARTX) and encapsulation, which helps resist phagocytic cells (Lo et al., 2011; Roje et al., 2011; Jeong and Satchell, 2012). Vibrio vulnificus strains isolated from the environment have rtxA, which encodes MARTX but exhibits a translucent colony, meaning it is not encapsulated in contrast to clinical strains that are encapsulated (Simpson et al., 1987; Oliver, 2015; Yamazaki et al., 2019; Kashimoto et al., 2021).

To understand the pathogenic mechanism of V. vulnificus in patients, in vivo models have been developed. Suckling mice and iron-overloaded mice models focused on studying proliferation mechanisms in the systemic circulation (Gulig et al., 2005; Kim et al., 2014; Arezes et al., 2015). However, these models do not focus on proliferation mechanisms in the soft tissues. Hence, we had developed a wound infection model of V. vulnificus and used this model to select pathogenic factors and to evaluate pathogenic mechanisms in NSTI (Yamazaki et al., 2019, 2020; Kashimoto et al., 2021). However, there are no reports of detailed analysis of the progressive pathology in wound infection using in vivo models. Thus, it is not entirely clear how V. vulnificus proliferates in the soft tissue of a healthy host and causes NSTI. Here, we subcutaneously (SC) inoculated healthy mice with the pathogen and quantified the degree of the skin and soft-tissue infection. In our thorough investigation of the murine wound infection model, we successfully observed dose- and time-dependent clinical signs, such as inflammation, edema, cellulitis, and necrotizing fasciitis by a multi-faceted approach. Here, we report for the first time that characteristic clinical signs primarily increased vascular permeability, signaling the spread in soft tissues and invasion in deep tissue by V. vulnificus. Our detailed analysis of the infection site may lead to potentially life-saving therapeutics against V. vulnificus NSTIs.



MATERIALS AND METHODS


Ethics Statement

All animal studies were carried out in strict accordance with the Guidelines for Animal Experimentation of the Japanese Association for Laboratory Animal Science (JALAS; Science Council of Japan, 2006). The animal experimentation protocol was approved by the president of Kitasato University based on the judgment of the Institutional Animal Care and Use Committee of Kitasato University (Approval No. 17-268).



Bacteria

Vibrio vulnificus CMCP6 and E4 was cultured aerobically in Luria-Bertani (LB) broth or on LB agar at 37°C. When required, the medium was supplemented with rifampicin (50 μg/ml) or ampicillin (100 μg/ml) for V. vulnificus.



Mutant Construction

The gene deletion mutant was constructed as described previously (Yamazaki et al., 2020). Briefly, the franking regions, 1,005 bp of upstream and the 1,040 bp of downstream, of rtxA gene were amplified with primers: RTX up Fw (5'-GGA TCC TTG CCT TTT AAT TGA GCT TGC-3'), RTX up Rev (5'-TCT AGA TCT CAT TTA CCC TGT GAA GAA GTA TTC AAC-3'), RTX down Fw (5'-TCT AGA TGC TAA CGC ATG TTG GTG ATG-3'), and RTX down Rev (5'-GCA TGC ATG AGT AAT GAT GTT GGC TTT-3'). The underline shows the recognition sites of the restriction enzymes, BamHI, XbaI, and sphI, respectively. The amplicons were confirmed by Sanger sequencing, then digested with BamHI-XbaI and XbaI-SphI, and cloned into the suicide vector pYAK1, retaining sacB. E. coli BWλpir were used as a conjugal donor to V. vulnificus CMCP6 with spontaneous rifampicin resistance. pYAK1-rtxAKO was introduced into V. vulnificus CMCP6. Vibrio vulnificus retaining pYAK1-rtxAKO was cultured in LB broth containing 20% sucrose following the standard sacB-assisted allelic exchange method. Mutants were confirmed by PCR to detect expected changes in size at the rtxA locus. The plasmid pXen-13 containing a bacterial luminescent gene cluster (luxCDABE) was transformed into V. vulnificus via electroporation. Vibrio vulnificus was grown in LB medium supplemented with 100 μg/ml ampicillin with agitation (163 rpm) at 37°C.



Mice

Five-week-old female C57BL/6 and BALB/c mice were purchased from Charles River Laboratories Japan (Atsugi, Japan). C57BL/6 mice and BALB/c mice were bred and maintained under specific pathogen–free conditions at Kitasato University. The mice were housed in plastic cages in a group and were maintained on a standard laboratory diet (rat chow MF, Oriental Yeast Co., Ltd. Tokyo, Japan) and tap water under a 12 h light and dark cycle. The ambient temperature during the study was maintained at about 21°C.



Vascular Permeability Assay

Thirty minutes prior to euthanasia, infected mice were injected intravenously (IV) with 0.1 ml of 5 mg/ml Evans blue dye (Wako, Osaka, Japan). Whole thighs of the sacrificed mice were transected at the ankle and at the hip joint, peeled, divided into SC tissue with skin and muscle tissue, and incubated at 60°C for 24 h in three volumes of formamide. Quantitative analysis of extracts containing Evans blue dye was determined by measuring optical density of blue at 600 nm (OD600) with a microplate reader (Sunrise/TECAN Japan, Kanagawa, Japan; Nakamura et al., 2013; Radu and Chernoff, 2013).



Histopathological Examination

Infection sites excised from sacrificed mice were demineralized by immersing them in buffer solution containing 0.2 M EDTA-4Na and 1% formalin for 1 week, fixed in 10% buffered formalin for 1 day, embedded in paraffin, sliced into 3-μm sections, and stained with Hematoxylin–eosin (H&E). For immunofluorescence staining, the paraffin-embedded sections were used. After deparaffinization, heat-based antigen retrieval and endogenous peroxidase blockade using 3% hydrogen peroxide were performed. Rabbit anti-neutrophil elastase (1:100, ab68672; Abcam) was added and incubated overnight at 4°C. Following a rinse in PBS, peroxidase (PO)-conjugated goat anti-rabbit IgG (Histofine Simple Stain Mouse MAX-PO, Nichirei Bioscience, Tokyo, Japan) was added and incubated for 1 h at room temperature. The site of the immunoreaction was visualized by the diaminobenzidine (DAB) reaction. Sections were counterstained with Mayer’s haematoxylin and mounted under coverslips. Image acquisition of the muscle tissue was performed using an inverted microscope (DM2500/Leica Microsystems, Tokyo, Japan) equipped with 5×/0.40, 10×/0.40, 20×/0.40, and 40×/0.40 objective lenses.



Evaluation of Biomarkers Following Intramuscular Damage

Vibrio vulnificus was grown in LB medium supplemented with 100 μg/ml of rifampicin with agitation (163 rpm) at 37°C. Overnight cultures (100 μl) were inoculated into 2 ml of fresh LB medium and incubated for 2 h. Bacteria were harvested, washed with PBS (pH 7.2) containing 0.1% gelatine, and resuspended in fresh LB medium. Then, 106 colony-forming units (CFU)/mouse were SC inoculated in mice. Infected mice were sacrificed at 9 h post-infection. Whole-blood samples were collected in a syringe by cardiac puncture at multiple time points after infection and centrifuged at 1,200 g for 30 min, and sera were collected. Serum creatine kinase (CK), lactate dehydrogenase (LDH), and aspartate aminotransferase (AST) concentrations were evaluated using Dimension EXL with the LM Integrated Chemistry System (Siemens, Tokyo, Japan).



In vivo Bioluminescent Imaging

Vibrio vulnificus pXen-13 was grown in LB medium supplemented with 100 μg/ml ampicillin with agitation (163 rpm) at 37°C. Overnight cultures (100 μl) were inoculated into 2 ml of fresh LB medium supplemented with 100 μg/ml ampicillin and incubated for 2 h. Bacteria were harvested, washed with PBS (pH 7.2) containing 0.1% gelatine, and resuspended in fresh LB medium. Then, 106 CFU/mouse were SC inoculated in BALB/c mice. Luminescence signals emanating from V. vulnificus were imaged at defined time points using an in vivo imaging system (IVIS) 200 imaging system (Xenogen/PerkinElmer, MA, United States) with a 1 min exposure time. The total photons emitted were acquired using the Living Image software package. Mice were anesthetized in chambers containing 2.0% isoflurane inhalant (Pfizer, Tokyo, Japan).



Kaplan–Meier Survival Curve and Bacterial Burden

Vibrio vulnificus was grown in LB medium supplemented with 100 μg/ml of rifampicin with agitation (163 rpm) at 37°C. Overnight cultures (100 μl) were inoculated into 2 ml of fresh LB medium and incubated for 2 h. Bacteria were harvested, washed with PBS (pH 7.2) containing 0.1% gelatine, and resuspended in fresh LB medium. Then, the bacteria were SC, intramuscularly (IM), or intravenously (IV) inoculated in mice. Infected mice were carefully monitored and sacrificed at endpoints to measure survival time or at defined time points to collect tissues. The collected muscles or spleen were suspended in cold PBS containing 0.1% gelatine, homogenized for 5 s with a lab mixer IKA EUROSTAR digital (IKA Werke, Germany; 1,300 rpm), and centrifuged at 800 rpm for 5 min. The supernatants were plated at 10-fold serial dilutions in duplicate on LB agar containing 50 μg/ml rifampicin and incubated for 12 h at 37°C. Vibrio vulnificus colonies were counted, and bacterial burden was determined by calculating the number of CFU/g.



Statistics

Statistical analysis was performed using GraphPad Prism (GraphPad Software, CA, United States). Statistical differences between the two groups were analyzed using the Mann–Whitney U test or Fisher’s exact test. Survival curves were analyzed using the log-rank test. A p value less than 0.05 was considered significant, and significance values are indicated as follow: *p < 0.05; **p < 0.01; and ***p < 0.001.




RESULTS


Dose-Dependent Lethality of a Clinical Isolate Strain of Vibrio vulnificus

Vibrio vulnificus NSTI is a fulminant infection that causes death within a few days in humans. The consistent assessment of the process of host death due to the pathogenicity of V. vulnificus is a prerequisite for an infection model. First, we investigated whether the wound infection model could assess the lethality of a clinical isolate strain. Clinical strain CMCP6 wild type (WT) and environmental strain E4 were SC inoculated into mice and observed for 72 h. Mice infected with CMCP6 WT caused dose-dependent death (Figure 1). Some mice infected with CMCP6 WT survived in the 104 CFU/head-inoculation group (Figure 1). However, in the 105 CFU/head-inoculation or higher, the survival time was shortened in a dose-dependent manner, and all mice died (Figure 1). On the other hand, mice infected with the environmental strain E4 were asymptomatic and did not die (Figure 1). These results indicate that our murine model can determine the dose-dependent lethality of clinical strains. Besides, some mice infected with 106 CFU/head of CMCP6 ΔrtxA survived (Figure 1). Data showed that the murine model has the resistance against V. vulnificus proliferation depending on the number of infected bacteria and virulence factors.
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FIGURE 1. Lethality of Vibrio vulnificus. Kaplan–Meier survival curves for mice subcutaneously inoculated with CMCP6 wild type (WT) 104 CFU/head (n = 6), WT 105 CFU/head (n = 6), WT 106 CFU/head (n = 6), E4 106 CFU/head (n = 6), and CMCP6 ΔrtxA 106 CFU/head (n = 6) and monitored for 72 h. ***p = 0.0005 compared with CMCP6 WT 106 CFU/head; log-rank test.




Increased Vascular Permeability at the Bacterial Proliferation Site

Serum or plasma filling swells and blisters are known signs of V. vulnificus infection (Tacket et al., 1984; Klontz, 1988; Finkelstein et al., 2002; Ito et al., 2012; Oliver, 2015), and acute inflammation causes vasodilation and increased vascular permeability. In addition, it has been reported that a protease VvpE of V. vulnificus enhances vascular permeability in the guinea pig skin infection model (Jeong et al., 2000; Miyoshi, 2006). We examined the clinical signs and the risk factor during the V. vulnificus infection in our experiment, the thighs of mice infected with CMCP6 WT showed severe swelling. Therefore, we investigated whether the swelling was caused by the increased vascular permeability of Evans blue dye that binds to serum albumin immediately following its IV injection into the bloodstream. Under normal physiologic conditions, serum albumin does not cross the vascular endothelial cells, and the Evans blue dye remains restricted within blood vessels. Therefore, only conditions that promote increased vascular permeability allow for extravasation of Evans blue dye at the local tissues. We injected the Evans blue dye into the tail vein of the mice 30 min before harvesting the tissue for observation and measurement of the Evans blue dye extravasation. The time-course analysis by measurement of the leakage of Evans blue dye showed that increased vascular permeability began at 2 h post-infection and peaked at 4 h post-infection in the skin and SC tissue (Figure 2A). In the muscle, it gradually increased and peaked at 10 h post-infection (Figure 2B). Consistently with these results, leakage of Evans blue dye was observed both in the SC tissue and superficial muscle of the local infection site at 6 h post-infection, but not at 10 h post-infection (Figures 2A–D). These results suggested that the Evans blue dye leaked at the inside of deep muscle tissues. Thus, we clearly show that vascular permeability increases in the SC tissue in the early and deeper muscle tissue in the late stages of infection.
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FIGURE 2. Increased vascular permeability in soft tissues. (A–D) Thirty minutes before euthanasia, infected mice were injected i.v. with 0.1 ml of 5 mg/ml Evans blue dye. (A,B) Quantification of Evans blue dye extracted from the skin and subcutaneous tissue (A) or muscle tissue (B) in infected mice. Each symbol represents an individual optical density at 600 nm (OD600; n = 6/group). Error bars indicate SEM. *p < 0.05; **p < 0.01; Mann–Whitney U-test. (C,D) Appearance at 30 min after i.v.-inoculation with Evans-blue and 6 h after inoculation (C) and 10 h after subcutaneously inoculation (D) with wild type (WT). Blue spots caused by extravasation of the Evans blue-serum albumin complex were observed via peeling murine skin.




Infiltration of Neutrophils Associated With the Congestion of Blood Vessels

With inflammation, increased vascular permeability promotes the effusion of cellular components and plasma, such as albumin, immunoglobulins, and fibrinogen (Abtin et al., 2014; Pasparakis et al., 2014). In addition, vasodilation slows blood flow and causes congestion. As a result of the filling of red blood cells by the congestion, leukocytes are leaked. Especially, neutrophils infiltrate the site of infection to eliminate bacteria (Abtin et al., 2014; Pasparakis et al., 2014). In our experiment, histopathological analysis of SC tissue was performed to clarify the details of increased vascular permeability and the pathology dynamics during the infection. The congestion and red blood cells were not found immediately after infection at 0 h post-infection (Figure 3A), but the blood vessels were filled with red blood cells and became congested as the infection progresses (Figure 3A). Finally, red blood cells and leukocytes were decreased at the site of infection of end-stage mice at 12 h post-infection (Figure 3A). During the progression of this congestion, leukocytes appeared around the blood vessels at 3 h post-infection and peaked at 6 h, and then these were widely dispersed (Figure 3A). The leukocytes were positive for anti-neutrophil elastase antibody by the immunostaining from 3 to 12 h post-infection (Figure 3B). In comparison, no leukocytes were positive at 0 h post-infection (Figure 3B). Neutrophils, of which several parts were activated by the infection and labeled with anti-elastase, showed up at 3 h post-infection. They were increased, peaked at 6 h post-infection, and decreased after that in the SC tissue (Figure 3B). Thus, elastase release by infiltrated neutrophils at the infection site was shown to begin in the initial stage of infection. These aspects are known as cellulitis in V. vulnificus infection.
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FIGURE 3. Congestion and inflammation in the skin. (A) Hematoxylin–eosin-stained histopathology images at the subcutaneous inoculation site in a mouse infected with Vibrio vulnificus (106 CFU/mouse). Lower panels show a high-power field of the part enclosed in upper panels. Arrowheads indicate blood vessels in the subcutaneous tissue. Scale bars: 100 μm (upper panels) and 25 μm (lower panels). (B) The immunostained-histopathology images with anti-neutrophil elastase antibody at the subcutaneous inoculation site in a mouse infected with V. vulnificus (106 CFU/mouse). Scale bars: 25 μm.




Rapid Progression of Muscle Necrosis From Superficial to Deep Muscle

In NSTIs, necrosis is an irreversible pathological condition, occurred in fascia and muscle, and it progressed dramatically. In this study, the increased vascular permeability occurred along with the infiltration of neutrophils when blood vessels became congested (Figures 2A, 3B). Since the increased vascular permeability increased in the SC tissue, peaking in the muscle tissue, it was predicted that the increase resulted in pathological changes to muscle tissue. To investigate these, we performed a histopathological analysis. We observed the destruction of the fascial plane at the boundary between the SC tissue and the muscle, and muscle necrosis as reflected by enucleation and reduced dyeability with eosin at 6 h post-infection (Figure 4A). Moreover, these necrotic lesions (changes) of muscle tissue expanded from the surface to the deep muscle after that at 9–12 h post-infection (Figure 4A). Infiltration of neutrophils was also observed in muscle tissue at 9 h post-infection (Figure 4A).
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FIGURE 4. Necrosis in muscle. (A) Hematoxylin–eosin-stained histopathology images of muscle beneath the infection sites in a mouse infected with Vibrio vulnificus (106 CFU/mouse). Scale bars: 25 μm. SC, subcutaneous; IM, intramuscular; and the black dotted line is the border between SC and IM. (B) Measurement of creatine kinase (CK), lactate dehydrogenase (LDH), and aspartate aminotransferase (AST) levels in the sera of mice infected with V. vulnificus (106 CFU/mouse). Each symbol represents an individual mouse (n = 6/group). Error bars indicate SEM. *p < 0.05, **p < 0.01; Mann–Whitney U-test.


We evaluated the severity of muscle necrosis by a biochemical test measuring levels of CK, LDH, and AST in the serum. These markers are released into the circulation when muscles are damaged. Levels of all markers began to increase at 6 h post-infection (Figure 4B). These results were consistent with the onset of muscle necrosis observed by histopathological analysis. After that, the levels increased in a time-dependent manner. These data, obtained from the murine wound infection model, could be used to help explain the fulminant progression of V. vulnificus NSTIs in patients.



Bacterial Dynamics and Clinical Signs at the Primary Infection Site

Our multilayer approach showed that clinical signs, such as cellulitis and necrotic fasciitis, emerge in the SC tissue in the early and evolve in deeper muscle tissue in the late stages of infection. We assess the proliferation associated with these clinical signs of CMCP6 WT and avirulent strains. To assess infection dynamics at the primary infection site, we infected mice with CMCP6 WT, ΔrtxA, and E4 expressing a luciferase operon and observed by IVIS (Figure 5A). The luminescence signals of CMCP6 WT were the most extensive at 6 h post-infection and were concentrated in the soft tissue of the thigh. On the other hand, CMCP6 ΔrtxA signals disappeared from 6 to 9 h post-infection, and E4 signals disappeared from 3 to 6 h post-infection from the soft tissue of the thigh (Figure 2A). These results indicate that CMCP6 WT colonizes and proliferates in the primary infection site, but CMCP6 ΔrtxA and E4 could not. Next, since the necrosis emerged in deeper muscle tissue in the late stages of infection, we skinned the mice to assess bacterial invasion into the muscle and observed by IVIS (Figure 5B). The luminescence signals of CMCP6 WT were extensive at 12 h post-infection in the muscle (Figure 5B). On the other hand, CMCP6 ΔrtxA signals completely disappeared at 9 h post-infection in the soft tissue, but some were detected from the muscle at 12 h post-infection (Figure 5B). We found that it was the CMCP6 WT strain infection in the skin and SC tissue that had spread, causing cellulitis and necrotizing fasciitis. Later, the WT strain invaded and proliferated in the muscle causing muscle necrosis. Almost all ΔrtxA strains were less virulent and infections were cleared from the skin and SC layers, suggesting that RtxA is essential for immune evasion and proliferation in the SC tissue.
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FIGURE 5. Spread and proliferation in soft tissues. (A) The luminescence signal of CMCP6 wild type (WT), CMCP6 ΔrtxA, and E4 detected by in vivo imaging system (IVIS) during 3 h time course (n = 6/group). (B) The luminescence signal of CMCP6 WT and ΔrtxA in the skinned mice detected by IVIS at 6 and 12 h post-infection (n = 6/group).




Bacterial Proliferation in the Muscle Lead to an Elevation of the Number of Bacteria in the Circulation

In vivo imaging system analysis showed that V. vulnificus invades and proliferate the muscle tissue. We calculated the bacterial burden of the muscle beneath the infection site. CMCP6 WT were detected immediately after infection, exponentially increased until 6 h post-infection, and continued to increase at 12 h post-infection in the primary infection site (Figure 6A). Since the progression of clinical signs and proliferation of V. vulnificus in the muscle tissue were suggesting the fatal condition of the host, we investigate the correlation of bacterial proliferation between the local infection site and systemic circulation, an index of sepsis of the host, and lethality of V. vulnificus, we inoculated the 106 CFU/head of CMCP6 WT or ΔrtxA and calculated the bacterial burden of the muscle and the spleen. The number of bacteria collected from the muscle of CMCP6 WT-infected mice was finally 4.20 × 108 CFU/g (median) at 12 h post-infection when the mice began to die (Figures 1, 2C). The number of bacteria collected from the spleen of CMCP6 WT-infected mice was 2.33 × 106 CFU/g (median; Figure 6B). At the same time point, the number of bacteria collected from the muscle of mice infected with CMCP6 ΔrtxA was 4.87 × 105 CFU/g (median) and significantly lower than that of CMCP6 WT (Figure 6B). Mainly, CMCP6 ΔrtxA was frequently not detected from the spleen in the infected mice (n = 3 of 8), and the number of bacteria collected from the spleen was 4.59 × 102 CFU/g (median; Figure 6B). The correlation coefficient between the number of bacteria in muscle and the number of bacteria in the spleen was 0.8097 (Figure 6B). This strong positive correlation proved that the proliferation in the muscle was essential for increasing the number of bacteria in the systemic circulation, which is known as a representative aspect of septicemia in V. vulnificus infection, ultimately leading to host death.
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FIGURE 6. (A) Bacterial burdens in the muscle of mice subcutaneously inoculated with CMCP6 wild type (WT) calculated as CFU/g during 2 h time course. (B) Bacterial burdens in the muscle and the spleen of mice subcutaneously inoculated with CMCP6 WT, and ΔrtxA calculated as CFU/g at 12 h post-infection. Each symbol represents an individual mouse (n = 6/group). Error bars indicate SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with WT; Mann–Whitney U-test. Simple Linear Regression Analysis in the right panel of Figure 2C.




Muscle Invasion Critical for Lethality

We compared survival times of mice receiving SC, intramuscular (IM), and IV injections. IM-inoculated mice survived for the shortest amount of time, followed by SC- and IV-inoculated mice (Figure 7A). Similarly, we compared the survival times of mice receiving SC and IM injections of ΔrtxA. Mice IM-inoculated with 106 CFU/head of ΔrtxA showed higher mortality than SC-inoculated mice (Figure 7B). The high dose of ΔrtxA (infection with 107 CFU/head) seemed to have been the cause of death in mice via the SC routes of infection (Figure 7B), although the survival time was delayed compared with mice infected with WT (106 CFU/head; Figures 7A,B). However, mice IM-inoculated with 107 CFU/head of ΔrtxA died as early as did mice infected with WT (Figures 7A,B). Thus, allowing the invasion into the muscle by V. vulnificus, even attenuated strains, is at a potent risk for the fatal outcome. The high bacterial burden in muscle led to a fatal outcome caused by V. vulnificus infection.

[image: Figure 7]

FIGURE 7. Critical invasion leading fatal outcome. (A) Kaplan–Meier survival curves for mice (n = 6/group) inoculated subcutaneously (SC), intramuscularly (IM), or intravenously (IV) with CMCP6 wild type (WT) and monitored for 72 h. **p < 0.01 compared with SC inoculation; log-rank test. (B) Kaplan–Meier survival curves for mice (n = 12/group) inoculated SC or IM with CMCP6 ΔrtxA (106 CFU/mouse and 107 CFU/mouse) and monitored for 72 h. ****p < 0.0001, *p < 0.05 compared with each dose of SC inoculation; log-rank test.





DISCUSSION

Adequate infection models that mimic human disease are the key to analyzing the mechanisms of bacterial pathogenesis. In the V. vulnificus wound infection; there are reports of cases of infection in healthy hosts (Dechet et al., 2008; Newton et al., 2012; Oliver, 2015). The first line of defense by the skin’s barrier function is destructed by wounds, allowing the bacteria to infect the hosts (Pasparakis et al., 2014). The short incubation period of the infection means that the V. vulnificus has a mechanism to colonize, proliferate, and spread by evading innate immunity in the intradermal and SC tissues of healthy hosts. This study elucidated the relationship between bacterial proliferation and pathophysiological progression in the murine wound infection model at each infection step.

Our wound infection model showed that a clinical isolate strain caused the lethal infection, whereas a strain lacking MARTX and an environmental strain lacking capsule were avirulent in the same dose (Figure 1). The MARTX is a major virulence factor of V. vulnificus (Jeong et al., 2000; Lo et al., 2011). Lo et al. (2011) showed that ΔrtxA was reduced in resistance to neutrophils in a model of skin air sac infection (Jeong et al., 2000). The MARTX, required for proliferation at the site of infection, enabled the killing of phagocytic cells, thus increasing cytotoxicity (Lo et al., 2011). The capsule is essential for resistance to phagocytic cells in various bacteria (Simpson et al., 1987; Oliver, 2015; Yamazaki et al., 2019; Kashimoto et al., 2021). The environmental strain E4 and ΔrtxA were a low ability to proliferate in the subcutaneous tissues compared with WT (Figure 5A). These results show that the innate immunity, including neutrophils in the wound infection model, could eliminate these attenuated strains of V. vulnificus in the soft tissues. Thus, our infection model enables the investigating of the mechanisms for evading the host immunity and proliferation during the wound infection.

The perivascular inflammation and excessive activation of neutrophils result in the release of neutrophil elastase, which also leads to increased vascular permeability (Park et al., 1996; Jeong et al., 2000; Johansson et al., 2009; Pasparakis et al., 2014; Siemens et al., 2016). Our wound infection model showed perivascular inflammation, infiltration of neutrophils, neutrophil elastase release, and increased vascular permeability during the infection (Figures 2–4). However, the significance of increased vascular permeability during the NSTIs has not been shown to date. Increased vascular permeability occurs in infection and lymphedema in the lower limbs, occurring due to clogging of lymph nodes with an increased risk of severe infection and onset of cellulitis (Baker, 1982; Simon and Cody, 1992; Swartz, 2004; Sarani et al., 2009; Gulzar et al., 2021). One cause of the high risk of infection in increased vascular permeability is that amino acids and proteins are leaked out of the blood vessel and served as a nutrient source for the proliferation of bacteria. Besides, exudate fluid accumulates in the tissues, facilitates swelling leading to the expansion of the tissue space. We have shown that the spread of V. vulnificus depends on flagellar-based motility and chemotaxis in the soft tissues (Yamazaki et al., 2020). The spread of V. vulnificus WT in soft tissues shown by IVIS was the most extensive at 6 h post-infection after maximizing increased vascular permeability in the subcutaneous tissue at 4 h post-infection (Figures 2A, 5A). Sequentially, the fluorescence signals in IVIS analysis gradually decreased from 6 to 12 h post-infection when vascular permeability of the subcutaneous tissue began to decrease (Figures 2A, 5A). In addition, the bacterial number of CMCP6 WT in muscle was increased following increased vascular permeability in muscle (Figures 2B, 6A; Table 1). These data suggested that V. vulnificus proliferates at the site where the vascular permeability is increased. This proliferation may be provided based on the sensing of nutrient sources and spread through the space induced by the increased vascular permeability. The increased vascular permeability caused by V. vulnificus infection plays a vital role in exacerbating the pathological condition of NSTI.



TABLE 1. Summary of p values from Mann–Whitney U test.
[image: Table1]

Necrosis is a characteristic pathological condition in V. vulnificus NSTI but has never been reproduced in mouse models. In this study, we successfully reproduced the progression of necrosis from superficial layers to deep muscle tissue (Figure 4A). This progressive necrosis could be confirmed by a biochemical blood test (Figure 4B). Our wound infection model can faithfully mimic the pathological conditions observed in humans. In summary, the murine wound infection model will help elucidate distinct mechanisms and virulence factors that allow V. vulnificus to evade host immunity, proliferate, and cause the pathologies.

In the treatment for NSTI, extensive surgical debridement of the local infection site exhibiting multiple lesions and necrosis is generally performed to reduce the number of bacteria and prolong a patient’s life (Swartz, 2004; Sarani et al., 2009; Stevens and Bryant, 2017). However, until our present study, no reports demonstrated that the proliferation of bacteria in the infection site and the systemic circulation correlate strongly and lead to host death. We showed the proliferation of V. vulnificus in soft tissue by IVIS and measurement of bacterial burden (Figures 5A, 6). In addition, CMCP6 WT invaded in muscle and spleen (Figure 6). In contrast, CMCP6 ΔrtxA was detected from the primary infection site by measurement of bacterial burden but could not be detected 9 h after infection by IVIS (Figures 5A, 6). Consistently, all mice infected with the WT strain died 12 h after infection, whereas some mice infected with ΔrtxA survived (Figure 1). In our infection model, the host died when bacterial proliferation in muscle was over 108 CFU/g and around 104 CFU/g in the systemic circulation (spleen; Figure 6). These indicate that the insufficient proliferation of CMCP6 ΔrtxA was not enough to increase the number of bacteria in the spleen. However, ΔrtxA has the potential to invade and proliferate in the muscle tissue depending on other mechanisms associated with the lethality. This point out was supported by the death of mice by the high dose of inoculation or by IM-inoculation of ΔrtxA (Figure 7A). Our data ensure the significance and effectiveness of the debridement of muscles at the primary infection site, especially when the infection is due to a deep wound, to prevent progression to lethal septicemia. Investigating the mechanisms for immune evasion and efficient proliferation in the muscle tissue is required to elucidate the pathogenic mechanisms for the process leading to sepsis.
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Septic arthritis, most often caused by Staphylococcus aureus, is a rapidly progressive and destructive joint disease with substantial mortality and morbidity. Staphylococcus aureus lipoproteins (Lpps) are known to induce arthritis and bone destruction. Here, we aimed to investigate the bone resorptive effect of S. aureus Lpps in a murine arthritis model by intra-articular injection of purified S. aureus Lpps, synthetic lipopeptides, and live S. aureus strains. Analyses of the bone mineral density (BMD) of the distal femur bone were performed. Intra-articular injection of both live S. aureus and purified S. aureus Lpps were shown to significantly decrease total- and trabecular BMD. Liquid chromatography–mass spectrometry analyses revealed that the Lpps expressed by S. aureus SA113 strain contain both diacyl and triacyl lipid moieties. Interestingly, synthetic diacylated lipopeptide, Pam2CSK4, was more potent in inducing bone resorption than synthetic triacylated lipopeptide, Pam3CSK4. Modified lipoproteins lacking the lipid moiety were deprived of their bone resorptive abilities. Monocyte depletion by clodronate liposomes fully abrogated the bone resorptive capacity of S. aureus lipoproteins. Our data suggest that S. aureus Lpps induce bone resorption in locally-induced murine arthritis, an effect mediated by their lipid-moiety through monocytes/macrophages.

Keywords: Staphylococcus aureus, lipoproteins, lipopeptides, septic arthritis, bone mineral density, mouse


INTRODUCTION

Septic arthritis remains one of the most dangerous joint diseases due to its rapidly progressive and destructive nature (Sharff et al., 2013). The most common pathogen associated with bacterial arthritis is Staphylococcus aureus (Kaandorp et al., 1997). Despite advances in the use of antibiotics, up to 50% of patients experience permanent joint dysfunction (Jin et al., 2021). Septic arthritis might be associated with certain comorbidities such as osteoporosis, as in a mouse model septic arthritis caused by intravenous (i.v.) injection of S. aureus leads to a rapid systemic bone resorption (Verdrengh et al., 2006).

Increasing evidence has demonstrated bacterial components cause joint inflammation and bone destruction. Antibiotic-killed S. aureus is known to induce synovitis and destructive arthritis, which is triggered by the bacterial cell wall debris (Ali et al., 2015c). The lipoproteins (Lpps) contained in the cell wall of S. aureus consist of a protein- and a lipid-moiety (Nguyen et al., 2020). The activation of pattern recognition receptors, such as Toll-like receptors (TLRs), is stimulated by the lipid-moiety of S. aureus Lpps which consequently initiates a strong innate immune system response (Nguyen and Gotz, 2016). Lately, S. aureus Lpp has been shown to play an important role in various infectious or inflammatory in vivo settings (Mohammad et al., 2019, 2020, 2021; Kopparapu et al., 2021). In a local murine knee joint model (Mohammad et al., 2019), the initiated innate immune response has a profound impact on the inflammation and destruction of joints. This effect is primarily mediated by the recruitment of monocytes/macrophages (Mohammad et al., 2019), which are the cells that can differentiate into osteoclasts and induce bone resorption (Boyle et al., 2003). An imbalance in the bone remodeling process, caused by an excess of osteoclasts and a deficit of osteoblasts, can induce osteoporosis (Fischer and Haffner-Luntzer, 2021). Currently the golden standard used to determine osteoporosis is measurement of bone mineral density (BMD). Trabecular composition is known to determine the strength of bone and consequently impacts several skeletal conditions (Adams, 1992). Osteoclasts and osteoblasts which are responsible for maintaining bone homeostasis, express a variety of TLRs. Bacterial Lpps, ligands to TLRs, can therefore affect the differentiation and activation of osteoclasts and osteoblasts. Staphylococcus aureus produces both diacylated and triacylated Lpps depending on the environment (Kurokawa et al., 2009, 2012). Diacylated and triacylated Lpps induce signal transduction through the TLR2/TLR6 and TLR2/TLR1 heterodimers, respectively (Jin et al., 2007; Kang et al., 2009). The synthetic lipopeptides, Pam2CSK4 (Pam2Cys) and Pam3CSK4 (Pam3Cys), imitate the lipid-moiety portion of diacylated and triacylated bacterial Lpps, respectively, and can therefore induce the same signaling response as original structures of Lpps (Kang et al., 2009). We hypothesize that S. aureus Lpp is one of the driving forces for bone resorption in septic arthritis.

In the present study, we used the murine septic arthritis model to investigate bone resorption induced by S. aureus Lpps in septic arthritis. In accordance with our hypothesis, both the live S. aureus LS-1 strain and the purified S. aureus Lpps, induced BMD loss, in a lipid-moiety dependent manner. We found that the Lpps expressed by S. aureus SA113 strain contain both diacyl and triacyl lipid moieties. The diacylated lipid-moiety of the synthetic lipopeptide Pam2Cys was more potent in inducing bone resorption than the triacylated lipid-moiety, Pam3Cys. Finally, monocytes, and not neutrophils, were determined to be the culprits behind S. aureus Lpp-induced bone loss.



MATERIALS AND METHODS


Mice

Eight- to 12-week-old female NMRI mice were purchased from Envigo (Venray, Netherlands) and stored under standard temperature, light, and nutrition conditions in the animal facility of the Department of Rheumatology and Inflammation Research, University of Gothenburg.



Preparation of Bacterial Solutions

The S. aureus LS-1 (Bremell et al., 1991) and S. aureus Newman strains were prepared as described. The bacterial strains were stored at a temperature of −70°C. Upon use, the solution was thawed, washed with sterile phosphate-buffered saline (PBS), and adjusted to the concentration of 1 × 104 colony-forming units (CFU)/knee for the LS-1 strain experiments or into a concentration of 4 × 103 CFU/knee for the Newman strain experiments.



Expression and Purification of Lpl1(+sp) and Lpl1(−sp)

Staphylococcus aureus lipoproteins Lpl1(+sp) and Lpl1(−sp) were prepared and purified, as previously described (Nguyen et al., 2015). Lpl1(+sp) and Lpl(−sp) were extracted from the membrane fraction of S. aureus SA113 (pTX30::lpl1-his) and cytoplasmic fraction of S. aureus SA113Δlgt (pTX30::lpl1(−sp)-his) respectively, as previously explained (Mohammad et al., 2019). Furthermore, SDS-PAGE was used to confirm the Lpl1-his purification, as conducted previously (Nguyen et al., 2015). A freezer was prepared to a temperature of −70°C to store the purified compounds of Lpl1(+sp) and Lpl1(−sp) until usage. Subsequently, before each experiment the compounds were diluted in sterile PBS to a concentration of 10 μg/knee that is known to be able to induce synovitis in mice if injected intraarticularly (Mohammad et al., 2019).



Experimental Protocols for the Induction of Arthritis With Staphylococcal Lipoproteins

To study the impact of S. aureus Lpp on murine BMD, six sets of experiments were performed. One of the following materials was prepared in 20 μl of PBS and intra-articularly (i.a.) injected into the knee joints of NMRI mice: (1) live S. aureus LS-1 strain or PBS; (2) live S. aureus Newman strain or PBS; (3) purified Lpl1(+sp) or Lpl1(−sp) S. aureus Lpps, or PBS; (4) synthetic lipopeptides, Pam2CSK4 and Pam3CSK4 (EMC, Tübingen, Germany), or PBS; (5) purified Lpl1(+sp) or PBS in monocyte/macrophage- and neutrophil depleted mice; or (6) purified Lpl1(+sp) in mice treated with TNF-α inhibitor, IL-1 receptor antagonist, or PBS as a treatment control group. The diameter of the knee joints of mice was measured regularly with a caliper to determine the severity of the induced arthritis.



In vivo Cell Depletion Procedures

The selective elimination of macrophages can be obtained through the use of clodronate liposomes (Liposoma BV, Netherlands; Van Rooijen and Sanders, 1994). To deplete both synovial residual macrophages as well as systemic monocytes, NMRI mice were i.a. injected with 20 μl of clodronate liposomes into the knee joints followed by intravenous injection with 200 μl of clodronate liposomes (Liposoma BV, Netherlands), respectively. The i.a. injection for the local depletion was performed 1 day prior to exposing the knee joints with either Lpl1(+sp) or PBS, while the intravenous injections for the systemic depletion were performed on the day before the experiment, and continued onto days 1, 3, and 5 of the experiment after exposure to either Lpl1(+sp) or PBS. In the same manner, PBS control liposomes (Liposoma BV, Netherlands) were injected into another set of mice in order to serve as controls, as previously described (Mohammad et al., 2019).

For the selective depletion of murine blood neutrophils, the monoclonal antibody Anti-Ly6G (clone 1A8; BioXCell) was used (Daley et al., 2008). A dose of 400 μg of anti-Ly6G or isotype control (clone 2A3; BioXCell) in 200 μl of PBS/mouse was injected intraperitoneally into NMRI mice to deplete the mice of systemic neutrophils, or to serve as controls, respectively. The injections were performed 1 day prior to exposing the knee joints with either Lpl1(+sp) or PBS, and continued onto days 1 and 4 after exposure to either Lpl1(+sp) or PBS, as previously explained (Mohammad et al., 2019).



Treatment With TNF-α Inhibitor or IL-1 Receptor Antagonist in NMRI Mice in S. aureus Lpp-Induced Bone Loss

The soluble TNF receptor, Etanercept (Enbrel; Wyeth Europa), which is known to fully inhibit the biological function of murine TNF (Fei et al., 2011; Ali et al., 2015b), was used in the experiment as anti-TNF treatment. Subcutaneous (s.c.) injections of Etanercept (0.2 mg/mouse in 0.1 ml of PBS) were performed. The administration began 2 days prior to exposing the knee joints with Lpl1(+sp), and continued on the day the knee joints where i.a. injected with Lpl1(+sp), and were followed by every other day until the termination date. PBS was s.c. injected as control treatment on days when Etanercept was not administered.

To block the function of IL-1 in the murine model, the IL-1 receptor antagonist Anakinra (Kineret; Amgen) was used as anti-IL-1 treatment (Sgroi et al., 2011; Ali et al., 2015a). Anakinra (1 mg/mouse in 0.1 ml of PBS) was s.c. administered daily, starting 2 days prior to exposing the knee joints with Lpl1(+sp), and continued until the termination date.

Phosphate-buffered saline was administered s.c. daily in the control treatment group, starting 2 days prior to exposing the knee joints with Lpl1(+sp), and continued until termination day.



Microcomputed Tomography

Following the termination date of the experiments, the mice knee joints were suspended in 4% formaldehyde for at least 7 days. To detect induced bone loss, mice knee joints were transferred to PBS and subsequently scanned ex vivo in the Skyscan1176 microcomputed tomography (micro-CT) scanner (Bruker, Antwerp, Belgium). During scanning, the voltage and current were set to 55 kV and 455 μA, respectively, with a voxel size of 9 μm and an aluminum filter of 0.2 mm and an exposure time of 755 ms. The scanning angular rotation was set to 180°, and the X-ray projections were retrieved at 0.42° intervals.

To obtain the BMD of mice knee joints, a morphometric analysis was performed on the distal femur bone. A 0.86 mm section of the distal femur was obtained from 100 micro-CT image slices, 50 slices above and below the reference point, for this experiment the growth plate was selected to be the reference point. The morphometric analysis was performed with the CT-Analyzer as previously described (Fatima et al., 2017).



Detection and Structure Elucidation of Lpl1(+sp) by High Resolution-Mass Spectrometry

For the tryptic digestion of the Lpl1(+sp), sequencing grade trypsin modified from porcine pancreas was obtained from SERVA Electrophoresis GmbH (Heidelberg, Germany). In total, 50 μl of the purified Lpl1(+sp) solution (1 mg/ml) was denatured by heating at 95°C for 5 min. Around 50 μl trypsin (0.02 μg/μl in 50 mM NH4HCO3, 10% ACN) and 50 μl of 50 mM NH4HCO3 were added, and the protein was digested at 37°C for 18 h. The digested protein was dried using a SpeedVac (Thermo Fisher, Waltham, MA, United States) and reconstituted in 100 μl MeOH/H2O 1:1 (v/v).

For chromatographic separation, a 1,100 series from Agilent Technologies (Santa Clara, CA, United States) was employed. The system consists of an autosampler (G1329A), a binary pump (G1312A), a degasser (G1316A), and a column compartment (G1316A). Instrument control was established by ChemStation. For sample analysis, an Xselect CSH C18 (100 × 2.1, 3.5 μm, 130 Å) from Waters™ Corporation (Milford, MA, United States) was used at 40°C with a flow rate of 0.3 ml/min. Mobile phase A consisted of 0.05% aqueous TFA and mobile phase B was composed of 0.05% TFA in ACN/IPA 1:1. The separation started at 25% B for 0.5 min, followed by an increase to 95% B in 6.5 min. To elute all the analytes and clean the column, 95% B was maintained for 20 min. After a steep decrease to 25% B in 0.5 min, the column was re-equilibrated for 7.5 min. The injection volume was 2 μl.

For high resolution mass spectrometric detection and MS/MS experiments, a Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ (Thermo Fisher Scientific, Waltham, MA, United States) mass spectrometer was operated in positive and negative electrospray ionization mode, respectively. A resolving power of 70,000 (FWHM @ m/z 200) was used to analyze the mass range m/z 113.4–1700.0. For data-dependent MS/MS experiments, the three most intense ions were fragmented with collision energy of 30 eV normalized at m/z 500. The instrument was controlled using the software Xcalibur™ 4.1 (Thermo Fisher Scientific™, Waltham, MA, United States). Unless stated otherwise in the figure description, the Q Exactive Plus was used for detection.

The data analysis of the high-resolution measurements was facilitated by the open-source software mzMine 2 (version 2.53; Pluskal et al., 2010). The accurate masses were detected with a noise level of 10,000 using the exact mass algorithm. For chromatogram building, the ADAP chromatogram builder was used (Myers et al., 2017). The minimum group size in number of scans was set to 4, the group intensity threshold to 50,000 and the minimum highest intensity to 10,000. The m/z tolerance was set to 0.001 m/z or to 15 ppm, whichever is higher. Savitzky–Golay smoothing with a filter width of 5 was applied, followed by chromatogram deconvolution using the wavelets (ADAP) algorithm. For deconvolution, the S/N was estimated using the intensity window and the S/N set to 3. The minimum feature height was set to 10,000 and the coefficient/area threshold set to 100. The retention time wavelet range was set from 0.00 to 0.15, and the median m/z center was calculated. Subsequently, isotopic peaks were grouped within an m/z tolerance of 0.001 m/z and 5 ppm, whichever is higher. The retention time tolerance was set to 0.1 min and the isotope with the lowest m/z was saved.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 8.4.2 software for Macintosh (GraphPad Software, La Jolla, CA, United States). To compare the outcome between different treatment groups and different animals the Mann–Whitney U test was used, while the two-tailed paired t test was used by comparing the contralateral knee joints within the same animal to determine the statistical significance of the collected data. All data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




RESULTS


Intra-Articular Injection of Staphylococcus aureus LS-1 Strain Induces Bone Resorption

To study the effects of S. aureus on BMD in mice with septic arthritis, NMRI mice were i.a. injected with either S. aureus LS-1 strain, a pathogenic S. aureus strain that was originally isolated from a mouse that spontaneously developed septic arthritis (Bremell et al., 1991), or with PBS, and control NMRI mice were injected with PBS in both knees. Subsequently, a micro-CT evaluation was performed on the femoral BMD of mice with S. aureus septic arthritis. As expected, swelling in the joints infected with S. aureus started already on day 1 and continued until day 14 (Figure 1A). Importantly, we observed that the i.a. injected S. aureus LS-1 strain significantly reduced total- and trabecular femoral BMD in mice when compared to contralateral knees injected with PBS, from 7 to 14 days post infection (Figures 1C,D). A trend toward BMD reduction, although not statistically significant was observed already on day 3 post infection (Figures 1C,D). These results imply that S. aureus-induced septic arthritis causes bone resorption in murine knee joints. Additionally, significant differences in total- and trabecular BMD were observed between the healthy mouse femoral bone and the femoral bone from PBS injected knee joints from the mice infected with S. aureus in their collateral knees (Figures 1C,D), suggesting that systemic inflammation caused by S. aureus local infection has significant impact on the bone metabolism. Representative imagines of the decrease in BMD, verified by micro-CT evaluation, were obtained on days 7 and 14 after i.a. injection with S. aureus (Figure 1E). Similarly, S. aureus LS-1 i.a. injection significantly reduced total- and trabecular bone volume fraction (bone volume/tissue volume, Figures 1B,F), trabecular number (Figure 1G), and trabecular thickness (Figure 1H) on day 7 as well as day 14 post infection. At the early stage of the infection (on day 3), total- and trabecular bone volume fraction, trabecular number, as well as trabecular thickness were not significantly affected (Figures 1B,F–H). To assure our finding is not LS-1 strain-specific, another widely-used laboratory S. aureus Newman strain was injected to the mouse knee joints and BMD was analyzed on day 10 post infection. Both total and trabecular BMD were significantly downregulated in S. aureus Newman infected joints compared to healthy joints, suggesting that our finding is universal for different S. aureus strains (Supplementary Figure 1).
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FIGURE 1. Intra-articular injection of Staphylococcus aureus LS-1 strain induces bone resorption. (A) Measurement of knee swelling (mm) in NMRI mice up to 14 days after intra-articular (i.a.) injection with 20 μl of Staphylococcus aureus (S. aureus) LS-1 strain (1 × 104 CFU/knee) or 20 μl of phosphate-buffered saline (PBS; n = 5/group), compared with healthy NMRI mice (n = 6; n = 12 knee joints) i.a. injected with 20 μl of PBS. (B) The total bone volume fraction [bone volume/tissue volume (BV/TV)] measured in NMRI mice up to 14 days after i.a. injection with 20 μl of S. aureus LS-1 strain [1 × 104 CFU/knee] or 20 μl of PBS (n = 5/group), compared with healthy NMRI mice (n = 6; n = 12 knee joints) i.a. injected with 20 μl of PBS. (C) The total- and (D) trabecular bone mineral density (BMD, g/cm3). (E) Representative 2D microcomputed tomography (micro-CT) images of the femoral metaphysis of mice i.a. injected with S. aureus LS-1 (left panel) and PBS (right panel) on days 3 (upper), 7 (middle), and 14 (lower) post injection. Graphs showing quantitative evaluation of (F) trabecular bone volume fraction (BV/TV), (G) trabecular number, and (H) trabecular thickness. Statistical evaluations were performed using the Mann–Whitney U test between healthy control mice and PBS injected S. aureus infected mice (A–D,F–H) or Paired t test between S. aureus and PBS injected mice originating from the same host (A–D,F–H). The data are presented as a bar (A) or scatterplot with data expressed as the mean ± SEM (B–D,F–H; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).




Intra-Articular Injection of Staphylococcus aureus Lpp Induces Bone Mineral Density Loss in a Lipid-Moiety Dependent Manner

Staphylococcus aureus Lpp is known to be one of the most potent bacterial components causing joint inflammation and bone destructions in septic arthritis (Mohammad et al., 2019). To further study whether the S. aureus Lpp induces loss of BMD, mice knee joints were i.a. injected with intact purified Lpl1(+sp) or PBS. Lpl1(+sp) is a model Lpp carrying the lipid moiety, which is derived from the νSaα-specific lipoprotein-like cluster (lpl) that exists in highly pathogenic and epidemic S. aureus strains (Nguyen et al., 2015). Significantly lower total- and trabecular BMD was observed in knees injected with Lpp compared to PBS on day 7 and 10 (Figures 2A,B). On the later time point (day 14 and 21) when the joint inflammation caused by Lpp was less pronounced, the difference of BMD in Lpp and PBS injected knees disappeared (Figures 2A,B). Representative images of the BMD loss caused by the S. aureus Lpp were obtained on day 7 post Lpp injection (Figure 2C). To elucidate the molecular mechanism of BMD loss caused by the S. aureus Lpp, mice knee joints were i.a. injected with intact Lpl1(+sp) carrying the lipid moiety, or as control with Lpl1(−sp) which lacks the lipid-moiety. An analysis of the total- and trabecular BMD in femoral bone was subsequently performed 7 days after Lpp injection (Figures 2D,E). The mice injected with intact S. aureus Lpl1(+sp) displayed a significantly lower total- and trabecular BMD in comparison to the Lpl1(−sp) injected ones (Figures 2D,E). These results demonstrate that the lipid moiety in S. aureus Lpp is absolutely necessary for induction of bone loss.
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FIGURE 2. Intra-articular injection of Staphylococcus aureus Lpp induces BMD loss in a lipid-moiety dependent manner. (A) The total- and (B) trabecular BMD (g/cm3) measured on day 7, 10, 14, and 21 post intra-articular (i.a.) knee joint injection of 20 μl of purified S. aureus lipoprotein Lpl1(+sp; 10 μg/knee) or 20 μl of PBS, in NMRI mice (n = 6–7/group). (C) Representative micro-CT images of the mice knee joints i.a injected with S. aureus Lpl1(+sp; left panel) or PBS (right panel) on day 7. Measurements of the (D) total- and (E) trabecular BMD on day 7 of mice knee joints (n = 7/group) i.a. injected with 20 μl of intact purified S. aureus lipoproteins Lpl1(+sp; 10 μg/knee), or with 20 μl of lipoproteins lacking the lipid-moiety Lpl1(−sp; 10 μg/knee). The data were pooled from two independent experiments. Statistical evaluations were performed using the Paired t test (A,B,D,E), with data expressed as the mean ± SEM (*p < 0.05, **p < 0.01, and ****p < 0.0001).




Lpl1(+sp) Isolated From SA113 Contain Both Diacyl and Triacyl Lipid Moieties

To identify the lipid moiety structure, the tryptic Lpl1(+sp) was subjected to LC–MS analysis. As a result, two different tryptic lipopeptides can be detected; one cut directly after the first lysine (lipid-CGK), the other was cut after the second lysine (lipid-CGKGNETK) of the amino acid sequence of Lpl1. The detected short lipopeptides are mostly singly charged, the more abundant CGKGNETK lipopeptides can be detected as singly and doubly protonated molecules, with the doubly charged ones being more intensive. Both short and long peptides contain a mixture of lipid moieties with two-acyl and three-acyl residues, the latter carries in addition to the two diglyceride fatty acids also the N-acyl fatty acid. Supplementary Table 1 lists the lipopeptides identified using high resolution-MS. Assignments are based on chromatographic behavior and accurate mass (relative mass deviation less than 5 ppm compared to calculated theoretical mass). In addition, MS/MS experiments were performed for confirmation, using peptide fragments and neutral losses of fatty acids can be used to identify the lipopeptide structures.



The Diacylated Lipid-Moiety of the Synthetic Lipopeptide, Pam2Cys, Is More Potent in Inducing Bone Resorption Than the Triacylated Lipid-Moiety, Pam3Cys

Since Lpl1(+sp) contained a mixture of diacyl and triacyl lipid moieties, we further compared the bone degenerative capabilities of the synthetic Pam2Cys and Pam3Cys lipopeptides that mimic the bacterial diacylated and triacylated Lpps respectively, on murine BMD. Mice knee joints were i.a. injected with 2 μg of either Pam2Cys or Pam3Cys. On day 7, we observed that Pam2Cys reduced the total- and trabecular BMD in mice significantly more than Pam3Cys (Figures 3A,B). As expected, the total BMD in femoral bone was significantly reduced by both i.a. injected Pam2Cys and Pam3Cys when compared to PBS i.a injected knees from healthy mice (Figure 3A). Regarding the trabecular BMD, Pam3Cys tended to reduce the BMD (p = 0.08), whereas Pam2Cys caused a significant reduction when compared to the knee joints of control mice injected with PBS (Figure 3B).
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FIGURE 3. The diacylated lipid-moiety of the synthetic lipopeptide, Pam2Cys, is more potent in inducing bone resorption than the triacylated lipid-moiety, Pam3Cys. Graphs showing quantitative evaluations of (A) total- and (B) trabecular BMD (g/cm3) of femoral mice bone (n = 8–12/group) on day 7 post i.a. knee injection with either Pam3Cys or Pam2Cys, or PBS collaterally in healthy control mice. Data were pooled from four independent experiments. Statistical evaluations were performed using the Paired t test between Pam2Cys and Pam3Cys injected knee joints (A,B) or Mann–Whitney U test between healthy control mice and Pam2Cys or Pam3Cys injected knee joints (A,B), with data expressed as the mean ± SEM (*p < 0.05, **p < 0.01, and ***p < 0.001).




Monocytes, and Not Neutrophils, Are the Culprits Behind S. aureus Lpp-Induced Bone Destruction

Monocytes/macrophages, but not neutrophils, are known to be the immune cells responsible for the onset of S. aureus Lpp-induced arthritis (Mohammad et al., 2019). To further study the effect of monocyte/macrophage or neutrophil depletion on bone loss caused by Lpp, control mice or mice depleted of monocytes/macrophages by clodronate liposomes, or depleted of neutrophils by Ly6G antibodies, were i.a. injected into the knee with 10 μg of purified S. aureus Lpl1(+sp) or PBS. Injection of Lpl1(+sp) into knees in both control mice and neutrophil depleted mice caused a significantly lower total- and trabecular BMD in femoral bone than PBS (Figures 4A,B).

[image: Figure 4]

FIGURE 4. Monocytes, and not neutrophiles, are the culprits behind Staphylococcus aureus Lpp-induced bone destruction. (A) Total- and (B) trabecular BMD (g/cm3) of femoral mouse knee joints 7 days post intra-articular (i.a.) injection with 20 μl of purified S. aureus lipoprotein Lpl1(+sp; 10 μg/knee) or phosphate-buffered saline (PBS), measured in NMRI control mice (n = 6 knee joints/group) or NMRI mice depleted of either monocytes/macrophages using clodronate liposomes (n = 4 knee joints/group) or neutrophils using anti-Ly6G antibodies (n = 4 knee joints/group). (C) Total- and (D) trabecular BMD of femoral mouse knee joints 10 days post i.a. injection with 20 μl of purified Lpl1(+sp; 10 μg/knee), measured in NMRI mice treated with either anakinra, an interleukin 1 receptor antagonist (anti-IL-1) or etanercept, and a tumor necrosis factor inhibitor (anti-TNF) or PBS as control (n = 10 knee joints/group). Statistical evaluations were performed using the Paired t test between PBS and Lpl1(+sp) injected mice originating from the same host (A,B) or Mann–Whitney U test between PBS and Lpl1(+sp) injected mice of different treatment groups (A,B) or between PBS, anti-IL-1, or anti-TNF injected mice (C,D), with the data presented as a scatterplot with data expressed as the mean ± standard error of the mean (*p < 0.05 and **p < 0.01, ns = not significant).


Intriguingly, the depletion of monocytes/macrophages by clodronate liposomes gave rise to no significant differences in total BMD between Lpl1(+sp) and PBS i.a. injected knee joints 7 days post injection (Figure 4A). However, a significant difference in trabecular BMD was observed between Lpl1(+sp) and PBS i.a. injected knee joints 7 days post injection (Figure 4B). Our data suggest that monocytes/macrophages might be the main culprits causing BMD loss in Lpp injected knees. Significantly lower total- and trabecular BMD between Lpl1(+sp) of control mice compared to monocyte/macrophage depleted mice, and PBS of control mice compared to monocyte/macrophage depleted mice, was observed on day 7 (Figures 4A,B), demonstrating the efficacy of clodronate in preventing bone absorption. Interestingly, total- and trabecular BMD tended to be lower in both Lpl1(+sp) and PBS injected knees from neutrophil depleted mice compared to control mice, indicating that neutrophils might be somehow bone protective (Figures 4A,B).

Monocytes and macrophages are one of the main producers of TNF-α and IL-1. Both cytokines are implicated in the development of osteoporosis (Kwan Tat et al., 2004). To further study the effects of IL-1 and TNF on bone absorption in Lpp-induced arthritis, S. aureus Lpp i.a. injected mice were treated with IL-1 or TNF inhibitors and BMD was subsequently analyzed and compared to control mice which received PBS. No significant differences in total- or trabecular BMD were observed between PBS and anti-IL1 or anti-TNF treated mice 10 days post i.a. injection with S. aureus Lpp (Figures 4C,D).




DISCUSSION

Tarkowski et al. demonstrated that hematogenous staphylococcal septic arthritis induces rapid systemic bone loss (Verdrengh et al., 2006). In the present study, we use a locally induced staphylococcal septic arthritis model to validate previous observations (Verdrengh et al., 2006), and further study the molecular and cellular mechanisms behind this effect. Our results demonstrate that local S. aureus septic arthritis causes systemic and local bone resorption. We found that the major players in bone resorption are the S. aureus Lpps that downregulate both total- and trabecular BMD. This effect is fully dependent on the lipid-moiety of Lpps. Interestingly, diacylated lipopeptides are more potent in inducing bone resorption than triacylated ones. Furthermore, monocyte depletion by i.v. injection of clodronate liposomes abrogates the osteoporotic effect of Lpps, suggesting that the recruited monocytes in local synovial tissue in septic arthritis may be the key mediators for systemic bone loss in septic arthritis.

The binding of RANKL, a member of the TNF family, to its receptor, RANK, results in the fusion, differentiation, activation, and survival of osteoclasts (Lacey et al., 1998; Liu and Zhang, 2015). It has been demonstrated in previous ex vivo studies that S. aureus stimulation induces bone resorption and osteoclast differentiation by increasing osteoblast. Staphylococcus aureus induced RANKL expression in osteoblasts was entirely controlled by TLR2, because osteoblasts isolated from TLR2-deficient mice does not respond to S. aureus stimulation (Kassem et al., 2016). It is not surprising that Lpps are capable to induce the bone resorption, as TLR2 is known to be the ligand to S. aureus lipoproteins and Lpps are one of the primary arthritogenic S. aureus components (Mohammad et al., 2019). We observed that the lipid moiety in Lpp must present to reduce the murine BMD. The protein alone shows no significant activity.

Interestingly, we have found that Lpl1(+sp) isolated from SA113 clone contained a mixture of di-acyl and tri-acyl lipid moiety structures at N-terminal. Indeed, S. aureus has been shown to produce both di-acylated Lpp (Tawaratsumida et al., 2009) and tri-acylated Lpp (Kurokawa et al., 2009) under environmental conditions (Kurokawa et al., 2012). Recently, Gardiner and colleagues have discovered two genes, namely N-acylation transferase system A (lnsA) and B (lnsB) which were involved in N-acylation of Lpp in S. aureus (Gardiner et al., 2020). However, under which environmental conditions S. aureus produces more di-acylated Lpp or tri-acylated Lpp particularly in infection is not known. Since we demonstrate that both synthetic lipopeptides Pam2Cys and Pam3Cys significantly reduce murine BMD, we further investigated whether such lipopeptides can be produced in vivo. We digested purified Lpl1 with trypsin and found that a mixture of lipid-CGKGNETK and lipid-CGK were produced with di- or tri-acylations. This indicates that lipopeptides similar to the synthetic Pam2Cys and Pam3Cys can also be produced in infection.

Previous studies have demonstrated that the lipopeptides Pam2Cys and Pam3Cys induce osteoclast differentiation and activation by upregulating RANKL expression and suppressing osteoprotegerin expression in osteoblasts (Kim et al., 2013). In the current study, we have demonstrated that Pam2Cys displays increased potency compared to Pam3Cys in bone resorptive capacities, which is in line with previous findings by Nguyen et al. (2017), as Pam2Cys is known to be more potent in activating immune response and causing acute inflammation than Pam3Cys.

Although S. aureus Lpps have demonstrated a potent arthritogenic effect, it is very likely that other components of the bacteria may contribute to the development of osteoporosis in septic arthritis. For example, repetitive inhalation of peptidoglycan has been shown to induce bone loss in mice (Dusad et al., 2013). Furthermore, lipopolysaccharides and peptidoglycan have been reported to have a synergistic effect on bone resorption and osteoclastogenesis (Kishimoto et al., 2012). We infer that Lpps and peptidoglycan may also exhibit similar synergistic effects, as seen by Lpps in vitro stimulation boosting peptidoglycan stimulation of NOD2 (Schaffler et al., 2014). Our data suggest that the effect of BMD loss induced by S. aureus Lpps is of a complex time-dependent nature. On the later time point when joint inflammation caused by Lpp was less pronounced, the difference between PBS and Lpps injected knees disappeared. In contrast, in the case of live bacterial septic arthritis, the differences between PBS and bacteria injected knees were apparent on day 7 and continued to grow until day 14 post infection. We speculate that the discrepancy in time kinetics of BMD loss between Lpps and live S. aureus was mainly due to the different courses of disease models. In the bacterial septic arthritis setting the joint inflammation persists and accelerates after infection, which leads to continuous decline of BMD. In Lpps-induced arthritis setting, the differences in BMD become less apparent on the later time points when the inflammation was resolved.

Of note, the difference was also found in total and trabecular BMD between PBS and healthy knees on day 14 post infection when mice were infected intraarticularly with live S. aureus. This strongly suggests that systemic inflammation induced by local knee infection has significant impact on the osteoclastogenesis. The mice with septic arthritis were mobile and had only minimal weight loss at the beginning of the disease. However, they may avoid using the infected leg due to pain or discomfort. Immobility is known to result in rapid bone loss (Chan, 2005). Avoiding load bearing due to pain in the infected leg might be one of the contributing factors to the bone loss.

The strong interaction between bone and immune cells contributes to the pathogenesis of osteoporosis in humans (Fischer and Haffner-Luntzer, 2021). It is known that monocytes are circulating osteoclast precursor cells, and that bone erosions in bone diseases, such as rheumatoid arthritis (RA), may be caused by the differentiation of classical monocytes into osteoclasts (Rana et al., 2018). Our previous data demonstrated that i.a injection of Lpps induces rapid infiltration of monocytes into the synovial tissue (Mohammad et al., 2019). Mature monocytes and macrophages can be transformed to osteoclasts when a suitable microenvironment is provided by bone marrow-derived stromal cells (Udagawa et al., 1990). Based on our findings, we hypothesize that recruitment of monocytes to infected joints and transformation of monocytes/macrophages to osteoclasts are the key steps of the rapid bone resorption in septic arthritis. However, further studies are warranted to elucidate detailed mechanisms in our animal models. Growth factors and cytokines such as macrophage colony-stimulating factor (M-CSF) and receptor activation of nuclear factor kappa-B ligand (RANKL) tightly regulate the activity and formation of osteoclasts. Both of these molecules are produced by synovial fibroblasts in the inflamed joints, and RANKL can also be produced by T-cells (Colucci et al., 2004) that are abundant in septic arthritis joints (Abdelnour et al., 1994). Moreover, differentiation of monocytes to osteoclasts can occur through stimulation with inflammatory cytokines such as TNF-α (Kim et al., 2005). Here, we also show that both Lpp and PBS injected mice with neutropenia exhibit lower BMD compared to control mice, which suggests that neutrophils exhibit a protective role in bone metabolism. In accordance with our results, it has been shown that patients with chronic neutropenia suffer from low BMD (Yakisan et al., 1997; Papadaki et al., 1999). In addition, the severity of the bone loss is strongly correlated with neutrophil counts (Papadaki et al., 1999). However, more studies are required to validate the results and further understand how the impact is mediated.

What is the clinical relevance of our findings? Advanced age and RA are risk factors for septic arthritis. Both RA and elderly patients are at a higher risk for developing osteoporosis. Our findings demonstrate that septic arthritis rapidly induces systemic BMD loss. To reduce the risk of bone fracture, we suggest examining all patients with a history of septic arthritis with bone densitometry, as osteoporosis is relatively easy to treat using bisphosphonate and RANKL inhibitors. Elderly and RA patients with a history of septic arthritis might have drastically increased risk for osteoporosis development and the anti-osteoporosis therapies could be introduced at the early stage of the disease. It has been demonstrated previously in a murine model that a combination of bisphosphonate, antibiotics, and anti-inflammatory treatment attenuates bone resorption in septic arthritis (Verdrengh et al., 2007), which suggests a new treatment modality for those patient groups.
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Background: Although effective vaccines have been developed against coronavirus disease 2019 (COVID-19), the level of neutralizing antibodies (NAbs) induced after vaccination in the real world is still unknown. The aim of this work was to evaluate the level and persistence of NAbs induced by two inactivated COVID-19 vaccines in China.

Methods: Serum samples were collected from 1,335 people aged 18 years and over who were vaccinated with an inactivated COVID-19 vaccine at Peking University People’s Hospital from January 19 to June 23, 2021, for the detection of anti-severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibodies.

Results: The positive rate for NAbs against SARS-CoV-2 was 79–91% from the first month to the second month after the second vaccine dose. The gradual decline in positivity rate for NAb response was observed from 78% at 3 months post-vaccination to 0% at 12 months post-vaccination. When there was a 21-day interval between the two doses of vaccine, the NAb positivity rate was 0% 6 months after the second dose. NAb levels were significantly higher when the interval between two doses were 3–8 weeks than when it was 0–3 weeks (χ2 = 14.04, p < 0.001). There was a linear correlation between NAbs and IgG antibodies in 1,335 vaccinated patients. NAb levels decreased in 31 patients (81.6%) and increased in 7 patients (18.4%) over time in the series of 38 patients after the second vaccination. The NAb positivity rate was significantly higher in 18- to 40-year-old subjects than in 41- to 60-year-old subjects (t = −1.959, p < 0.01; t = 0.839, p < 0.01).

Conclusion: The NAb positivity rate was the highest at the first and second month after the second dose of vaccine, and gradually decreased over time. With a 21-day interval between two doses of vaccine, neutralizing antibody levels persisted for only 6 months after the second dose of vaccine. Therefore, a third vaccine dose is recommended. Our results suggest that in cases in which NAbs cannot be detected, IgM/IgG antibodies can be detected instead. The level of NAbs produced after vaccination was affected by age but not by sex. Our results suggest that an interval of 21 to 56 days between shots is suitable for vaccination.

Keywords: inactivated SARS-CoV-2 vaccine, SARS-CoV-2 NAbs, SARS-CoV-2 IgM antibody, SARS-CoV-2 IgG antibody, serological test


INTRODUCTION

The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of novel coronavirus pneumonia [coronavirus disease 2019 (COVID-19)], which has caused a global pandemic. A safe, effective, and rapidly deployable vaccine is an effective global measure to control the spread of an outbreak. As virus mutations have been reported recently, an effective vaccine against SARS-CoV-2 is urgently needed to control the global COVID-19 pandemic. Currently, more than 280 vaccine candidates are in development worldwide, of which 23 are in phase three clinical trials (World Health Organization, 2021). Inactivated vaccines, such as the influenza vaccine, have been widely studied and used to prevent respiratory tract infection due to their good safety (Kyriakidis et al., 2021). At present, inactivated vaccines that have been approved for marketing in China have been proven to be effective and safe through clinical trials (Xia et al., 2020; Al Kaabi et al., 2021; Baden et al., 2021). However, after the marketing of vaccines, the clinical protective effect in the case of large-scale vaccination should be observed, and the protective persistence of vaccines should be studied. A phase 3 clinical trial of inactivated vaccines in China evaluated the efficacy and persistence of immunization by detecting neutralizing antibody (NAb) titers (Al Kaabi et al., 2021). Currently, China has launched inactivated SARS-CoV-2 vaccines from the Beijing Institute of Biological Products (Sinopharm), Wuhan Institute of Biological Products (Sinopharm), and Sinovac. According to the official website of the National Health Commission, as of November 15, 2021, a total of 2,396,045,000 doses of novel coronavirus vaccine have been administered as reported in 31 provinces (autonomous regions and municipalities under the central government) and by Xinjiang Production and Construction Corps (Bureau for Disease Control and Prevention, 2021).

However, the level of production of anti-SARS-CoV-2 NAbs induced by inactivated vaccines has not been confirmed and needs to be evaluated in large samples. Serological testing for NAbs against SARS-CoV-2 is important for assessing vaccine and treatment responses and comparing multiple drug candidates. In addition, reliable serological testing is needed to understand the true impact of COVID-19 through sero-epidemiological studies, as most cases are asymptomatic, and mild cases go largely undetected (Long et al., 2020). Virus neutralization tests (NTs) are the gold standard for the detection of NAbs, but they are complex and require BSL3 facilities. Previously published articles reported that serological tests, such as the pseudovirus neutralization test, can replace conventional virus neutralization test with BSL-3 requirement, as well as to determine vaccine efficacy during clinical trials and after mass vaccination (Tan et al., 2020; Müller et al., 2021).

In contrast, alternative fully automated chemiluminescence instruments offer the possibility of high-throughput testing in the laboratory. This study will only evaluate the NAb levels in the general population after two doses of vaccination. Correlation studies will be carried out to find out the relationships of NAb levels with age and gender of a patient, if any. This study provides an important reference basis for vaccine research and development, drug treatment, epidemiology, and immune surveillance.



MATERIALS AND METHODS


Study Population

Serum samples were collected from 1,335 patients aged 18 years and over who received one dose of inactivated vaccine or two doses of inactivated vaccine at Peking University People’s Hospital from January 19 to June 23, 2021. They were divided into two groups: 244 patients received one dose of an inactivated vaccine, and 1,091 patients received two doses of an inactivated vaccine. All patients had no history of COVID-19 infection. In this study, the participants received two types of inactivated vaccines. The two vaccines are made by different companies. One vaccine was designed by the Beijing Institute of Biological Products Co., Ltd., and the Wuhan Institute of Biological Products Co., Ltd. They both belong to the China National Biotec Group Company Limited. Two SARS-CoV-2 strains (WIV04 and HB02) were isolated from two patients in Jinyintan Hospital, Wuhan, China, and separately used to develop the two vaccines (referred to as WIV04 and HB02 vaccines hereafter). The other vaccine was manufactured by Sinovac Life Sciences (Beijing, China). CoronaVac is an inactivated vaccine candidate against COVID-19, created from African green monkey kidney cells (Vero cells) that have been inoculated with SARS-CoV-2 (CN02 strain). Among the 1,335 cases, 1,025 received the Sinovac vaccine and 310 received the WIV04 and HB02 vaccine (Al Kaabi et al., 2021; Zhang et al., 2021). This study was approved by the ethics committee of Peking University People’s Hospital. Participants provided written informed consent to take part in the study.



Measurement of Anti-severe Acute Respiratory Syndrome Coronavirus 2 Antibody Levels

The indirect method was used for antibody detection. S- IgG and S- IgM levels were detected using a chemiluminescence assay kit. Magnetic particles were coated with 2019-nCoV antigen, and anti-human IgG antibody was labeled with horseradish peroxidase to prepare enzyme conjugals. The complex catalyzed the conversion of the luminescence substrate to give off photons, and the luminescence intensity was proportional to the content of anti-SARS-CoV-2 IgG antibody. The serum sample size required was 80 μl. When the signal-to-cut-off (S/CO) ratio was ≥ 1.00, the result was positive; when the S/CO ratio was < 1.00, the result was negative. An Autolumo A2000 PLUS automatic chemiluminescence immunoanalyzer from Zhengzhou Antu Biological Engineering Co., Ltd. (Autobio Diagonostic) was used as the supporting instrument for the above reagents.



Measurement of Anti-severe Acute Respiratory Syndrome Coronavirus 2-Neutralizing Antibody Levels

The neutralization antibodies against RBD proteins of SARS-CoV-2 in serum specimens were detected by a chemiluminescence method according to the instructions of the manufacturer (Autobio Diagonostic), respectively. Antibody levels ≥ 30 AU/ml are reactive (positive), and the results < 30 AU/ml are negative. The specific interaction of ACE2 and RBD protein can be neutralized by SARS-CoV-2-neutralizing antibodies. SARS-CoV-2-specific neutralizing antibodies in the sample bind to the HRP-labeled RBD antigen, which neutralizes the interaction of ACE2 coated on the microparticles and the RBD antigen. The HRP-labeled RBD antigen not neutralized by the SARS-CoV-2-specific neutralizing antibodies forms a complex with ACE2 on the microparticles. Chemiluminescent substrate is added, and the complex catalyzes the substrate, resulting in a chemiluminescent reaction. The serum sample size required was 80 μl. When the concentration value of the sample was ≥ 30.00 AU/ml, the result was judged as positive, and when the concentration value was < 30.00 AU/ml, the result was judged as negative. An Autolumo A2000 PLUS automatic chemiluminescence immunoanalyzer from Zhengzhou Antu Biological Engineering Co., Ltd. (Autobio Diagonostic) was used as the supporting instrument for the above reagents.



World Health Organization Standard for Detection of Anti-severe Acute Respiratory Syndrome Coronavirus 2-Neutralizing Antibodies

Using the World Health Organization (WHO) first-generation international standard (IS) for antibodies against SARS-CoV-2 (NIBSC Code: 20/136), the international unit concentration (IU/ml) of NAbs was determined, the reference was lyophilized powder, with 0.25 ml of standard substance per tube, and the original concentration was 1,000 IU/ml. The theoretical dilution concentrations were 500, 250, 125, 72.5, 36.25, and 18.125 IU/ml. Each sample was tested five times in parallel, and the mean was calculated.



Quality Control

Each test batch of the above two kits included negative quality control products and positive quality control products for SARS-CoV-2 antibodies/NAbs.



Statistical Analysis

SPSS 21.0 was used for statistical analysis. The age of patients was measured and was found to be normally distributed, denoted by X ± S. The χ2 test was used for statistical analysis of the count data between the two groups. Statistical analysis of measurement data between the two groups was performed by a t-test, and p < 0.050 was considered statistically significant.




RESULTS


Analysis of the Clinical Data of 1,335 Patients

The clinical characteristics of the 1,335 patients were described. Among the 1,335 vaccinated people, there were 644 men and 691 women aged 36.27 ± 12.39 years, and the sex ratio (male/female) was 0.93:1. Among them, there were 243 cases in the one-dose vaccine group (age 35.26 ± 11.87 years old), including 120 men and 123 women, with a sex ratio (male/female) of 0.98:1. There were 1,092 patients (36.50 ± 12.49 years old) in the two-dose vaccine group, including 524 men and 568 women, with a sex ratio of 0.92:1. For the 570 patients, the interval between the two doses was 21 days, and for the remaining 522, the interval between the two doses was 0 to 77 days, with a median interval of 24 days. To assess the change in NAbs over time in people who completed the two-dose vaccine, we calculated the median number of days between completing the two-dose vaccine and testing for SARS-CoV-2 antibodies, which was 50 days (0–332 days). The median number of days between the anti-SARS-CoV-2 antibody test date and the second vaccine dose was 50 days (0–332 days) (Table 1).


TABLE 1. Clinical characteristics of adults vaccinated with the two inactivated vaccines.
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World Health Organization Standard Detection of Anti-severe Acute Respiratory Syndrome Coronavirus 2 Neutralizing Antibodies

The performance of anti-SARS-CoV-2 NAbs reagent was verified with WHO standard product. WHO SARS-COV-2 NAbs standard was detected with NAbs reagent. The original concentration of WHO SARS-COV-2 NAbs standard was 1,000 IU/ml. The mean value of our detection results was 1,035 AU/ml, and the coefficient of variation was 1.3%. The coefficient of variation between the test results and the true values of NAbs of the WHO standard at theoretical concentrations of 500, 250, 125, 72.5, 36.25, and 18.125 IU/ml were all lower than the WHO IS of 3%.



Changes in Neutralizing Antibody Positivity Rate/Levels Each Month After the Second Dose of Inactivated Vaccine

The monthly changes in NAb levels and positivity rates were evaluated after the completion of two doses of vaccine. In Figures 1, 2, the 1,092 patients who received two doses of vaccine were divided into two doses 21 ± 2 days apart and the non-21± 2 days group according to the 21 ± 2 day interval between the two doses of vaccine; the 1,092 patients who received two doses of vaccine were divided into two doses 28 ± 2 days apart and the non-28 ± 2 days group according to the 28 ± 2-day interval between the two doses of vaccine. Figures 1, 2 depict the changes in NAb positivity rate/level each month after two doses of vaccination. Among the 1,092 patients in the two doses of the inactivated vaccine group, we observed that from the second dose after vaccination from 1 month to the 2nd month, the anti-SARS-CoV-2 NAb positivity rate was 79–91%; from the 3rd month to the 12th month, the NAb positivity rate dropped to less than 33%. In Figure 2, from the 1st month to the 2nd month after the second dose, the level of anti-SARS-CoV-2 NAb was higher than the 3rd month to the 12th month. It is, thus, recommended to test for NAb levels from the 1st month to the 2nd month after the second dose is completed, when the NAb level is the highest (Figures 1, 2). In Figure 2A, when the interval between two doses was 21 ± 2 days, the NAb positivity rate at the 6th month (∼53%) after the last dose was significantly lower than that at the 5th month (∼81%), with statistical significance (χ2 = 7.286, p < 0.05). Subjects were NAb negative 7 to 12 months after vaccination, and NAb positivity lasted only for 6 months (Table 2). In Figure 2C, when the interval between two doses was 28 ± 2 days, the NAb positivity rate in the 5th month (∼33%) after the last dose was significantly lower than that in the 4th month (∼80%), with no statistical significance (χ2 = 1.742, p > 0.05) (Table 3). NAb was negative from the 7th to 9th month, but the positivity rate of NAb increased to 100% in the 10th and 11th month. However, there was only one person per month in the 10th and 11th month, and this one person was NAb positive, so the number was too small to be representative (Figure 2C). In Figure 2B, the non-21-day interval between vaccine and NAb positivity rate was 100% in 8th and 11th months after the second vaccination, but in both months, there was only one person per month, so the numbers were small. In Figure 2D, the non-28-day vaccination interval, the NAb positivity rate was 100% 8 months after the second vaccination, but in this month, there was only one person, and the number was small. So it is not representative.
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FIGURE 1. The positive rate of anti-severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) neutralizing antibody (NAb) detection with the increase in months after the completion of two doses of vaccine.
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FIGURE 2. (A) The detection level of anti-SARS-CoV-2 NAb with the increase in months after the completion of the two doses of vaccine at 21 ± 2-day intervals. (B) The detection level of anti-SARS-CoV-2 NAb with the increase in months after the completion of the two doses of vaccine at intervals other than 21 ± 2-days. (C) The detection level of anti-SARS-CoV-2 NAb with the increase in months after the completion of the two doses of vaccine at 28 ± 2-day intervals. (D) The detection level of anti-SARS-CoV-2 NAb with the increase in months after the completion of the two doses of vaccine at intervals other than 28 ± 2-days.



TABLE 2. Percentage of vaccinee positive for NAb at different months at 21 ± 2-day intervals.
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TABLE 3. Percentage of vaccinee positive for NAb at different months at 28 ± 2-day intervals.
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Anti-severe Acute Respiratory Syndrome Coronavirus 2 Antibody Levels Generated at Different Time Intervals Between Two Doses of Vaccine

We studied the difference in the NAb positivity rate of the two vaccine populations at different time intervals. The data in Table 2 refer to a total of 1,088 people who completed two doses of vaccine with an interval of 0–3 and 3–8 weeks. A total of 1,092 people received two doses of vaccine, except for four who received two doses more than 60, 64, 73, 77 days apart, and 1,088 who received two doses within a range of 0 to 8 weeks. The novel Coronavirus Vaccine Technical Guide (first edition) published on the website of the Central People’s Government of the People’s Republic of China states that the recommended interval between two doses of the novel coronavirus inactivated vaccine is not less than 3 weeks, and the second dose should be completed as soon as possible within 8 weeks. Therefore, we divided it into 0–3 and 3–8 weeks. The interval between the two doses of vaccine was from 0 to 77 days, and the positivity rates of NAb generation at 3- to 8-week intervals between the two doses of vaccine were very high (80.8%). The positivity rates of anti-SARS-CoV-2 NAbs were significantly different between the two groups (0–3 and 3–8 weeks) (χ2 = 14.04, p < 0.001) (Table 4).


TABLE 4. Correlation between NAbs and the time interval between two coronavirus disease 2019 (COVID-19) vaccine doses.
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Changes in Neutralizing Antibody Levels After Two Severe Acute Respiratory Syndrome Coronavirus 2 Vaccine Doses in the Same Person

The serum series after the two doses of the vaccine were used to assess the changes in NAb levels over time. Only 38 people had a series of sera after completing two doses of the vaccine. In Figure 3, 38 people have two time points for detecting NAbs after completing two doses of vaccine injection, and the line connecting the points belongs to the sample of the same subject. NAb levels decreased in 31 patients (81.6%) and increased in 7 patients (18.4%) over time in the series of 38 patients after the second vaccination (Figure 3). There were six men and one woman in the group with elevated NAb levels (7 patients). There were 13 men and 18 women in the group with decreased NAb levels (31 patients). The proportion of men in the group with increased NAb levels was significantly higher than that in the group with decreased NAb levels (χ2 = 4.378, p < 0.05). There was no significant difference in age between the group with increased NAb levels and the group with decreased NAb levels (t = −0.034, p > 0.05).
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FIGURE 3. Changes in NAb levels over time in serial serum samples after the second dose of vaccine. Only 38 people had a series of sera after completing two doses of the vaccine. Thirty-eight people have two time points for detecting NAbs after completing two doses of vaccine injection, and the line connecting the points belongs to the sample of the same subject.




Association Between the Presence of Anti-severe Acute Respiratory Syndrome Coronavirus 2 Antibodies and Neutralizing Antibody After Vaccination

We are studying the association between the presence of anti-SARS-CoV-2 antibodies and of NAb in 1,335 vaccinated individuals. Among the 1,335 patients, 1,103 were anti-SARS-CoV-2 IgM or IgG positive, and the positivity rate was 82.6% (1,103/1,335); 888 were anti-SARS-CoV-2 NAb positive, and the positivity rate was 66.5% (888/1,335). Of the 888 NAb-positive patients, 886 were anti-SARS-CoV-2 IgM or IgG positive, and the positivity rate is 66.4% (886/1335). Among the 1,335 patients, the positivity rate of SARS-CoV-2 Nab in the SARS-CoV-2 antibody-positive group (80.1%) was significantly higher than the SARS-CoV-2 NAb positivity rate in the SARS-CoV-2 antibody-negative group (19.9%), and the difference was statistically significant (Table 5). There was a linear correlation between anti-SARS-CoV-2 NAb and anti-SARS-CoV-2 IgM or IgG titer among the 1,335 patients (Figure 4).


TABLE 5. Contingency tables between anti-SARS-CoV-2 NAbs and anti-SARS-CoV-2 antibodies.
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FIGURE 4. Linear correlation of anti-SARS-CoV-2 NAb and antiSARS-CoV-2 antibody. Among the 1,335 patients, 1,103 were in the anti-SARS-CoV-2 IgM or IgG positive group, and 232 were in the negative group.




Differences in the Levels of Neutralizing Antibodies Against Severe Acute Respiratory Syndrome Coronavirus 2 Between Groups Receiving One Dose of Vaccine and Two Doses of Vaccine

The difference in the positivity rate of NAbs between the one-dose (243/1,335 subjects) and two-dose vaccine groups (1,092/1,335 subjects) was evaluated. Each group was further stratified by the time at which antibodies were measured after vaccination, specifically less than 2 months or more than 2 months after the last dose of the vaccine. Among the 1,335 patients, 1,092 patients received two doses of vaccine, and 243 patients received one dose of vaccine. Among the 1,092 patients in the two-dose vaccine group, the time of NAb detection was less than 2 months after the completion of the last dose of vaccine in 562 patients, and the positivity rate of SARS-CoV-2 antibody was 84.89% (Table 6). The NAb detection time of 282 patients was more than 2 months after finishing the last dose of vaccine, and the positivity rate of SARS-CoV-2 antibody was 65.58% (Table 7). Among the 243 patients in the single-dose vaccine group, 43 patients tested NAb less than 2 months after finishing the last dose of vaccine, and the positivity rate of SARS-CoV-2 antibody was 18.14% (Table 6). The NAb detection time of one patient was more than 2 months after finishing the last dose of the vaccine, and the positivity rate of SARS-CoV-2 antibody was 16.67% (Table 7). In the group less than 2 months after the last dose of vaccine, the positivity rate of SARS-CoV-2 antibody in the two-dose vaccine group (84.89%) was significantly higher than that in the single-dose vaccine group (18.14%), and the difference was statistically significant (χ2 = 353.327, p < 0.001) (Table 6). In the group more than 2 months after the last dose of vaccine, the positivity rate of SARS-CoV-2 antibody in the two-dose vaccine group (65.58%) was significantly higher than that in the single-dose vaccine group (16.67%) (χ2 = 6.216, p < 0.05) (Table 7).


TABLE 6. Contingency tables of doses and NAbs (The time between the last dose of vaccine and testing was less than 2 months).
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TABLE 7. Contingency tables of doses and NAbs (The time between testing and the last dose of vaccine should be at least 2 months).
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Contingency Tables Between Age and Sex and the Level of Neutralizing Antibodies Against Severe Acute Respiratory Syndrome Coronavirus 2 in the Two-Dose Vaccine Group

In the two-dose vaccine group and the 21-day interval between the two vaccines, the difference in NAbs in different age or gender groups was observed. A total of 329 people who were tested 1 to 2 months after receiving the second dose were tested and divided into three groups based on age: 18–40 years old, 41–60 years old and > 60 years old. The positivity rates of NAbs in the three groups were 85.60, 77.78, and 78.57%, respectively (Table 8). The NAb positivity rate was higher in 18- to 40-year-old subjects than in 41- to 60-year-old subjects, but there was no significant difference (χ2 = 2.502, p > 0.05). The NAb positivity rate was higher in 18- to 40-year-old subjects than in > 60-year-old subjects, but there was no significant difference (χ2 = 0.045, p > 0.05). The NAb positivity rate was higher in 41- to 60-year-old subjects than in > 60-year-old subjects, but there was no significant difference (χ2 = 0.004, p > 0.05). The NAb titer in the 18- to 40-year-old group was significantly lower than that in the 41- to 60-year-old group (t = −0.839, p < 0.01). The NAb titer was slightly lower in the 18- to 40-year-old group than in the > 60-year-old group, but there was no significant difference (t = −1.959, p < 0.01). The NAb titer produced in the 41- to 60-year-old group was lower than that in the > 60-year-old group, with no significant difference (t = −0.960, p > 0.05). There was a poor linear correlation between age and antibody titer among the 329 patients (Figure 5).


TABLE 8. Percentage of vaccinee positive for NAb by age.
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FIGURE 5. The linear correlation between age and anti-SARS-CoV-2 NAb level. In the two-dose vaccine group and the 21-day interval between the two vaccines, the difference in NAbs in different age or gender groups was observed. A total of 329 people who were tested 1 to 2 months after receiving the second dose were tested and divided into three groups.


A total of 329 people who were tested 1 to 2 months after the second injection were divided into men and women groups. The NAb positivity rate in the men group (82.63%) was lower than that in the women group (84.57%), but there was no significant difference (χ2 = 0.224, p > 0.05). The NAb titer in the men group was lower than that in the women group, but there was no significant difference (t = −0.310, p > 0.05) (Table 9).


TABLE 9. Percentage of vaccinee positive for NAb by sex.
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DISCUSSION

Our research shows that the NAb positivity rate was 66.5% among adults from the 1st to 12th months after receiving two doses of inactivated vaccine and from the 1st to 11th months after receiving one dose of vaccine. Among adults from the 1st to 12th month after receiving two doses of inactivated vaccine, the NAb positivity rate was 77.3%. In a phase three randomized clinical trial of adults vaccinated with Chinese vaccines, the protective efficacy of two whole-virus inactivated vaccines was 72.8 and 78.1% (Al Kaabi et al., 2021). In our study, two doses of an inactivated vaccine produced a NAb positivity rate in adults similar to that in previous studies, but one or two doses of an inactivated vaccine produced a NAb positivity rate of 66.5%, which is slightly lower than that in previous studies; the difference may be because of our study approach, as 18.1% of the population was vaccinated with only one dose, and previous research involved only two-inoculation vaccination. The phase 3 clinical trials reported in the literature have included mainly healthy and young people from the Middle East and other Asian countries, and the Middle East studies have been limited to the male population. Our study reflects the level of NAbs induced by vaccination in our population. Recently, interim results from phase 3 clinical trials of other vaccines, including two mRNA vaccines (BNT162b2 and mrN-1273) and three adenovirus-based vaccines [ChAdOx1 nCoV-19, GAM-COVID-19 (Sputnik V), and Ad26.COV2. S] have been published (Polack et al., 2020; Baden et al., 2021; Logunov et al., 2021; Sadoff et al., 2021; Voysey et al., 2021). The protective efficacy of the BNT162b2 (Pfizer-BioNTech) vaccine was reported to be 95.0%; the protective efficacy of the mrNA-1273 (Moderna) vaccine was 94.1%; that of ChAdOx1 nCoV-19 was 62.1 or 90.0%, depending on the dose regimen (Two standard doses or low doses followed by standard doses); that of the GAM-COVID-19 vaccine was 91.6%; and that of the AD26.COV2. S vaccine was 66.9%. These studies have mainly included people from Western countries; the proportion of elderly participants is higher, and our study cohort consists of the Chinese people, with ethnic and regional differences possibly leading to variable vaccine-induced NAb levels; therefore, our research can better reflect the actual situation of NAb production after vaccination in the Chinese people.

NIBSC in collaboration with WHO has developed the first-generation SARS-CoV-2 NAb for the standardization and harmonization of the protocols across the regions and laboratories. The IS is considered to be the highest level of biological material reference materials, for IS-based quantitative determination of the IU of biological activity, which can be compared with different laboratory analyses and make the results comparable to better define the analysis parameters (e.g., sensitivity of the test) and clinical parameters (such as the protection afforded by the antibody level). The anti-SARS-CoV-2 NAb IS will facilitate the standardization of serological assays for the detection of SARS-CoV-2 for use in vaccine studies to detect antibodies produced by human vaccination. Compared with the original WHO value, the coefficient of variation (CV) of our study was 1.3%, which met the WHO standard of less than 3%. Therefore, our NAb unit (AU/ml) is close to the IU/ml and will help to evaluate vaccine efficacy and data from epidemiological and immunological surveillance studies.

An important question regarding the efficacy and safety of COVID-19 vaccines is how long the protection they provide will last. Our study found that when the interval between doses was 21 ± 2 days, the NAb positivity rate was significantly lower at 6 months (53%) after the last dose than at 5 months (81%). Subjects were negative for NAb between 7 and 12 months after vaccination, and NAb lasted only for 6 months. Therefore, our study suggests that it is necessary to strengthen the immunization of the third dose of vaccine. A previous article found that healthy subjects showed sustained, but declining, NAb levels against SARS-COV-2 6 months after full vaccination with BNT162b2 vaccine (Terpos et al., 2021), but their vaccine, unlike ours, is not inactivated. Our results showed that the NAb positivity rate in the 1st to 2nd months after the second dose of vaccine was 79–91%, after which the positivity rate began to decline. The level of anti-SARS-CoV-2 NAbs drops from the 3rd month, and a third vaccine dose is recommended. Therefore, it is recommended to test the NAb level from 1 to 2 months after the second vaccine dose. The NAb positivity rate in the 5th month (33%) was significantly lower than that in the 4th month (80%) at the interval of 28 ± 2 days between two doses of vaccine. The positivity rate of NAb was 0% at 7–9 months, but increased to 100% in the 10th and 11th months. We analyzed the reasons and found that in the 10th and 11th months, there was only one person per month, and that person was NAb positive, so the number was too small to be representative. The non-21 ± 2-day interval between doses of vaccine and the NAb positivity rate was 100% in the 8th and 11th months after the second dose. The non-28 ± 2-day interval between doses of vaccine and the NAb positivity rate was 100% in 8 months after the second dose, but was not representative due to the small number of vaccinated people. The first 6 months after the second dose are typically large. The New England Journal of Medicine published persistent data on the persistence of the immune response stimulated by the candidate Moderna COVID-19 vaccine mRNA-1273 (Widge et al., 2021). The analysis showed that participants maintained high levels of antibodies binding to the novel coronavirus spike protein and of NAbs 90 days after the second vaccine dose. Even if the level of NAbs decreases slightly over time, mRNA-1273 still has the potential to provide lasting humoral immunity. In addition, a study published in Science (Dan et al., 2021) showed that even with low-plasma NAb activity triggered by novel coronavirus natural infection, the natural immunity could still trigger a robust memory B-cell response. When encountering the novel coronavirus again, these memory B cells can quickly produce targeted NAbs, which is crucial in maintaining long-term immunity to the novel coronavirus. Different studies on the levels of NAbs in recovered patients show that the persistence of NAbs in different patients is uneven. In some patients, the level of NAbs decreased significantly within a few months after recovery, so we studied the persistence of NAb levels triggered by COVID-19 vaccine.

Wang Huaqing, chief expert of the immunization program of the Chinese Center for Disease Control and Prevention, at a press conference under the Joint Prevention and Control Mechanism of the State Council, said that the interval between inactivated vaccine injections should be completed in less than 8 weeks1 (Peng, 2021).

In the two-dose vaccine group, the time interval was from 0 to 77 days, and the highest level of NAbs generated at the interval of 21–56 days between the two doses suggested that 21–56 days between the two doses was suitable for vaccination.

People aged 60 years and older have severe illness and high risk of death after contracting the novel coronavirus. Data from phase I/II clinical studies showed that the novel coronavirus vaccine was safe in this population (Walsh et al., 2020), and our study revealed that the average level of NAbs produced in the elderly population (>60 years old) was higher than that in the young (18–40 years old), which was different from previous studies (Walsh et al., 2020). Instead of receiving an inactivated vaccine in that study, the study population was vaccinated with an mRNA vaccine. Our study also showed that the NAb positivity rate in men in the two-dose group was substantially lower than in women, but the difference was not significant. Our study suggested that the level of NAbs produced after vaccination was affected by age, but not by sex.

The gold standard method for NAb quantitation is the NT (Balcells et al., 2021). Even if live or synthetic viruses are used to react with samples to detect the killing ability of NAbs against viruses in samples, published studies of the clinical efficacy evaluation of vaccines are now all using this method (Polack et al., 2020; Al Kaabi et al., 2021). However, this method has high requirements for testing and is not suitable for general medical testing institutions. Another kind of NAb detection is based on the immune reaction principle, through the specific antigen detection-corresponding NAbs, this method is suitable to promote use by general medical testing institutions. Because epidemic strains carry some point mutations at individual sites, there are mainly five or six mutations, and there are many NAbs targeting the S protein epitope. Individual point mutations will not lead to complete virus escape, which is why the vaccines are effective. Vaccines targeting the RBD area of the S protein induce the production of the main NAbs. Our NAb detection reagent is based on the S protein RBD, which facilitates detection in the same way that vaccines work. Our study showed a linear correlation between NAbs and anti-SARS-CoV-2 IgM/IgG antibodies in vaccinated individuals. Therefore, it is suggested that when NAbs cannot be detected, anti-SARS-CoV-2 IgM/IgG antibodies can be detected instead. A total of 89.6% (796/888) of these IgG-positive samples were also positive in NAbs in our study. This result differs from the results of a recently published study by Müller K et al., in which only 68.7% (158/230) of these IgG-positive samples were also positive in NTs (Müller et al., 2021). In that study, an ELISA was used to detect anti-SARS-CoV-2 antibodies, which is different from the chemiluminescence method used in our paper. Antibodies against SARS-CoV-2 produced by convalescent patients reduced the neutralization effectiveness against emerging mutations. Therefore, it is critical to monitor anti-SARS-CoV-2 antibody levels for vaccine surveillance and vaccine development (Tea et al., 2021).

There were some limitations of this study. First, the study did not include pregnant women or people under 18 years old. Therefore, the effectiveness of inactivated vaccines in these populations remains unknown. In future studies, the effective protective concentration of anti-SARS-CoV-2 NAbs should be determined through research; for example, the critical value of hepatitis B virus surface antibody is 10 mIU/ml.

In summary, the NAb positivity rate was the highest in the 1st and 2nd months after the second dose of vaccine, and gradually decreased over time. Therefore, a third vaccine dose is recommended. Our study shows that anti-SARS-CoV-2 IgM/IgG antibodies can be detected in cases in which NAbs cannot be detected. Twenty-one to 56 days (3–8 weeks) between the two doses was suitable for vaccination. Our study provides important insight into vaccination cycles, vaccination timing, and detection methods.
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Nosocomial infections with Clostridioides (Clostridium) difficile have become an emergent health threat. We sought to define risk factors for a C. difficile infection (CDI) beyond the widely known ones, such as antibiotic use and prior hospital stay. We therefore focused on a group of patients with diarrhea in order to identify risk factors for C. difficile infection among this symptomatic cohort. A total of 121 hospitalized patients from Seesen/Germany with diarrhea were included who submitted a stool sample and were interviewed about their socio-demographic background, lifestyle and state of health using a standardized questionnaire. Antibiotic potential of diuretics was examined by agar diffusion test. C. difficile was identified in 29 patients resulting in a prevalence of 24.0%. The infection was hospital-acquired in most cases (p < 0.001, 82.1%; n = 23/28, versus 29/91, 31.9%). The generally accepted risk factor previous antibiotic use was confirmed in this study (p = 0.002, n = 23/28 CDI patients, 82.1%, versus n = 44/91 non-CDI patients, 48.4%). The following additional risk factors were identified: regular consumption of proton pump inhibitors; PPI (p = 0.011, n = 24/29, 82.8% vs. n = 52/92, 56.5%), CDI patients ate less vegetables (p = 0.001, n = 12/29, 41.4% vs. 69/92, 75.0%). The intake of the diuretic agent torasemid in patients with CDI (p = 0.005, n = 18/29, 62.1%) was higher than in patients without (n = 30/92, 32.6%). More patients with CDI had to undergo a surgery in the previous year (p = 0.022, n = 13/29, 44.8% vs. n = 21/92, 22.8%) and held more birds (p = 0.056, n = 4/29, 13.8%) than individuals of the negative group (n = 3/92, 3.3%). In conclusion, although no antibiotic potential was detected in diuretics, especially torasemid seems to have significant influence for the occurrence of a CDI as well as a nutrition poor in vegetables. A diet rich in vegetables represented a fourfold lower risk for a CDI (OR 0.240, CI (0.0720 - 0.796]).
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INTRODUCTION

Clostridioides (Clostridium) difficile was first described in 1935 in the intestinal microbiome of healthy neonates. Due to its difficulty of cultivation, it was initially termed Bacillus difficilis (Hall and O’Toole, 1935). Nearly forty years later, the relation between pseudomembranous colitis and C. difficile was revealed, especially after clindamycin treatment (Tedesco et al., 1974). During the last centuries C. difficile has been identified as the most common cause of antibiotic-associated diarrhea in industrialized countries. The most important virulence factors are the entero- and cytotoxins TcdA and TcdB as well as the binary toxin (CDT) that is expressed especially by hypervirulent strains. C. difficile infection (CDI) causes a variety of symptoms, ranging from mild diarrhea up to severe pseudomembranous colitis that can end up in bowel perforation (Kuijper and van Dissel, 2008; Leffler and Lamont, 2015). Our existing knowledge about potential risk factors of the living environment and nutritional habits of the patients seems not to be complete. This study aimed to explore the prevalence of C. difficile in inpatients of a rural community in Lower Saxony/Germany and the existence of further risk factors for CDI, focusing on current medication of the patients as well as the influence of lifestyle and living environment.



MATERIALS AND METHODS


Study Design and Patients

This prospective study was approved by the Ethical Committee responsible for the participating hospital and the University Medical Center, Göttingen, Germany (29/3/11) and was performed during the period of September 2013 to April 2014 at the Asklepios Hospital Schildautal in Seesen, Germany. All inpatients with diarrhea anytime during hospitalization (three or more loose or liquid stools per day as defined by WHO) and of unknown origin at time of sampling were asked to participate and also provide a stool sample. All had to be at least 18 years of age and of sound mind to fill out the questionnaire about their socio-demographic background, living environment, and state of health during the last 12 months (see Supplementary data sheet 1). The sample size determination was calculated according to Kish’s formula (Kish, 1965) and resulted from an estimated prevalence range of 17-18% which was based on own epidemiological experience in this region of Germany (unpublished data). A case was defined as hospital-acquired when diarrhea occurred more than 48 h after hospital admission (Heister et al., 2019).



Laboratory Methods

For this study on CDI risk factors, all stool samples from the study participants and animals eventually living in their household were cultured on respective C. difficile selective agar (bioMérieux, Marcy-l’Étoile, France) and incubated for 48 h under anaerobic conditions. MALDI-TOF mass spectrometry (Biotyper, Bruker Daltonics, Bremen, Germany) was subsequently used for identification of C. difficile. In addition, all stool samples were also tested for the presence of C. difficile toxin by using the Serazym® C. difficile toxin A + B immunoassay (Seramun Diagnostica GmbH, Heidesee, Germany). If culture was positive and toxin test from stool was negative, toxin production was re-investigated directly from grown colonies. All stool samples from patients and animals were also tested for the presence of other pathogens by adequate laboratory methods.

Antibiotic potential of the diuretics used by the participants was examined using an agar diffusion test. Briefly, 100 μl of torasemid 10 mg, furosemide 40 mg and hydrochlorothiazide 25 mg tablets, separately diluted in 1 ml NaCl 0.9% solution, were spread on WHATMAN Grade AA 9 mm filter disks (GE HEALTHCARE, Chalfont St Giles, Buckinghamshire, United Kingdom). These filter disks were arranged onto Müller-Hinton agar plates (OXOID, Basingstoke, Hampshire, United Kingdom) containing spores of antibiotic-susceptible Bacillus subtilis (ATCC6633, LGC Standards GmbH Wesel, Germany). After 24 h of incubation at 37°C, the agar plates were analyzed for the presence of growth-inhibiting zones around the filter disks. For furosemide and torasemid, the test was also performed with 100 μl injection solution, 20 mg and 2 mg, respectively.



Statistical Analysis

All data were entered in the IBM® SPSS® Statistics V24.0 program (IBM United States Software Announcement, Armonk, NY, United States) and Statistica (Statsoft GmbH, Hamburg, Germany) for statistical analysis. A first statistical overview was obtained by arranging items in frequency and cross tables. Significance testing was performed using Chi-square and Fisher’s exact test for nominal data, Mann-Whitney non-parametric test for data of an ordinal scale level and t-test for metric parameters. Predictors for the incidence of CDI were analyzed by the multivariate logistic regression (including criteria p < 0.2) and quoted by odds ratio. A p-value <0.05 was considered as statistically significant.




RESULTS

In this prospective study, a total of 121 inpatients with diarrhea during hospitalization were investigated. The patients had an average age of 70 years, consisting of nearly equal numbers of male (n = 64, 52.9%) and female (n = 57, 47.1%) individuals. All patients were of sound mind to give informed consent in accordance with the Declaration of Helsinki. C. difficile occurred with a prevalence of 24.0% (n = 29/121). The infection was hospital-acquired in most cases (p < 0.001, 82.1%; n = 23/28, versus 29/91, 31.9%). There was no indication for clustering of CDI patients.


Individual Risk Factors for Clostridioides (Clostridium) difficile Infection

To identify putative risk factors for the exposition to the pathogen, C. difficile-positive as well as -negative diarrheic patients were compared with each other based on data provided in structured interviews (Supplementary data sheet 1 and Table 1). While there were no significant effects regarding the number of meals per day, the univariate analysis revealed that C. difficile-positive individuals ate significantly less vegetables (p = 0.001) and more instant food (p = 0.121) than others. According to the multivariate logistic regression model, a nutrition poor in vegetables was besides inpatient care the only factor showing significance (p = 0.020) for the risk of acquiring CDI (Table 2). With an odds ratio of 0.235, the risk for a CDI was nearly fourfold lower among those patients ranging vegetables among their daily nutrition. A significant effect was observed regarding the consumption of vegetables (p = 0.001); just 12 out of 29 (41.4%) C. difficile-positive patients consumed vegetables on a daily basis. In comparison, 69 out of 92 of the C. difficile-negative patient group (75.0%) ate vegetables every day (Table 1). Furthermore, patients with CDI also consumed more instant food (24.1%, n = 7/29) than patients without CDI (10.9%, n = 10/92, p = 0.121).


TABLE 1. Potential risk factors.
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TABLE 2. Results of the multivariate logistic regression model.
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No significant influence was identified for the holding of companion animals in general (p = 0.411). Eight of 29 (27.6%) C. difficile-positive patients owned companion animals, including cats, dogs, horses and birds. None of the animals suffered from diarrhea. Two patients allowed recruiting the stool of their animals (horse and chicken). However, in none of the stool specimens C. difficile could be identified. However, four of the 29 C. difficile-positive patients (13.8%) stated owing birds, remarkably many (p = 0.056) in comparison to 3.3% of the C. difficile-negative patients (n = 3/92).



Treatment-Based Risk Factors for Clostridioides (Clostridium) difficile Infection

Clostridioides (Clostridium) difficile Infection was significantly more often a hospital-acquired infection (p < 0.001) than diarrhea based on non-communicable diseases or caused by other pathogens, e.g., noroviruses, adenoviruses or Campylobacter jejuni (Table 1). 23 of 28 CDI cases (82.1%, 1 missing observation) were hospital-acquired, whereas only 29 out of the 91 C. difficile-negative patients (31.9%, 1 missing observation) developed diarrhea inside the health care facility. According to the logistic regression model, the risk for CDI was four- to fivefold higher during a hospital admission (Table 2). However, 17.9% of C. difficile-positive patients developed diarrhea outside the health-care facility or within the first 48 h after hospital admission.

Furthermore, whereas only 21 of 92 (22.8%) C. difficile-negative patients had experienced surgery in the previous 12 months before this study, this ratio was higher in the group of C. difficile-positive individuals (13 out of 29, 44.8%; p = 0.022). The majority of CDI patients underwent neurosurgical (n = 6/13, 46.2%) or vascular (n = 3/13, 23.7%) procedures. Another significant risk factor was the treatment with antibiotics within the previous six months; 82.1% (n = 23/28, 1 missing observation) of C. difficile-positive patients had been treated with antibiotics in the previous six months prior to the present study. In contrast to that only 48.4% of C. difficile-negative patients (n = 44/91, 1 missing observation) had received antibiotics before (p = 0.002). Especially the patients treated with meropenem or clarithromycin got significantly more often infected with C. difficile, p = 0.027 and p = 0.032, respectively (Table 1).

Out of all other medications applied (Table 1) the consumption of drugs belonging to three groups demonstrated a significant association with symptomatic CDI; proton pump inhibitors (PPI) were more frequently used by CDI patients (n = 24/29, 82.8%) than by those without C. difficile (n = 52/92; 56.5%, p = 0.011). A similar association (p = 0.021) was observed with non-steroidal anti-inflammatory drugs (NSAIDs); in contrast to the C. difficile-positive patient group (n = 11/29; 37.9%) a significant lower percentage of the C. difficile-negative patients (n = 16/92; 17.4%) had used NSAIDs. Unexpectedly, one specific diuretic preparation, torasemid, also showed a significant association (p = 0.005) with CDI; whereas only 30 of 92 (32.6%) C. difficile-negative patients used torasemid every day, 18 of 29 (62.1%) C. difficile-positive patients took this medication on a daily basis (Table 1). In order to analyze whether diuretics might have a microbiome-modulating effect thereby promoting CDI through inhibiting growth of the intestinal bacterial flora, all diuretics were tested for antimicrobial capacity against fully antimicrobial susceptible Bacillus subtilis. This bacterial species is routinely used in laboratories to monitor for antibiotic substances in body fluids. However, none of the tested diuretics had an antibiotic potential (data not shown).




DISCUSSION

Analyzing a total of 121 patients in a rural area of Germany, we identified C. difficile as a likely cause of diarrhea in 24.0% of them. Confirming previous studies, CDI had a significant correlation with hospital-acquired infection in our cohort (Rupnik et al., 2009; Leffler and Lamont, 2015). Our rate of community-acquired CDI is also similar to the results of previous studies which reported a percentage of 20-29% for community-acquired infection (Clohessy et al., 2014; Gupta and Khanna, 2014). Even though the percentage of non-healthcare associated CDI has increased in recent years, the transmission mechanisms largely remain to be disclosed. One reason for this precise lack of knowledge is that the predominantly infected individuals seem not to belong to any high-risk population (Vindigni and Surawicz, 2015).

This study confirmed the association between the occurrence of C. difficile and previous antibiotic use (King and Lager, 2011; Badger et al., 2012; Kurti et al., 2015; Leffler and Lamont, 2015). The univariate analysis showed a four- to fivefold higher risk for the acquisition of C. difficile after an antibiotic treatment, especially when meropenem and clarithromycin have been used during the previous six months of the beginning of diarrhea (Table 1). Besides a prior antibiotic therapy the consumption of PPIs showed as well a significant association (p = 0.011) with the occurrence of CDI. This risk factor has also been described previously in several studies (King and Lager, 2011; Kim et al., 2012; Kurti et al., 2015) and a meta-analysis of more than 10,000 cases of hospital-acquired CDI (Arriola et al., 2016). However, the mechanisms for the association between PPI consumption and CDI are conflicted (Shah et al., 2000; McCarthy, 2012; Trifan et al., 2017). Currently it is merely evident that the concomitant intake of antibiotic preparations increases the risk of getting infected (Kwok et al., 2012). As 24 of 29 (82.8%) C. difficile-positive patients consumed both PPIs and antibiotics, our series supports the assumption that a probable association between PPI use and CDI exists, that can be further increased by simultaneous consumption of antibiotics and PPI.

Furthermore the results of our study suggest an association with the intake of NSAID with CDI. Only one other study revealed an association between CDI and the current use of the NSAID diclofenac (Suissa et al., 2012). We observed that 37.9% C. difficile-positive participants used NSAIDs during the study interval. However, as all of them also stated the regular intake of PPI, it is more likely that the remarkable effect is mainly caused by PPI.

Moreover a significant correlation between the daily consumption of the loop diuretic torasemid and the occurrence of CDI was observed. Regarding this aspect there are currently only very rare and imprecise published data available. Two older studies reported a significant association between the use of diuretics in general and the occurrence of C. difficile without an investigation of the cause-effect relationship (Raveh et al., 2006; Debast et al., 2009). Analyzing this significance, this study examined the antibiotic potential of torasemid, furosemide and hydrochlorothiazide by the use of an agar diffusion test. However, no growth-inhibiting zones were identified in any of the samples indicating that a direct antibiotic potential of the diuretic medication is unlikely the reason for the observed significance. Therefore, additional factors like the indirect effect of torasemid and the extent of cardiac failure on CDI growth should be considered in future studies with patients suffering from CDI. Alternatively, torasemid could stimulate the development of CDI by influencing the bile acid concentration in the human gut in an advantageous way for C. difficile. One transporter – the apical sodium-dependent bile acid transporter (ASBT) – is responsible for the re- and absorption of 95% of the bile acids in the human gut (Alrefai and Gill, 2007). So far, only one study about the influence of torasemid on ASBT was found (Zheng et al., 2009). This study disproves an effect on the ASBT, but is only based on an in vitro investigation and not on human samples. Our results could also indicate that multimorbid patients, especially with severe cardiac failure for which torasemid is used, suffer in general more frequently from CDI.

The results of our study also suggest an association between the occurrence of CDI and surgical treatment procedures in the year before the study (p = 0.022). In line with our data is a multicenter retrospective study that showed increasing duration of postoperative antimicrobial prophylaxis was associated with higher CDI rates (Branch-Elliman et al., 2019). Other retrospective database analyses showed a relatively low incidence of C. difficile in surgical patients (Zerey et al., 2007; Jenkins et al., 2010; Guzman et al., 2016). The investigation of Zerey et al. (2007) was the only one evaluating the risk of different visceral surgical procedures on the occurrence of CDI. They described the highest risk for CDI among patients undergoing emergency surgery in general or gastrointestinal surgery (2-3 fold higher risk). In this cohort only one CDI patient underwent surgery of the gastrointestinal tract, the majority (46.2%, n = 6/13) had experienced neurosurgical procedures. As this study revealed a health care environment as the most influent risk factor for CDI we state that this is also the most likely reason for the found association between surgical procedures and the occurrence of CDI.

Several studies have discussed asymptomatic carriage of C. difficile among animals with differing results (Rodriguez-Palacios et al., 2013). Whereas Schneeberg et al. (2012) claim the asymptomatic carriage in nearly 5.0% of canines and felines living in animal shelters, Weese et al. (2012) state a C. difficile prevalence of 10.0% in dogs and 21.0% in cats. Although we were unable to identify C. difficile in any of the few animal stool samples provided by their infected owners, a closer look to the owing of animals revealed that diarrheic C. difficile-positive patients owned remarkably more birds than diarrheic patients without CDI (p = 0.056, n = 4/29, 13.8%). Although pet and farm animals have also been confirmed as a source of CDI in a recent review, birds have not yet emerged as risk factor (Crobach et al., 2018).

So far, investigations on food as risk factor have focused mainly on meat products but not on vegetables (Crobach et al., 2018). According to the multivariate logistic regression model applied to our results, a nutrition poor in vegetables was besides inpatient care the only factor showing significance (p = 0.020) for the risk of acquiring CDI. With an odds ratio of 0.235, the risk for a CDI was nearly fourfold lower among patients who ate vegetables every day. This suggests a negative influence of an unbalanced nutrition. None of the individuals suffered from any pre-existing illnesses which did not allow eating vegetables. The most frequent preexisting illnesses were of cardiovascular origin. Various studies confirmed the influence of nutrition habits, highlighting the positive effect of fiber and their metabolites on the variability of the human microbiome and its subsequent positive effect against CDI (May et al., 1994; O’Keefe, 2010; Xu and Knight, 2015). This effect was shown to be based on the metabolization of fiber into short chain fatty acids like butyrate which decrease the pH in human gut and thus inhibit the proliferation and the production of toxin A of C. difficile (May et al., 1994). The corresponding short chain fatty acids like butyrate are metabolized during the digestion of vegetables. Furthermore, it was proofed in a murine model that diets being rich in saturated fats but lacking vegetables decrease the presence of advantageous microbiota in the gut (Ridaura et al., 2013). The study of May et al. (1994) also underlines the importance of fiber-enriched nutrition for achieving a stable intestinal microbiome for the inhibition of C. difficile.

Possible limitations of this study are a recall and misclassification bias by some questions in the survey that were not designed to capture sufficient information or eventually were confounding the results. Exposure factors of the hospital were not within the aims of this study.



CONCLUSION

Taken together, in addition to already described risk factors such as inpatient care, antibiotics and PPI, the regular use of torasemid was identified as a potential further risk factor for CDI that should be a subject of future studies. However use of diuretics might only be a surrogate marker for severe heart and renal diseases or in a simplistic view a surrogate marker for higher age or morbidity. The results of our study also revealed a significant impact of nutrition, especially vegetables, on CDI. In particular with regard to the unclear cause of the increasing proportion of community-acquired CDI this aspect awaits further investigations.
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The emergence of bacteria that are resistant to antibiotics is common in areas where antibiotics are used widely. The current standard procedure for detecting bacterial drug resistance is based on bacterial growth under antibiotic treatments. Here we describe the morphological changes in enoxacin-resistant Escherichia coli cells and the computational method used to identify these resistant cells in transmission electron microscopy (TEM) images without using antibiotics. Our approach was to create patches from TEM images of enoxacin-sensitive and enoxacin-resistant E. coli strains, use a convolutional neural network for patch classification, and identify the strains on the basis of the classification results. The proposed method was highly accurate in classifying cells, achieving an accuracy rate of 0.94. Using a gradient-weighted class activation mapping to visualize the region of interest, enoxacin-resistant and enoxacin-sensitive cells were characterized by comparing differences in the envelope. Moreover, Pearson’s correlation coefficients suggested that four genes, including lpp, the gene encoding the major outer membrane lipoprotein, were strongly associated with the image features of enoxacin-resistant cells.
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INTRODUCTION

The development of antibiotics has progressed dramatically since the middle of the 20th century, but drug-resistant bacteria emerged shortly after antibacterial drugs were introduced to treat bacterial infections, and antibiotic-resistant strains have increased rapidly in number with the long-term overuse of antibacterial drugs. Consequently, in recent years, the emergence of multidrug-resistant bacteria with resistance to multiple types of antibiotics has become a global problem. Various types of resistant bacteria have appeared in clinic, and effective countermeasures to combat multidrug-resistant bacteria are required (Alekshun and Levy, 2007).

Laboratory-based bacterial evolution is a powerful tool for investigating the dynamics of acquired drug resistance (Suzuki et al., 2014; Furusawa et al., 2018; Maeda et al., 2020). In these experiments, bacterial cells are exposed to fixed concentrations of drugs, around which cell growth is partially or completely inhibited such that a selective advantage for resistant strains is maintained. Recently, Suzuki et al. performed laboratory evolution of Escherichia coli under various drug treatment conditions to obtain resistant strains, including those resistant to quinolones such as enoxacin (ENX; Suzuki et al., 2014). For each drug-resistant strain obtained, transcriptome and genome sequencing analyses were performed to identify fixed mutations and gene expression changes. By integrating these data and using a simple mathematical model, they succeeded in quantitatively predicting resistance to various drugs on the basis of the gene expression levels (Suzuki et al., 2014). Because many gene expression changes were observed in the drug-resistant strains, we queried whether these changes may affect the bacterial morphology. There are several reports on the effect of antibiotics on bacterial morphology, including morphogenesis and fatal variations of Gram-positive staphylococci in the presence of penicillin (Giesbrecht et al., 1998) and the response of E. coli to quinolones (Elliott et al., 1987). On the other hand, electron microscopic analysis of vancomycin-resistant staphylococci has shown morphological changes in cell wall (Cui et al., 2003). Although outer membrane barrier of Gram-negative bacteria is also important against toxic compounds (Nikaido, 2003), little is known about the morphological changes of drug-resistant Gram-negative bacteria including E. coli. Compared with that of the drug-sensitive parent strain, especially in the absence of drugs.

In this study, we performed a morphological analysis of ENX-resistant cells that were obtained through the laboratory evolution of E. coli. Microscope images of both drug-resistant and drug-sensitive cells were obtained and their morphological characteristics were described. Electron microscopy, including transmission electron microscopy (TEM), is a powerful means of observing the ultrastructures of various biological samples, and these tools have been used often to study bacterial cell morphology (Giesbrecht et al., 1998; Kuo, 2014). Recently, it was reported that deep learning approaches have been applied to electron microscopy images of biological specimens, including isolated macromolecules and brain tissues (Zeng et al., 2017; Zhu et al., 2017). However, to the best of our knowledge, no computational methods have been developed yet to identify drug-resistant bacteria in TEM images. Considering this background, clarifying the morphological changes that occur in bacterial drug resistance is important, and the ability to estimate drug resistance from the morphological features of bacterial cells is also key to basic and applied microbiological studies. We therefore attempted to distinguish drug-resistant cells according to their morphological features visible on TEM images using deep learning and identify the discriminatory features. Moreover, we sought to identify the genes related to the morphological characteristics of ENX-resistant cells.

This study provides a novel method for discriminating drug-resistant and drug-sensitive bacterial cells from their TEM images using deep learning. The main contributions of this paper include the (1) clarification of morphological changes in drug-resistant bacteria from observations using optical and electron microscopy, (2) application of deep learning to discriminate TEM images of drug-resistant bacterial cells with a high level of accuracy, (3) visualization of morphological features peculiar to the drug-resistant bacteria using classifier models, and (4) identification of genes that may be associated with the morphological changes by correlating the image features extracted by the classifier models with gene expression levels.



MATERIALS AND METHODS


Cell Culture Conditions

Laboratory-evolved ENX, AMK, CFIX, and CP-resistant strains and the parental MDS42 strain (Suzuki et al., 2014) were used for the experiments. First, a single colony of these resistant strains, harboring the equivalent MIC value of the original stocks against each drug, was obtained and stored in an M9 medium containing 15% glycerol at −80°C. These bacterial strains were precultured in a 200 μl modified M9 medium (Mori et al., 2011) in Nunc 96-well microplates (Thermo Fisher Scientific Inc.), shaken at 432 rpm on a multimode microplate reader (Infinite M200 PRO, TECAN Ltd.) at 34°C for 23 h, and used for experiments.



Light Microscopy

For light microscopy-based observations, precultures of ENX-, AMK-, CFIX-, and CP-resistant strains and the parental strain were diluted to an OD600 nm of 1 × 10−4 to 1 × 10−8 in 5 ml of modified M9 medium in glass test tubes and grown in a water bath at 34°C that was shaking at 150 rpm to reach an OD600 nm in the range 0.07–0.13. Bacterial cultures were then transferred to 15 ml centrifuge tubes, and cells were collected by centrifugation at 3000 × g for 10 min at 4°C. The bacterial cell pellets were resuspended with phosphate-buffered saline (PBS, Sigma-Aldrich) and washed twice by centrifugation. Finally, the cell pellets were resuspended with 200 μl of PBS and 2 μl of the cell suspension were mounted on a glass slide and covered with a 22 × 22 mm glass cover slip (Matsunami, Japan). Specimens were then observed, and images were taken under phase-contrast microscopy with an objective lens of ×100 (Leica Microsystems). Individual bacterial cells were detected using a watershed algorithm, and quantitative analysis was performed using Fiji-ImageJ software. The interquartile ranges of the cell size distributions were used for further statistical analysis.



Fixation and Embedding for TEM

Precultures of both ENX-resistant strains and the parental strain were diluted to an OD600 nm of 1 × 10−4 to 1 × 10−8 in 5 ml of M9 medium in glass test tubes and grown in a water bath at 34°C that was shaking at 150 rpm to reach an OD600 nm in the range 0.07–0.13. Bacterial cultures were then transferred to 15 ml centrifuge tubes and the cells were collected by centrifugation at 3000 × g for 10 min at 4°C. The bacterial pellets (~8 μl) were resuspended with 3 μl of M9 medium and transferred to Eppendorf tubes and used for cryofixation. Cell suspensions (1.5 μl) were loaded onto a flat specimen carrier (200 μm deep) and frozen multiple times in a Leica EM PACT2 high-pressure freezer (Leica Microsystems). Frozen specimens were transferred into glass bottles with screw caps containing 2% (wt/vol) osmium tetroxide (OsO4) in anhydrous acetone as a substitution medium and were freeze-substituted in an automatic freeze substitution unit (EM AFS2; Leica Microsystems). During these periods, the specimens were kept at −80°C for 72 h, and the temperature was raised at a rate of 5°C/h to −20°C and 4°C and kept at each temperature level for 2 h in the substitution medium. Once the samples reached room temperature, the substitution medium was removed and the samples were washed carefully in anhydrous acetone for 5 min, three times. Samples were then incubated in a 1:1 mixture of acetone and Epon 812 resin mixture (TAAB Laboratories) overnight at room temperature, and then in pure Epon mixture overnight. Samples were placed with the cells face up in flat bottomed capsules (TAAB Laboratories), filled with pure Epon mixture, and cured in an oven for polymerization at temperatures of 35°C for 24 h, 42°C for 24 h, and 60°C for 2 days.



Sectioning and Image Acquisition

Specimen carriers in Epon blocks were exposed by removing excess resin using a specimen trimming device (EM TRIM2; Leica Microsystems), followed by hand trimming with a razor blade to allow complete exposure. The specimen carrier was detached using a detaching tool according to the manufacturer’s instructions (Leica Microsystems). Ultrathin (80 nm) sections of the cell specimens were cut using an ultramicrotome (EM UC7; Leica Microsystems) equipped with a diamond knife and were collected on formvar/carbon-coated Maxtaform finder grids (Electron Microscopy Sciences). The grids were stained in 2% (wt/vol) aqueous uranyl acetate for 25 min and in lead citrate for 3 min. Ultrathin sections were observed using JEOL TEM (JEM-2100 HC) at an accelerating voltage of 80 kV, and images were taken with a 2 k × 2 k CCD camera (UltraScan 1,000; Gatan Inc.). For machine learning, raw TEM images were taken using automatic image acquisition software (Shot Meister; System in Frontier Inc) at an xy pixel size of 3.4 nm × 3.4 nm, and a single image size of 6.926 μm × 6.926 μm. A panoramic image comprising 36 images (41.554 μm × 41.554 μm in size) was taken without any margin between neighboring images. Each image was taken with an exposure time of 1 s, giving a 3 s wait time to minimize the image drift. At least five different shots (a total of 180 images) were taken from different arbitrary regions of the section on an individual grid. Hence, at least 900 images were obtained from five grids prepared from each specimen block, and these were used for the analysis.



Preparation of Data Sets for Machine Learning

To create a data set that was robust against image data variability, a total of three data sets were created, with one set contained each block for ENX-resistant strains and two blocks for a parental strain, giving a total of six blocks. Since there were four lines of ENX-resistant strains and only one line of the parental strain, we used two blocks of the parental strain for each data set and six blocks in total, which was the maximum number to be prepared from one culture, to eliminate the data imbalance as much as possible. Moreover, to cover the variation in image data caused by thin-sectioning and staining, images were taken from five independent grids for each block, as described above. Using these data sets, we replaced each set with training and testing and performed a three-fold cross-validation to evaluate robustness against variations in specimen preparation.



Image Preprocessing and Construction of a Patch Data Set

Preprocessing was needed for raw TEM images so that the classifier models could handle them effectively. There were some TEM images whose intensity distribution was observed in a dynamic range different from others and unusual or defective pixels whose intensity value was extremely small or large. Such inconsistency in the intensity values may prevent a classifier model from learning the essential differences in TEM images between drug-resistant strains and the parental strain and thus reduce the classification performance.

A TEM image obtained originally as 16 bit was standardized and converted to 8 bit as follows. Both a mean and a standard deviation of intensity values were first calculated from all pixels of an image, which formed upper and lower bounds on intensity values in accordance with the so-called three-sigma rule. The image was processed so that the intensity values were within the range and then was standardized as if the intensity values followed a standard normal distribution (with zero mean and unit variance). Finally, the image was converted into 8 bit by scaling the intensity values to a range of 0–255. Defective pixels with extremely small or large intensity values could be corrected after completing these steps. A raw TEM image was also subject to uneven intensity levels. For example, intensity levels slightly declined (and thus pixels looked darker) from left to right or top to bottom in an image, and it was considered that this unevenness in intensity was caused by the uneven irradiation of the electron beam on the fluorescent screen. Thus, contrast limited adaptive histogram equalization (CLAHE) was used to enhance the local contrast of TEM images and alleviate uneven intensity levels (Supplementary Figures S3A,B).

The original TEM images were 2,048 pixels both in width and height, which did not fit into the pretrained classifier model and were difficult to transfer to the GPU memory. Furthermore, compared with data sets used in typical image recognition tasks, a relatively smaller number of TEM images could be obtained, because it took time and effort as described above. Therefore, subimages, or 512 × 512 pixel patches showing parts of cells, were extracted from the TEM images. This produced a large data set and allowed us to train the classifier models effectively. At least 5,400 TEM images from the parental strain and 10,800 TEM images from the ENX-resistant strains were used for preparation of patches. All TEM images were processed as follows after CLAHE:

1. The noise level in the TEM images was so high as to affect the outcome of the following processes. A Gaussian smoothing filter was typically applied to each image to reduce noise.

2. The Otsu method is one of the most commonly used image thresholding techniques and was adopted to separate cell regions from the background in this study (Supplementary Figure S3C). This traditional method worked sufficiently well for images obtained after preprocessing because the intensity histograms tended to become bimodal.

3. It was often the case that the enlarged periplasmic space appeared as holes, which were sometimes large in size, in cell regions obtained using the Otsu method. To fill the holes as much as possible, most external contours that ideally corresponded to the cell outer membrane were detected, and then, areas bounded by the contours were filled (Supplementary Figures S3D,E). At the same time, small regions below the given threshold were rejected as false detection. Mask images refined through these procedures were generated and used for further processing.

4. Patches containing parts of cells were selected if the number of pixels assigned to cell regions within the patch exceeded a predefined threshold (Supplementary Figure S3F). A sliding window with a stride of 128 pixels was applied to check whether a patch satisfied the above condition. Consequently, a million patches were obtained from each data set of cross-validation folds.



Patch Classification

A patch classification experiment was conducted following k-fold cross-validation in which a data set was first split into k subsets, and then, in each fold, all except one subset were dedicated to training a classifier model and the remaining one subset was used to evaluate the performance of the model. A training set was usually split further into two sets to keep one as a validation set and estimate the generalization ability of a classifier model and/or convergence of the training process by observing the history of a loss function. As mentioned above, a data set was prepared for three-fold cross-validation so that those images obtained from the same block were not included in both training and test sets to demonstrate how well a classifier model could perform in a practical situation. Furthermore, some grids of a block were picked out from a training set to construct a validation set.

We found out that a batch normalized version (Ioffe and Szegedy, 2015) of AlexNet (Krizhevsky et al., 2012) was a simple yet effective architecture for patch classification. Different architectures should be investigated in future work. The network architecture and some hyperparameters are depicted. Starting from a publicly available model pretrained on the ImageNet data set (Paszke et al., 2019), the classifier model was retrained or fine-tuned on our TEM image/patch set. In the training phase, Gaussian noise was added to a patch, and also, a patch was randomly rotated by either 0, 90, 180, or 270 degrees and flipped horizontally and vertically, before being fed into the classifier model, where the standard deviation of Gaussian noise was randomly chosen in range 0–30. The batch size was set to 32, and 19,200 patches were randomly sampled from the training set in each epoch, so the number of iterations per epoch was 600. To update the model parameters (weights), the Adam optimization algorithm (Kingma and Ba, 2015) was used with an initial learning rate of 0.0001 and weight decay of 0.00001. After one epoch training, the validation data set was fed into the classifier model to calculate the loss, and the learning rate was reduced by a factor of 10 if there was no improvement in the validation loss after five epochs. Cross-entropy loss was used with weights inversely proportional to class frequencies. Thus, the training phase proceeded by alternating between updating the weights and adjusting the learning rate. All classifier models were trained and tested on NVIDIA RTX 3090.

Patches obtained from the ENX-resistant strains were treated as a positive class, while patches obtained from the parental strain were treated as a negative class. The performance of the classifier model could be evaluated through sensitivity and specificity defined as follows:
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where [image: image] denotes true positives (correctly classified ENX-resistant cell patches), [image: image] denotes false positives (parental cell patches that were classified into the ENX-resistant cell), [image: image] denotes true negatives (correctly classified parental cell patches), and [image: image] denotes false negatives (ENX-resistant cell patches that were classified into the parental cell).



Visualization of Discriminative Parts of Bacterial Cells

Visualization of the characteristic features of both the ENX-resistant and parental cells was attempted using Grad-CAM (Selvaraju et al., 2017). In our approach, inputs to the classifier model were patches, not images. Because it was known which image each patch was extracted from, the class activation map of a patch could be accumulated on its corresponding area within the image. A class activation map was multiplied by the output of the softmax function corresponding to its class, and also, averaged in an area overlapped by some patches. Then, patchwise class activation maps were accumulated onto their originating images to visualize the discriminative parts of the bacterial cells in each image.



Calculation of Pearson’s Correlation Coefficients

To investigate which genes were associated with the morphological features, we calculated Pearson’s correlation coefficients between the gene expression information (Suzuki et al., 2014) and the image features extracted from the full connection layer before the last one in the CNN model. The image features were extracted as a 4,096-dimensional vector from each patch image and were averaged over all patches of each strain, which resulted in five representative image features. An element of the image features is considered as 5-dimensional vector and can be investigated individually because each element is the output of convolution performed at each location. We used the expression values of a gene from five strains (ENX-1,2,3,4 and parent) [image: image] and also the values of an image feature element [image: image] from those five strains, and Pearson’s correlation coefficient [image: image] between the level of gene expression and the image feature was defined as

[image: image]

where [image: image] is the covariance of [image: image] and [image: image] and [image: image] and [image: image] are the variance of [image: image] and [image: image], respectively. We retained pairs of genes and image feature elements meeting the condition that the absolute correlation coefficient between them was equal to or greater than 0.999. There were some image feature elements whose values were zero for all strains. We removed these elements from the image features, and consequently, the number of features varied in the cross-validation folds (Supplementary Table S2). The most frequently appearing genes were highly correlated with image features elements.




RESULTS


Observation of Drug-Resistant and Drug-Sensitive Bacterial Strains Using Optical Microscopy

The morphologies of both drug-resistant E. coli cells and sensitive parental cells were observed first under a light microscope. The parental E. coli strain and drug-resistant laboratory-evolved strains obtained from a previous study (Suzuki et al., 2014) were grown in the absence of antibiotics. Of 10 different drug-resistant strains, four types of strain with high resistance to drugs with different mechanisms of action [ENX, amikacin (AMK), cefixime (CFIX), and chloramphenicol (CP)] were selected for observation. Although other drug-resistant strains exhibited rod-shaped cell morphology, the ENX-resistant strains were more spherical in cell shape (Figure 1A). Further morphometric analysis of the ENX-resistant strains demonstrated that the distribution of major and minor axis lengths appeared to have shifted from those of the parental strain (Figure 1B). Although the cells of the ENX-resistant strains tended to be shorter, they were wider. Consequently, the aspect ratio was smaller than that of the parental strain (Figure 1C). However, area, major and minor axis in ENX-resistant strains versus the parental strain did not differ too much, and the ENX 2 strain was a bit of an outlier and seemed closer to the parental strain than other ENX-resistant strains (Figure 1C). Furthermore, the aspect ratio of the ENX-resistant strains was significantly lower than that for the other drug-resistant strains, strongly suggesting that the cell shape of the ENX strains had changed from that of the parental strain (Figure 1D). It was of interest that CP-resistant strains also showed more spherical cells, though not as pronounces as ENX-resistant strains (Figure 1D). Conversely, the aspect ratio of the AMK-resistant strains was larger than that of the parental strain.
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FIGURE 1. Light microscopy of drug-resistant strains. (A) Representative images of four different drug-resistant strains, enoxacin (ENX), amikacin (AMK), cefixime (CFIX), chloramphenicol (CP), and the parental strain (P) are shown. Scale bars, 2 μm. (B–D) Results of the morphometric analysis presented as (B) scatter plots of major vs. minor axis lengths of the parental cells and ENX-resistant cells. The color scales indicate the ratio of cell densities. (C) Bar graphs show averages of bacterial cell sizes, major and minor axis lengths, and the aspect ratio. All indicated data were significantly different by p < 0.01, Welch’s t-test. (D) Logarithmic changes in the average aspect ratio of the indicated drug-resistant strains against the parental strain are shown.




Observation of ENX-Resistant Strains Using TEM

The results of the light microscopy study suggested that the ENX-resistant strains exhibited the largest difference in cell shape of all the drug-resistant strains investigated. We therefore speculated that the ultrastructures of these strains might also be different from those of the parental strain. Hence, we used TEM to further study the detailed morphologies of the ENX-resistant strains. A high-pressure freezing procedure was employed to fix the samples and preserve the ultrastructures of the bacterial cells better than when classical chemical fixation is used (Hunter and Beveridge, 2005; Vanhecke et al., 2008). Both the ENX-resistant strains and the parental strain cultured in modified M9 medium were cryofixed and freeze-substituted. The bacterial specimens were further processed with thin-sectioning and staining as illustrated in Supplementary Figure S1. Finally, the specimens were observed using TEM and their representative images are depicted in Figure 2. Cross sections of bacterial cells were included in each image, and the envelope including the outer membrane and periplasm, granular structures, and cytoplasm were visible. Occasionally, the periplasmic space appeared to be enlarged around the cell poles in both the parental and ENX-resistant cells, except ENX 4 cells (Figure 2, lower panels). This enlargement of the periplasm was considered partially to be the result of the cryoprocedures as reported previously (Kellenberger, 1990), although the degree of enlargement appeared to be different among the strains. In the parental cells, dense granules appeared to have accumulated at the cell poles, whereas they seemed less electron-dense and relatively less abundant in the ENX-resistant cells. When the morphologies of four ENX-resistant strains were observed, the appearance of the cell shape, the outer membrane, periplasmic space, and granules varied (Figure 2, upper panels). Although a rod-like cell shape was seen in the parental strain, the cell shape appeared to be irregular and relatively round in the ENX 1, ENX 3, and ENX 4 strains; this difference was reflected in the results obtained using light microscopy. Additionally, the outer membranes of the ENX-resistant cells appeared to be slightly wavy, and bleb-like structures were occasionally visible, especially in the ENX 3 and ENX 4 cells (Figure 2, lower panels). Taken together, these results suggested that the ENX-resistant strains harbored different morphologies from the parental strain at the ultrastructural level.

[image: Figure 2]

FIGURE 2. Ultrastructure of the ENX-resistant cells. Upper panels show representative transmission electron micrographs of the ENX-resistant cells and the parental (P) cells. Lower panels show magnification of the boxed bacterial cells in upper panels, depicting the detailed morphology of the cells. The number denotes the indicated ENX-resistant strains. The outer membrane, granules, bleb-like structures, and periplasmic space are indicated by an arrow, arrowheads, white arrowheads, and asterisks, respectively. Scale bars, 1 μm in upper panels; 500 nm in lower panels.


We next examined whether the ENX-resistant strains could be discriminated from the parental strain by machine learning.



Classification of ENX-Resistant Strains Using Convolutional Neural Networks

The deep learning approach (Krizhevsky et al., 2012) was reported to achieve much higher levels of performance than conventional, handcrafted feature-based techniques in an image recognition competition [the ImageNet Large Scale Visual Recognition Challenge (Russakovsky et al., 2015)] held in 2012. Since then, deep learning approaches have been applied to EM images. The DeepEM algorithm (Zhu et al., 2017) was proposed to determine whether a single particle is present in a boxed area cropped from cryo-EM images for the 3D reconstruction of the structure. The DeepEM3D algorithm (Zeng et al., 2017) and other methods (Cireşan et al., 2012; Fakhry et al., 2017), were proposed for neuronal membrane segmentation in 3D EM image stacks. Furthermore, a cloud-based solution to the segmentation tasks, named CDeep3M (Haberl et al., 2018), was developed as an applicable tool for the biomedical community. Some state-of-the-art deep learning models were used to classify scanning electron microscopy images in 10 categories (Modarres et al., 2017) and to discriminate whether an image was obtained by TEM or scanning TEM (Weber et al., 2018).

In the present study, we aimed to discriminate between the ENX-resistant strains and the parental strain, rather than to distinguish an individual strain, and find morphological features shared by the ENX-resistant strains. Our experiments in image classification using convolutional neural network (CNN) models with TEM data sets were conducted as illustrated in Figure 3 to demonstrate differences in the appearance and shape of ENX-resistant strains compared with the parental strain. Because 2048 × 2048 pixel TEM images were too large to be fed into the CNN models, and there were not enough images to train the CNN models effectively, patches that contained portions of bacterial cells were cropped from each image. To validate the consistency and robustness of the CNN models against the process of acquiring the TEM data sets, three blocks for each ENX-resistant strain and six blocks for the parental strain were prepared, respectively, and split into three individual sets for three-fold cross-validation. The TEM images for all of the bacterial specimen blocks used in the experiments showed reproducibility, but there were variations in image quality for each cryofixation block among the strains (Supplementary Figure S2A). Although the overall image features appeared to be similar for each strain in different cryofixation blocks, when observed in detail, the intensity of the staining, the appearance of the outer membrane and periplasmic space, and the electron densities of granules varied slightly for each block. Additionally, variations in image quality and cell density were observed among grids, as well as in different regions of the grid sections. Moreover, some pictures contained non-cellular structures such as knife marks, a wrinkle in a section, or a small contaminant, which had to be eliminated as much as possible to avoid any influence on the classification result (Supplementary Figure S2B). As the TEM images contained cross sections of cells at different angles, large variations in the appearance of cell shape were observed (Supplementary Figure S2C). Therefore, because of these issues, we considered it important to evaluate the robustness of the image data by preparing a multitude of samples for each strain and using image data sets obtained from a multitude of grids.

[image: Figure 3]

FIGURE 3. Overview of three-fold cross-validation for prediction of ENX-resistant cells. The cartoon shows that TEM images were taken (denoted as “Shot”) from the 80-nm-thick sections on multiple grids, which were prepared from three blocks for each ENX-resistant strain and six blocks for the parental strain, and were split into three individual sets for three-fold cross-validation. In the cross-validation, four blocks of the parent strain and eight (= 4 × 2) blocks of the resistant strain were used for training, and two blocks of the parent strain and four (= 4 × 1) blocks of the resistant strain were used for testing. Thus, the test was done on completely unseen blocks. Numerous patches containing portions of cross sections of bacterial cells were extracted from TEM images and used for training, validation, and tests for classifier models (see also Materials and Methods).


The CNN architecture and hyperparameters used in this study are illustrated in Figure 4. The AlexNet model (Krizhevsky et al., 2012) was adopted because it was found to be efficient and effective at demonstrating the feasibility of TEM image classification. A batch normalized version (Ioffe and Szegedy, 2015) of AlexNet was used for patch classifications. After the TEM images were preprocessed and patch data sets constructed (Supplementary Figure S3 and see also Materials and Methods), the model was trained using the ImageNet data set (Russakovsky et al., 2015) during a pretraining phase and then retrained or fine-tuned to classify the TEM images of the ENX-resistant strains and parental strain. The classifier models were successfully trained, but not overfitted, because the validation losses converged to values that resembled the training losses during every fold of the cross-validation (Figure 5). Consequently, similar performances were achieved for sensitivity, specificity, and accuracy in the validation sets during all folds.

[image: Figure 4]

FIGURE 4. CNN architecture used in this study. A batch normalized version of AlexNet was used for patch classification. The network architecture and some hyperparameters are illustrated in the figure. The input was a grayscale patch with a size of [image: image] pixels whose values were copied into three channels. The first layer in the network was a 2-dimensional convolutional layer whose kernel was [image: image] with stride 4 and padding 2, which produced values with a size of [image: image] (an image with a size of [image: image] and 64 channels). The softmax function was used for the classification output.


[image: Figure 5]

FIGURE 5. Validation loss and accuracy curves. The history of losses on the training and validation sets during each training phase (left panels) and the history of the sensitivity, specificity, and accuracy scores (right panels) are shown for each fold.


Table 1 shows the performance of the classifier models evaluated in the test sets during the cross-validation scheme. All of the sensitivity and specificity, defined as Eqs. (1) and (2), respectively (see Materials and Methods), exceeded ~0.9. The classifier models achieved high levels of performance for TEM patch classifications in the test sets, whereas the sensitivity and specificity scores varied among the folds of the cross-validation. One of the reasons is that the number of patches extracted from the TEM images differed considerably among the bacterial strains (Supplementary Table S1) and this imbalance in the data may have influenced the training of the classifier models and performance evaluation. Unbalanced data sets were acquired because of the elimination of patches containing non-cellular structures and variations in the cell densities among the acquired images, as described above. Moreover, the difference in classification performance may have been caused by variations in the appearance and shape of cells (Supplementary Figures S2B,C) that could not be compensated for by increasing the number of training samples/patches. However, overfitting did not seem to occur. That is, the classifier models were successfully trained because there was only a small gap between the losses in the training and validation sets.



TABLE 1. Classification resultsa.
[image: Table1]



Visualization of the Discriminative Features of ENX-Resistant Cells

The next stage of the experiment was to clarify the morphological features of ENX-resistant cells using gradient-weighted class activation mapping (Grad-CAM) to visualize important regions in the images, which a CNN model relies on to predict class labels (Selvaraju et al., 2017). We hypothesized that the activated regions might contribute to the ability to discriminate between the bacterial strains and therefore could indicate the characteristic features of bacterial cells.

Figure 6 shows the representative results acquired using Grad-CAM, which were obtained from one of three folds, by accumulating patchwise results, in which the classification confidence was equal to 1 on the corresponding images. All folds demonstrated similar results (Supplementary Figure S4). The classifier models were revealed to be activated predominantly at the envelope for all ENX-resistant strains. Some bleb-like structures on the outer membrane were also activated in both ENX 3 and ENX 4 strains. Thus, these results supported our findings from the initial TEM observation. Besides the envelope, the granules and a portion of cytoplasm in some of the ENX-resistant cells (Figure 6 and Supplementary Figure S4, insets) were occasionally activated. However, the classifier models focused specifically on the dense granules at the cell poles in the parent strain.

[image: Figure 6]

FIGURE 6. Visualization of the discriminative parts of bacterial cells using Grad-CAM. The representative Grad-CAM images generated from fold three by the accumulation of patchwise results on their corresponding images are shown. Insets depict the magnification of the boxed regions in each image. White arrowheads indicate bleb-like structures. Scale bars, 1 μm.




Correlation of Image Features With Gene Expression

The results obtained using Grad-CAM suggested that the morphological features of the ENX-resistant strains could be found mainly at the envelope, and this led us to consider which genes might be associated with the morphological characteristics of these strains. Thus, we calculated Pearson’s correlation coefficients for gene expression (Suzuki et al., 2014) and the image features extracted from the CNN model [Eq. (3) in Materials and Methods]. We retained pairs of genes and image features meeting the condition that the absolute correlation coefficient between them was equal to or greater than 0.999. Consequently, multiple genes were identified for each fold (Supplementary Table S2) and four appeared in all the folds (Table 2). Surprisingly, all of these four genes were associated with envelope, being either envelope components or involved in the regulation of membrane lipid A modification (Plumbridge, 2009; Shepherd et al., 2010; Dalebroux and Miller, 2014; Asmar and Collet, 2018). Particularly, lpp, a gene that encodes the major outer membrane lipoprotein (Li et al., 2014), appeared most frequently in all the folds. Lpp is important to the maintenance of the outer membrane structure and its mutant causes morphological alterations in the membrane, resulting in blebs and wavy appearance (Yem and Wu, 1978; Asmar et al., 2017). Of note, similar morphological features were observed at the outer membrane in both ENX 3- and ENX 4-resistant strains (Figure 2). In fact, lpp in these strains caused a dysfunctional mutation and a significant decrease in gene expression (Suzuki et al., 2014). Some other genes highly associated with certain image features were identified statistically, but it was difficult to ascertain which gene was associated with each image feature, so these questions remain unanswered.



TABLE 2. Genes exhibiting a high correlation with image feature elementsa.
[image: Table2]




DISCUSSION

Previous studies on bacterial drug resistance have generally provided an explanation of the genetic mutations that have occurred in drug-resistant cells. In recent years, the analysis of transcriptional data has revealed that the expression patterns of many genes are altered in drug-resistant cells, and it is becoming possible to predict drug-resistant bacteria from gene expression profiles (Suzuki et al., 2014). Similarly, morphological changes associated 1:1 with a particular gene have been described (Hirota et al., 1968; Wachi et al., 1987). However, as mentioned above, the expression patterns of multiple genes are altered in drug-resistant strains, and these changes may have a complex effect on the morphology of the bacterial cells.

In this study, we revealed that drug-resistant strains that evolved in the laboratory maintained their morphological changes even in the absence of drugs. This finding suggested that the genetic changes that occur during the acquisition of drug resistance may induce morphological changes. Using deep learning techniques, which have progressed markedly in recent years, we succeeded in accurately identifying TEM images of strains resistant to ENX, a quinolone antibacterial agent, showing the morphological characteristics of ENX-resistant strains. In the future, it will be possible to explain the mechanisms of multidrug resistance in bacteria in a new way by clarifying the morphological characteristics of various types of drug-resistant strains. Making image discrimination possible for clinical isolates will be a significant advance as well. In this study, patches containing a portion of cells were used to discriminate the resistant strains, and local differences in the internal structure were used for identification purposes. However, both the internal structure and cell shape of drug-resistant bacteria change, and therefore, whether single-cell images can be used for highly accurate identification remains to be investigated.

We further explored the genes associated with the image features of the ENX-resistant strains using the image features extracted from the CNN model. Consequently, genes related to the composition of the envelope, including lpp, were found to be highly correlated. These genes coincided with the regions of interest in the images visualized by Grad-CAM, suggesting that genes involved in envelope formation are linked to the characteristics seen in ENX-resistant strains. Interestingly, lpp, phoP, and lolE are regulated by σE, one of the sigma factors that respond to envelope stress (Hews et al., 2019), and appB is regulated by σS, the starvation/stationary phase sigma factor that is also induced by antibiotics (Hengge-Aronis, 2002; Gutierrez et al., 2013). Many of the other genes extracted in this study were found also to be involved in sigma factors and stress responses (Gruber and Gross, 2003; Keseler et al., 2017). Presumably, the stress of continuous exposure to the antibacterial drugs in the evolution experiments may have altered the expression of these genes and consequently affected the morphological changes in the ENX-resistant strains. The genes extracted in this study have not previously been identified in reports on evolved drug-resistant bacterial strains (Suzuki et al., 2014; Germond et al., 2018), their potential involvement in the morphological changes of the ENX-resistant strains is of great interest. However, it is not clear at present whether these genes correlate highly with the image features of ENX-resistant strains specifically. It should be noted that interpretation of the results is limited by the use of a single antibiotic condition, and also on the current limits in our understanding of the complex changes in bacterial morphology associated with acquiring drug resistance. Further investigations using other drug-resistant strains are required to clarify these points. Furthermore, the morphology of clinical isolates should be compared with that of experimentally evolved strains using image discrimination and genetic analysis to determine whether the morphology of clinical isolates is similarly altered.

The mechanism underlying bacterial resistance to quinolones is assumed to be associated with mutations in the target factors DNA gyrase and topoisomerase IV, decreased expression of porins, and increased activity of efflux pumps (Aldred et al., 2014). However, the genes found to be highly correlated with the image features of the ENX-resistant strains were different from these factors, although genetic mutations and expression changes of these factors occurred in these strains (Suzuki et al., 2014). Thus, the relationship between the factors involved in drug resistance and the morphological changes that occur during the acquisition of drug resistance should be elucidated in future work.
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Inflammasomes are cytosolic polyprotein complexes formed in response to various external and internal stimuli, including viral and bacterial antigens. The main product of the inflammasome is active caspase 1 which proteolytically cleaves, releasing functional interleukin-1 beta (IL-1β) and interleukin-18 (IL-18). These cytokines play a central role in shaping immune response to pathogens. In this review, we will focus on the mechanisms of inflammasome activation, as well as their role in development of Th1, Th2, and Th17 lymphocytes. The contribution of cytokines IL-1β, IL-18, and IL-33, products of activated inflammasomes, are summarized. Additionally, the role of cytokines released from tissue cells in promoting differentiation of lymphocyte populations is discussed.
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INTRODUCTION

In the course of evolution, two complementary systems aimed to detect and eliminate pathogens have developed: the innate and adaptive. The innate system is primed to react early after infection by recognition of pathogen-associated molecular patterns (PAMPs), a conserved molecular configuration derived from microorganisms and recognized as foreign by the receptors of the innate immune system (Silva-Gomes et al., 2014). The wide range of PAMPs are detected through a limited number of germline receptors named pattern recognition receptors (PRRs; Medzhitov and Janeway, 2002). These receptors are expressed by many cell types, including macrophages, monocytes, dendritic cells, neutrophils, and epithelial cells (Li and Wu, 2021).

PRRs are located on the cell surface as well as in the cytosol. Toll-like receptors (TLRs) are PRRs detecting external and internalized PAMPs (El-Zayat et al., 2019). These receptors recognize microbial components (Gram-positive and Gram-negative bacteria, mycobacteria, RNA and DNA viruses, and fungi) at an early stage of the immune response (McDonald et al., 2005). There are also PRRs located in the cytosol: NOD-like receptors (NLR) and RIG-1-like receptors (RLR; Evavold and Kagan, 2018). NOD-like receptors are only able to recognize bacterial structures, while RLRs recognize viral components (Girardin et al., 2003; McDonald et al., 2005; Kawai and Akira, 2009; Li et al., 2014). As well as TLRs, some NLRs, in particular NOD1 and NOD2, can downstream activate nuclear factor NF-kB, a key transcription factor in inflammation (Hasegawa et al., 2008).

In addition to PAMPs, damage-associated molecular patterns (DAMPs) released by injured tissue (Moriyama and Nishida, 2021) can also activate inflammasomes. Multiple DAMPs are identified example are histones, DNA, ATP, reactive oxygen radicals (ROS), heat-shock proteins, and uric acid crystals (Abderrazak et al., 2015). On release from damaged cells, they can trigger non-microbial inflammation (Chen and Nuñez, 2010) initiated by an activated inflammasome. DAMPs have various structures; therefore, it could be suggested that they are less likely to directly bind an inflammasome. Instead, DAMPs use different mechanisms to activate inflammasomes. The initial step is recognition of DAMPs by TLRs and NLRs (Chen and Nuñez, 2010) that trigger various downstream pathways. One of these is potassium ion efflux (Gong et al., 2018). Potassium efflux can be induced by toxins, such as nigericin (Katsnelson et al., 2015). Additionally, P2X purinoceptor 7 (P2X7), pannexin-1, and K2P channels could contribute to the release of potassium ions into the extracellular space (Hafner-Bratkovič and Pelegrín, 2018; Xu et al., 2020). Potassium efflux could also be a part of the more complex response to DAMPs, as was shown by Li--Weber and Krammer (2003). In this study, ROS release by mitochondria and lysosomal membrane permeabilization was demonstrated after exposure to nigericin, a bacterial toxin causing potassium ion efflux. This decreased intracellular level of potassium ions could lead to conformational changes in inflammasome molecules required for its activation (Xu et al., 2020).

Like some TLRs, RLRs recognize viral nucleic acid and activate several proteins of the interferon regulatory family (IRF; Månsson Kvarnhammar et al., 2013). Interestingly, there is evidence of cross-talk between PRRs, as the specific function of NLRs depends on the initial activation of TLR signaling (Askarian et al., 2018). For example, NACHT leucine-rich repeat protein (NLRP) 1, NLRP3, and NLRC4 (formerly known as Ipaf) recognize bacterial components and activate caspase-1 (Cas1), a key inflammatory caspase that releases pro-inflammatory cytokines IL-1β and IL-18. TLRs, as well as NOD1 and NOD2, can activate the synthesis of IL-18 and IL-1β precursors by stimulating NF-kB (O’Neill, 2003).

For the production of IL-1β and IL-18, TLRs recruit a complex protein known as the inflammasome. The term inflammasome was introduced by Martinon et al. (2002) to describe a high molecular weight complex that activates Cas1. The inflammasome consists of a central protein, which, in its active form, recruits an apoptosis-associated speck-like protein containing a CARD (ASC). CARD of ASC then recruits pro-caspase1, which cleaves pro-IL-1β and pro-IL-18 releasing active cytokines, essential mediators of inflammation (Sun and Scott, 2016). In addition to inflammation, inflammasomes are linked to the mechanism of Cas1 activated cell death named pyroptosis (Heymann et al., 2015).

Inflammasomes are activated by PAMPs and DAMPs during natural infection and artificially induced immune responses by vaccination (Crooke et al., 2021). Multiple studies have demonstrated that activating the inflammasome could serve as an adjuvant potentiating immune response (Li et al., 2007; Bueter et al., 2011; Marty-Roix et al., 2016; Russell, 2016; Ivanov et al., 2020). These data suggest that targeting inflammasomes by adjuvants is a potential mechanism of enhancing the immune response (Ivanov et al., 2020). This enhancement of the immune response is often linked to the release of IL-1β and IL-18 (Li et al., 2007; Bueter et al., 2011), establishing local inflammation and attracting leukocytes. However, it appears that inflammasomes could contribute to the development of the adaptive immune response, as a lack of ASC protein was linked to complete ablation of antigen-specific CD4+ T-cell proliferation and failure to develop a specific immune response (Seydoux et al., 2018). A growing body of evidence substantiates the notion that inflammasomes could contribute to the formation of a specific immune response. In this review, we summarize evidence of the inflammasome contribution to the T helper 1 (Th1), Th2, and Th17 immune response. The mechanisms of the inflammasome affecting Th cell differentiation are also discussed.



INFLAMMASOME STRUCTURE

The canonical inflammasome response is associated by engagement of two classes of cytosolic receptors: nucleotide-binding and oligomerization domain (NODs) Like Receptors (NLRs) and absent in melanoma 2 (AIM2) Like Receptors (ALRs). There are 23 NLRs encoded in the human genome (Harton et al., 2002), however, only NLR family Pyrin domain-containing 1 (NLRP1), NLRP3, NLRP6, NLRP7, NLRP12, and NLR family CARD domain-containing protein 4 (NLRC4) can form inflammasome complexes (Shenoy et al., 2012). The NLR structure is characterized by a central NOD, which are flanked by a C-terminal leucine-rich repeat (LRR) and a N-terminal CARD pyrin domain (PYD; Schroder and Tschopp, 2010; Zheng et al., 2020; Figure 1). In all NLRs (except NLRP10), LRR mediates ligand binding, while CARD or PYD function for protein–protein interaction (Li et al., 2007; Russell, 2016). AIM2 contains a N-terminal PYD and C-terminal Hematopoietic Interferon-inducible Nuclear (HIN) protein domain and it can also form an inflammasome (Bueter et al., 2011). The unifying feature of inflammasome forming-receptors is the presence of the pyrin domain (PYD) or CARD.
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FIGURE 1. Schematic presentation of the inflammasome structure and pathogen-associated molecular patterns (PAMPs) ligands. NLRP1-CARD binds to and forms a dimer with CARD of pro-caspase-1. NLRP3-CARD-PYD polymerizes with adaptor ASC (PYD-CARD). This is followed by CARD dimerization with CARD-pro-caspase-1. NLRC4-CARD forms a dimer with CARD of ASC (PYD-CARD) adaptor. The PYD of ASC then polymerizes with PYD of the second ASC adaptor molecule. This second ASC CARD binds to CARD of pro-caspase-1. AIM2-PYD dimerizes with PYD of ASC (PYD-CARD), followed by CARD of ASC binding to CARD-pro-caspase-1.


Inflammasome formation is initiated by sensing the endogenous or exogenous stimuli (LRR) followed by coordinated assembly of the platform including sensors (NAIP/NLRC4, NLRP3/6/7, AIM2), adapters (ASC), and downstream effectors (Figure 2; Seydoux et al., 2018).
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FIGURE 2. Inflammasome assembly. NLRP3 is used as an example to demonstrate inflammasome assembly. NALRP3 PYD-CARD polymerizes with PYD-CARD of an ASC adaptor. The adaptor CARD then forms a dimer with CARD of pro-caspase-1. The macromolecule formed by oligomerized NLRP3-ASC-pro-caspase-1 complex is assembled into the multi-subunit, wheel-shaped inflammasome complex, which releases active Cas1.


As the result, the multiprotein proteolytic complex is formed, recruiting pro-caspase-1. The role of this complex is to liberate Cas1, which becomes active and cleaves pro-IL-1β and pro-IL-18 releasing active cytokines (Harton et al., 2002; Ting et al., 2008; Schroder and Tschopp, 2010; Shenoy et al., 2012; Zheng et al., 2020). In addition to the release of cytokines, inflammasome activation is accompanied by a specific form of cell death called pyroptosis (Wang et al., 2020). Pyroptosis is characterized by Cas1 cleavage of the gasdermin D (GSDMD) protein (Broz, 2015), which leads to cell lysis and subsequent release of cytoplasmic components, including mature forms of IL-1β and IL-18 (Sansonetti et al., 2000).



INFLAMMASOME ACTIVATION MECHANISMS


NLRP1 Inflammasome

NLRP1 was discovered as one of the first in the class of proteins that form inflammasomes (Kostura et al., 1989). It is predominantly expressed by epithelial cells and hematopoietic cells (Broz, 2015). This inflammasome is characterized by the activation of pro-inflammatory proteases, including Cas1 (Rathinam et al., 2012). In turn, Cas1 releases IL-1β and IL-18 (Ghayur et al., 1997), as well as the pore-forming GSDMD protein (Zheng et al., 2020). GSDMD makes pores in the cell membrane leading to a pyroptosis (Gu et al., 1997). The presence of an unusual function-to-find domain (FIIND) is unique for NLRP1 (Fink and Cookson, 2006). This domain has protease activity, which can cleave inactive NLRP1 releasing the bioactive CARD domain. The self-activating activity of NLRP1 is linked to the pathogenesis in vitiligo, rheumatoid arthritis, and Crohn disease (Bertin et al., 1999; Fink and Cookson, 2005; Kummer et al., 2007). In addition to self-activation, studies using a murine model demonstrated that NLRP1 can be activated by microbial antigens, such as the lethal protease factor Bacillus anthracis (Broz and Dixit, 2016) and E3-ubiquitin ligases from Shigella flexneri (Shaftel et al., 2008). Based on data collected, a model of functional degradation was proposed to explain the mechanism of NLRP1 activation (Shaftel et al., 2008). This model suggests that the degradation of the N-terminal domains by microbial proteasomes liberates the C-terminal fragment which is a potent Cas1 activator (Shaftel et al., 2008).

In humans, NLRP1 directly binds to muramyl dipeptide (MDP), which leads to conformational changes in the structure of NLRP1, thereby activating ATP (Sandall et al., 2020). ATP hydrolysis induces oligomerization of NLRP1 and activates Cas1. Interestingly, MDP-mediated activation of NLRP1 Cas1 does not require the involvement of the ASC protein. Together with Cas1, caspase 5 is also involved in the binding of the NLRP1 complex (Martinon et al., 2002).

NLRP1 activation was shown by the lethal factor of B. anthracis (Chavarría-Smith and Vance, 2013) and ubiquitylation by S. flexneri effector IpaH7.8 (Sandstrom et al., 2019). The lethal factor liberates the C-terminal end of NLRP1 containing FIIND-CARD fragment, that can recruit Cas1 and initiate the inflammasome assembly (Chui et al., 2019). NLRP1 can also be activated by intracellular pathogens indirectly by sensing the metabolic stress as was shown for Listeria monocytogenes and S. flexneri (Neiman-Zenevich et al., 2017). Similarly, indirect activation of NLRP1 was suggested by Ewald et al. (2014) in cells infected with Toxoplasma gondii. This activation appears to have a distinct mechanism independent of the lethal factor. It appears that NLRP1 activation has a protective effect as it limits the parasite load and prevents dissemination. In contrast, Tye et al. (2018) have shown that inhibition of NLRP1 prevents colitis and increases the population of butyrate-producing commensals from the Clostridiales order. Also, acute lung injury was demonstrated in mice exposed to the B. anthracis lethal factor (Kovarova et al., 2012). Tissue injury was explained by activation of pyroptosis due to the NLRP1 activation.

NLRP1 activation has also been demonstrated in virus-infected cells. Recently, it was shown that the picornavirus encoded 3C protease, termed 3Cpro (Sun et al., 2016), could cleave and activate this inflammasome (Robinson et al., 2020). Following this observation, Tsu et al. (2021) have demonstrated that this protease, from multiple genera of viruses, could activate NLRP1 in multiple sites. In contrast, Kaposi sarcoma herpes virus (KSHV) open reading frame 63 (Orf63) was identified as a viral homolog of NLRP1 (Gregory et al., 2011). Orf63 could block NLRP1-dependent cas1 activation as well as IL-1β and IL-18 processing. It appears that the inhibition of NLRP1 is necessary for reactivation and virus replication.



NLRP3 Inflammasome

Among all inflammasomes activated by NOD-like receptors, the NLRP3 is the most studied (Martinon et al., 2002). Unlike other sensory proteins, NLRP3 can respond to various non-pathogenic factors, environmental as well as endogenous. These factors could lead to aberrant activation of the NLRP3 inflammasome, which has been linked to the development of such complex pathologies as type 2 diabetes, atherosclerosis, gout, and neurodegenerative diseases (Broderick et al., 2015).

The NLRP3 inflammasome contains three distinct domains: the N-terminal PYD mediating homotypic binding; the nucleotide binding and oligomerizing domain (NACHT), which mediates ATP-dependent oligomerization; and the C-terminal LRR, which recognizes the ligand. While other NLR receptors also have a CARD as part of the primary sequence, NLRP3 requires an adapter protein to bind to pro-caspase1. The adapter is the ASC protein containing the CARD, which consists of PYD and CARD (Inouye et al., 2018).

It is believed that activation of the NLRP3 inflammasome in macrophages, dendritic cells, and microglia cells requires two signals. The first signal is called priming, which is usually induced by a TLR ligand, such as lipopolysaccharide (LPS; Bauernfeind et al., 2009). The role of priming is to increase the expression of the NLRP3 as well as the Cas1 substrate pro-IL-1β genes, which are normally present at low levels (Bauernfeind et al., 2009). The second signal triggers the assembly and activation of the inflammasome. This signal can be caused by bacterial toxins (Lee et al., 2015), ionophores (Mariathasan et al., 2006; Kasper et al., 2018), uric acid (Martinon et al., 2006), and bacterial RNA (Eigenbrod and Dalpke, 2015).

Similar to NLRP1, NLRP3 recruits GSDMD, where it could be split by Cas1 releasing C and N termini (He et al., 2015). The cleaved N terminus can auto-oligomerize upon interaction with phosphoinositides, embed into the membrane, and form a large circular pore (Liu et al., 2016). N terminus oligomers are mainly located on the inner leaflet of the membrane, killing from within the cell, without harming the neighboring cells when it is released during pyroptosis (Liu et al., 2016).

As wide array of agonists activating the NLRP3 inflammasome have been identified, many of which are PAMPs. Microbial activators are found among both Gram-positive and Gram-negative bacteria: Staphylococcus aureus, L. monocytogenes, Streptococcus pneumonia, and Neisseria gonorrhoeae (Vladimer et al., 2013). Also, fungi, Candida albicans, Aspergillus fumigatus, and Microsporum canis, as well as parasites, Plasmodium chabaudi, Leishmania amazonensis, and Schistosoma mansoni, were shown to activate NLRP3 (Joly and Sutterwala, 2010; Clay et al., 2014). Additionally, NLRP3 activation was shown by infection with RNA and DNA viruses, such as influenza virus, adenovirus and respiratory syncytial virus (Lupfer and Kanneganti, 2013). Having structurally diverse ligands derived from various infectious agents, Ulland et al. (2015) have suggested that NLRP3 activation is induced by cellular stress signal signals generated in infected cells. These signals are released during the rupture of lysosomes, stimulation of P2X7R, potassium ions efflux, and mitochondrial ROS (Kim and Jo, 2013). The potassium efflux was demonstrated in group B Streptococcus (GBS) infection as a mechanism of NLRP3 activation, where the β-hemolysin, the major virulence factor, was shown to play the central role (Costa et al., 2012). It appears that NLRP3 is protective, as mice lacking NLRP3 were more susceptible to infection as compared to wild-type (wt) animals. Similar mechanism of NLRP3 activation was demonstrated during S. aureus and Streptococcus pneumoniae infection, where α-hemolysin and pneumolysin were identified as playing the central role, respectively (Kebaier et al., 2012; Miller et al., 2020). Like in GBS infection, NLRP3 activation was protective, reducing animal’s susceptibility to infection with S. aureus. The mitochondrial dysfunction and apoptosis were suggested as contributing to NLRP3 activation in Chlamydia pneumoniae infection (Shimada et al., 2012). The release of oxidized mitochondrial DNA into the cytosol triggered the apoptotic signals activating NLRP3. It was suggested that it is the mitochondrial dysfunction that initiates the ROS release, intracellular K+ and lysosomal degradation, a diverse range of signals for NLRP3.



NLRC4 Inflammasome

NLRC4 was originally described by Poyet et al. (2001) as a pro-apoptotic protein. Authors were searching for structural homologues of the apoptosis protease-activating factor 1 (APAF1) protein, which activates apoptotic caspases in response to cytosolic cytochrome C, and also contains the CARD domain and ATP binding sites. As a result, they discovered the IL-1β-converting enzyme (ICE)-protease-activating factor (IPAF), also known as (NLRC4; Sutterwala and Flavell, 2009), an enzyme capable of activating Cas1 (Poyet et al., 2001).

The assembly of the NLRC4 inflammasome complex occurs upon recognition of flagellated or type 3 secretion system (T3SS) expressing bacterial pathogens (Mariathasan et al., 2004; Franchi et al., 2006; Zamboni et al., 2006). Activation of NLRC4 requires neuronal apoptosis inhibitory protein (NAIP) sensing the bacterial flagellin or T3SS (Kofoed and Vance, 2011; Zhao et al., 2011). Using cryo-electron microscopy, Zhang et al. (2015) were able to reconstruct the structure of this inflammasome. The structural changes in activated NAIPs initiate the recruitment and oligomerization of NLRC4, which function as an adaptor to recruit and activate Cas1 (Hu et al., 2015). Once active Cas1 is released, it will cleave pro-IL-1β and pro-IL-18 as well as GSDMD (Lamkanfi and Dixit, 2014). Cytokines and GSDMD led to inflammation pyroptosis, similar to NLRP1 and NLRP3 activation.

Various Gram-negative bacteria belonging to the genera Pseudomonas, Salmonella, and Yersinia are shown to activate NLRC4 (Miao et al., 2008; Brodsky et al., 2010; Wick, 2011). Specifically, the type 3 and 4 secretion system (TT3S/TT4S) as well as flagellin were shown to activate this inflammasome (Miao et al., 2008; Zhao et al., 2011). The main function of the secretion system proteins is to form holes in the cell membrane permitting the entry of the microbial virulence factors (Galán and Wolf-Watz, 2006). NLRC4 activation by Salmonella typhimurium, Legionella pneumophila, and Pseudomonas aeruginosa appears to be possible by cytoplasmic transmission of flagellin (Franchi et al., 2006; Miao et al., 2006; Lightfield et al., 2008). These data suggest that NLRC4 is activated by TT3S, TT4S, or flagellin. Several members of the NLR family Apoptosis Inhibitory Proteins (NAIPs) family have been implicated in activating the inflammasome (Lightfield et al., 2008; Kofoed and Vance, 2011). Studies have suggested that NAIPs could serve as a ligand-sensing activator of NLRC4 (Rayamajhi et al., 2013; Rauch et al., 2016). There is a single human NAIP (hNAIP; Endrizzi et al., 2000) that detects T3SS and flagellin (Rayamajhi et al., 2013; Kortmann et al., 2015).




INFLAMMASOME-INDEPENDENT PROCESSING OF PRO-IL-1β AND PRO-IL-18

Cas1 is a key protease in the processing of pro-IL-1β and pro-IL-18 (Afonina et al., 2015). However, studies using a mouse model revealed that in addition to cas1, cas11 could cleave pro-IL-1β, although with lower efficacy (Kang et al., 2000). There is growing evidence of cas8 involvement in cas1-independent pro-IL-1β processing. There are several mechanisms identified to explain cas8 cleavage of this cytokine. One of them is described as a macrophage and dendritic cells reaction to the stress, where TLR3 or TLR4 stimulation initiates the downstream activation of cas8 required for active IL-1β release (Antonopoulos et al., 2013; Shenderov et al., 2014). Interestingly, it appears that the cas8 could serve as NLRP3 effector in the absence of cas1 to process pro-IL-1β (Antonopoulos et al., 2015). In addition to TLRs, ligand binding to dectin-1 or Fas receptors could activate cas8 and initiate cas1-independent maturation of pro-IL-1β and pro-IL-18 (Bossaller et al., 2012; Gringhuis et al., 2012).

In addition to cas1, 8, and 11, other proteases could cleave pro-IL-1β. Elastase and cathepsin G, proteases found in neutrophils, could process pro-IL-1β (Korkmaz et al., 2010; Mankan and Hornung, 2013; Mizushina et al., 2019). Interestingly, elastase could be released by neutrophils and initiate cytokine processing in the extracellular space (Clancy et al., 2018). As a result, neutrophil elastase could promote IL-1β secretion by neighboring cells (Alfaidi et al., 2015). Another enzyme, proteinase 3, was also shown to contribute to pro-IL-1β and pro-IL-18 processing (Coeshott et al., 1999; Sugawara et al., 2001).

Some non-inflammasome dependent mechanisms of IL-18 and IL-1β activation overlap and are shown to process pro-IL-18. Granzyme B-mediated activation of IL-18 as well as increased IL-18 release upon incubation of keratinocytes with CD8+ T cells was demonstrated (Akeda et al., 2014; Wensink et al., 2015). These data could be evidence of a positive feedback loop between CD8+ T lymphocytes and local cells to promote type T-cell response, which is supported by IL-18 (Nakanishi, 2018). The assumption that the Granzyme B could have non-cytotoxic activity and, instead, contribute to development of the local immune response is supported by Hernandez-Pigeon (Hernandez-Pigeon et al., 2006). Authors have shown that upon the ultraviolet B (UVB) light exposure, human keratinocytes produce Granzyme B. Also, release of Granzyme B to the extracellular matrix was demonstrated in keratinocytes exposed to UVA light (Hernandez-Pigeon et al., 2007).



IL-1β AND IL-18 AND THE SPECIFIC IMMUNE RESPONSE (TH1, TH2, AND TH17)


Inflammasome and Specific Immune Response

In order to commit to a certain Th cell lineage, naive CD4+ T cells are influenced by cytokines and other cellular signals provided by the immediate milieu upon encounter with their cognate antigen. T cells then interpret these signals and differentiate into particular Th cell subsets (Saravia et al., 2019). Some of these cytokines, specifically, IL-1β and IL-18, are the products of an activated inflammasome. Also, IL-33 was shown to be processed by Cas1 (Martin et al., 2012) and contribute to the Th cells differentiation. It appears that IL-1β and IL-18 play a role as initiators of the specific immune response, triggering the release of an additional subset of cytokines from the tissue cells. It is through the release of IL-1β and IL-18, inflammasomes initiate inflammation and stimulate specific immune response. This combination of IL-1β, IL-18, and tissue-specific cytokines will direct Th differentiation. IL-1β and IL-18 could also serve as a bridge between the innate and acquired immune response by themselves stimulating Th1, Th2, and Th17 populations of lymphocytes (Bruchard et al., 2015).

IL-1β and IL-18 belong to the IL-1 cytokine family (Dinarello, 2018). Their biological characteristics are summarized in Table 1. IL-1 signaling is central in the mechanism of the adaptive immune response by stimulating leukocyte migration, differentiation, and recruitment (Garlanda et al., 2013; Heymann et al., 2015). IL-1β employs IL-1R for the signaling (Svenson et al., 1993) which can also upregulate IL-2R (CD25) surface expression (Plaetinck et al., 1990; Bartel, 2009). Increased expression of IL-2R provides survival and proliferation signals to primed, naïve T cells. IL-1β also serves as a proliferation and survival stimulus to effector/memory T cells while attenuating regulatory (Treg) lymphocytes (O’Sullivan et al., 2006). Also, IL-1β is required for differentiation of the IL-17 producing Th17 lymphocytes (Acosta-Rodriguez et al., 2007).



TABLE 1. IL-1β and IL-18 characteristics.
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IL-18 signals through heterodimeric receptor complex consisting of IL-18Rα, having significant homology to IL-1R (Thomassen et al., 1998). Therefore, signaling pathways induced by IL-18 are similar to those used by IL-1. IL-18 was first identified as an interferon γ (IFN-γ) inducing cytokine, which is a potent inducer of Th1 differentiation (Okamura et al., 1995; Kohno et al., 1997). Combined with IL-12, IL-18 can increase IFN-γ by Th1 lymphocytes and natural killer (NK) cells (Ahn et al., 1997; Xu et al., 1998). As the result, IL-18 could promote development of a Th1 response.

These early data provide strong evidence that inflammasomes not only contribute to inflammation, but also help to promote differentiation of naïve Th0 CD4+ T cells into a Th1 and Th2 subsets.



Inflammasome and the Th1 Immune Response

Th1 lymphocytes differentiate from naïve Th0 cells when exposed to antigen presented by antigen-presenting cells (APCs) together with T-cell receptor (TCR) and CD28 co-stimulatory molecule binding (Gutcher and Becher, 2007). To direct Th1 differentiation, APC should provide one more stimulus, such as IL-12 cytokine, which will support lymphocyte antigen-specific cells proliferation (Hamza et al., 2010). These Th1 cells are characterized by production of high levels of IFN-γ, IL-2, and TNFα (Swanson et al., 2001; Kisuya et al., 2019). Expression of the transcription factor T-bet, responsible for expression of IFN-γ, is found in committed Th1 effectors (Szabo et al., 2000). Factors favoring Th1 differentiation also include signal transducer and activator of transcription 1 (STAT1; Ma et al., 2010), STAT5 (Liao et al., 2011) and STAT4 (Nishikomori et al., 2002) signaling. Th1 lymphocytes support the cellular immune responses associated with differentiation of CD8+ T cells into cytotoxic T lymphocytes (CTLs) as well as their survival (Schüler et al., 1999; Huang et al., 2007). These CTLs can secrete the cytolytic mediators (perforin and granzymes) and induce apoptosis in target cells (Trapani and Smyth, 2002). Moreover, activated CTLs secrete IFN-γ and TNF-α, which could enhance antigen presentation and provide positive feedback to the Th1 lymphocyte population (Sasiain et al., 1998). Additionally, Th1 lymphocytes could activate phagocytosis (Khan et al., 2016), and production of complement-fixing antibodies (Hammers et al., 2011), thus playing an important role in protection against infectious pathogens. Th1 type immune responses have been shown to be protective against viral (Snell et al., 2016), fungal (Jarvis et al., 2013), and bacterial infections (D’Elios et al., 2011).

IL-1β release upon activation of NLRP3 in an APCs can support T-cell priming (Hatscher et al., 2021), including enhancement of IFN-γ and IL-17 release by CD4+ T cells (Sutton et al., 2006; Feriotti et al., 2017). In contrast to myeloid cells, IL-1β production in T lymphocytes is lower and it is tightly regulated by an autocrine C5aR1/C5aR2 activation balance (Arbore et al., 2016). It was suggested that control of local IL-1β production is critical for the prevention of excessive and prolonged stimulation of Th1 lymphocytes (Arbore et al., 2016). In contrast to IL-1β, IL-18 does not stimulate differentiation of Th1 lymphocytes directly; however, it can support the commitment of Th1 lymphocytes by inducing the release of IFN-γ (Okamura et al., 1995; van den Eeckhout et al., 2020). Interestingly, this IFN-γ could provide positive feedback potentiating IL-1β release by human monocytes and Th1 cells (Chizzolini et al., 1997; Masters et al., 2010). The role of the inflammasome in supporting the Th1 immune response was also demonstrated using an animal model (Gurung et al., 2015a; Alhallaf et al., 2018).

Both IL-1β and IL-18 employ IFN-γ in promoting a Th1 immune response. Once Th1 lymphocytes are activated they become one of the prime producers of IFN-γ (Tominaga et al., 2000), together with CTLs, γδ-T cells, and NK cells (Kasahara et al., 1983; Girardi et al., 2001; Yu et al., 2006; Matsushita et al., 2015). The additional release of this cytokine can establish a positive loop where IFN-γ produced by activated leukocytes will keep directing Th1 differentiation (Bradley et al., 1996). Th1 supporting role of IFN-γ also includes inhibition of Th2 cell differentiation (Oriss et al., 1997) and IL-4 production (Naka et al., 2001).

It appears that the duration of the inflammasome stimulation is critical for Th1 response activation. Gurung et al. (2015b) have demonstrated that, in contrast to acute stimulation, chronic LPS stimulation dampens NLRP3 activation. This is the result of the regulatory IL-10 cytokine release, which inhibits the inflammasome. Similar IL-10 caused inhibition of NLRP3 inflammasome was demonstrated by Greenhill et al. (2014). This could be a mechanism aimed to prevent chronic Th1 activation as IL-10 is a potent inhibitor of the Th1 immune response (Couper et al., 2008).

The effect of IL-18 on the Th1 type immune response also depends on IFN-γ release; however, the mechanisms are more complicated. Nakanishi et al. (2001) suggested that Th1 lineage differentiation requires combination of IL-18 and IL-12. The synergistic role of IL-12 for IL-18 stimulation of IFN-γ was confirmed by Bohn et al. (1998). In contrast, IL-18 without IL-12 co-stimulation will lead to differentiation of a Th2 immune response (Nakanishi et al., 2001). These data indicate that IL-12 could serve as a regulator of the Th1/Th2 switch. The role of IL-1β and IL-18 in differentiation of Th1 lymphocytes is summarized in Figure 3.
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FIGURE 3. The role of the inflammasome in the differentiation of Th1 lymphocytes. Inflammasome products IL-1β and IL-18 can bind to IL-1R and support the commitment of Th1 lymphocytes by inducing the release of IFN-γ. IFN-γ and IL-12 produced by tissue cells also promotes activation and differentiation of CD4+ lymphocytes to Th1 cells.


Inflammasome-linked activation of Th1 immune response was shown to have a pathogenic effect. Tye et al. (2018) have demonstrated that NLRP1 activation and release of IL-18 in combination with IFNγ could support destructive inflammation and decreased butyrate-producing Clostridiales in ulcerative colitis patients.



Inflammasome and the Th2 Immune Response

Th2 differentiation is initiated by priming naïve Th0 cells via the TCR and the co-stimulatory molecule CD28 (Rulifson et al., 1997). This stimulation activates nuclear factor of activated T cells (NFAT), NFκb and activator protein-1 (AP-1) transcription activation factors (Li and Krammer, 2003), resulting in up regulation of interferon regulatory factor 4 (IRF4) expression (Gao et al., 2013). The cytokine milieu plays an important role in Th2 differentiation where IL-4 was shown to direct the polarization of lymphocytes (Hermanutz et al., 1978) by activation of the STAT6 pathway (Kaplan et al., 1996). Also, IL-4 can up regulate the master regulator GATA-binding protein 3 (GATA3) favoring the Th2 cell differentiation (Zhang et al., 1998; Lee et al., 2001). IL-2 can also activate STAT5, which is another regulator of Th2 cytokine production. These cytokines are transcriptionally activated by STAT5 through chromatin remodeling of the cytokine locus as well as maintaining GATA3 expression in differentiated Th2 cells (Zhu et al., 2003; Cote-Sierra et al., 2004). Activated Th2 cells produce IL-2 and IL-4 forming a powerful positive feedback loop maintaining the lymphocyte population.

The extent of an inflammasome activation can regulate the switch between Th1 and Th2 immune responses (Couper et al., 2008). Studies have shown that a prolong LPS activation of inflammasome triggers the release of IL-10 (Gurung et al., 2015b; Daley et al., 2017), a potent anti-inflammatory cytokine stimulating a Th2 immune response (Laouini et al., 2003). IL-10 can also modulate a Th2 response by preventing the overproduction of IL-4, IL-5, and IL-13 (Schandené et al., 1994; Joss et al., 2000; Wilson et al., 2007) cytokines which contribute to post-infection fibrosis (Nelson et al., 2000). The protective role of IL-10 could include inhibition of inflammasome signaling by preserving mitochondria integrity (Ip et al., 2017). Collected data suggest that the central role of IL-10 is protective by preventing the aggravated immune response and tissue damage induced by the inflammasome activation of a Th1 immune response (Gazzinelli et al., 1996; Hunter et al., 1997). However, IL-10 could also lead to chronic infection and failure to eliminate the pathogen (Anderson et al., 2007).

Another mechanism of Th2 activation includes the location of the inflammasome within the cell. In contrast to forming a cytosolic PRR, when the inflammasome is located in the nucleus, it could contribute to differentiation of lymphocytes into Th2 (Bruchard et al., 2015). It was shown that when in the nucleus, NLRP3 lacks inflammasome-forming potential, instead it interacts with the transcription factor IRF4 and binds to the promoter regions of Il4 gene transactivating it. It appears that this intracellular localization of NLRP3 inflammasome is part of the naïve CD4+ T-cell differentiation, where Th1 had cytosolic, while Th2 had nuclear localization.

Activation of Th2 immune response by IL-18, a product of the inflammasome, was demonstrated by Sendler et al. (2020). It appears that a lack of IL-12 co-expression contributes to skewing the immune response toward a Th2 type. Another mechanism of IL-18 stimulation of the Th2 immune response was demonstrated using an animal model of Leishmania infection, a major infection which is characterized by increased serum level of IL-4 (Gurung et al., 2015a). It was found that GATA3 and cMAF expression was targeted by IL-18 in activated T cells, thereby biasing adaptive immunity toward a Th2 type. GATA is required for STAT5 activation of IL-2 dependent Th2 differentiation (Zhu et al., 2006) and directly activates the Il4 promoter (Zheng and Flavell, 1997). Similar to GATA, cMAF can induce transcription of Il4 (Zheng and Flavell, 1997). Additionally, absence of IL-12 was shown as contributing to IL-18 promotion of an Th2 immune response (Nakanishi et al., 2001).

A controversial role of IL-33 in regulation of Th2 immune response has been demonstrated (Schmitz et al., 2005; Cayrol and Girard, 2009). IL-33 is an IL-1-type cytokine, which is processed by Cas1, a product of inflammasome (Schmitz et al., 2005). It appears that based on the site of proteolytic digestion, Cas1 could activate or inhibit IL-33 (Schmitz et al., 2005; Cayrol and Girard, 2009). IL-33 is a cytokine promoting differentiation of naïve T cells to a Th2 phenotype and maintenance of the Th2 mediated immune response (Murakami-Satsutani et al., 2014). This cytokine binds to the suppressor of tumorigenicity 2 (ST2) receptor primarily expressed on Th2 cells and it was linked to their functions (Coyle et al., 1999; Townsend et al., 2000). Therefore, by Cas1 cleavage of IL-33, inflammasomes could promote or inhibit Th2 lymphocyte activation.

Collectively, data suggest that presence of IL-4 and absence of IL-12 are required for IL-18 promotion of Th2 type immune response. Additionally, presence of active form of IL-33 could contribute to Th2 lymphocytes activation. The role of the inflammasome in differentiation of Th2 cells is summarized in Figure 4.
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FIGURE 4. The role of the inflammasome in the differentiation of Th2 lymphocytes. The inflammasome produces IL-33 which can promote Th2 differentiation. Another inflammasome product, IL-18, can also promote Th2 lymphocytes development only in the absence of IL-12. Additionally, Th2 differentiation is promoted by tissue released IL-4 and IL-10, which blocks IL-1β activity.




Inflammasome and the Th17 Immune Response

Th17 cells differentiate from naive CD4+ cells after stimulation with TCR and subset of cytokines secreted by the APC (Bhaumik and Basu, 2017). Ivanov et al. (2006) have demonstrated that the retinoic acid receptor-related orphan receptor gamma-T (RORγt) is the key transcription factor regulating the differentiation of Th17 lymphocytes. It was shown that RORγt induces Il17 transcription in naïve CD4+ T helper cells (Manel et al., 2008). The differentiation process is tightly regulated and includes differentiation (TGF-β and IL-6), proliferation (IL-21), and stabilization stages (IL-23; Luckheeram et al., 2012). TGF-β is the predominant signaling cytokine, which promotes Th17 differentiation by activating STAT3 (Qin et al., 2009). TFG-β can also activate RORyt, although this activation did not support the production of IL-17 (Manel et al., 2008). The expression of RORγt is highly unstable and requires IL-6 and STAT3 signaling (Korn et al., 2008). Also, the presence of IL-1β, IL-6, IL-21, or IL-23 was shown as required to stimulate IL-17 expression, which is done through the sustained activation of STAT3 (Yang et al., 2007; Zhou et al., 2007). The proliferation phase mainly involves IL-21 function, which synergizes with TGF-β to amplify Th17 proliferation (Korn et al., 2007; Nurieva et al., 2007). Stabilization of the Th17 population requires IL-23, which is produced upon RORyt induction (Manel et al., 2008). IL-23 receptor expression is upregulated by IL-6 and IL-21 (Zhou et al., 2007). The high level of IL-23 is required for maintenance of Th17 population (Langrish et al., 2005).

Th17 cells are characterized by the production of IL-17A, IL-17F, IL-21, and IL-22 cytokines (Spolski and Leonard, 2009). These lymphocytes protect against fungal and bacterial infection (Curtis and Way, 2009) by stimulating and recruiting neutrophils as well as triggering inflammation (Ye et al., 2001; Huang et al., 2004). It appears that Th17 lymphocyte activation requires IL-1β (Uchiyama et al., 2017), an inflammasome product, in combination with key cytokines IL-6 or TGF-β (Mangan et al., 2006; Zhou et al., 2007; Qin et al., 2009). IL-6 and TGFβ are the primary cytokines initiating Th17 development, while IL-1β was also shown capable of inducing IL-17 (Sutton et al., 2006). IL-6 is a critical differentiation factor for Th17 cells (Mangan et al., 2006) operating through the subsequent activation of STAT3 and RORγt in Th17 lymphocytes (Zhou et al., 2007). TGF-β could initiate expression of FoxP3 and RORγT during T helper cell priming (Fu et al., 2004; Zhang, 2018). However, it is co-stimulation with IL-6 that activates STAT3 mediated IL-17 expression and inhibits FoxP3 expression (Yang et al., 2011; O’Reilly et al., 2014; Latourte et al., 2017). This Th17 commitment of helper cells is promoted by IL-1β inhibition of SOCS3 (Qin et al., 2009; Basu et al., 2015), a negative regulator of STAT3 (Suzuki et al., 2001). Therefore, combined efforts of IL-1β, TGFβ, and IL-6 shift the balance from developing Treg to Th17 lymphocytes. In the absence of TGFβ, a combination of IL-1β, IL-6, and IL-23 could initiate development of a pathogenic Th1-like Th17 phenotype (Lee et al., 2012). This phenotype is believed to be pathogenic and characterized by production of IL-17, IFN-γ, IL-21, and IL-22 (Eisenbarth and Flavell, 2009). Additionally, it was demonstrated that IL-1β together with IL-21 and IL-23 could guide the Th17 commitment (Bhaumik and Basu, 2017).

IL-1β acts through binging to IL-1R which is indispensable for the early differentiation of Th17 (Sutton et al., 2006). Additionally, IL-1β promotes Th17 differentiation by synergizing with IL-6 and upregulating the master transcription factors, such as STAT3, IRF4, and RORγt (Basu et al., 2015). IL-1/IL-1R axis facilitates the binding of STAT3 and NF-κB to the cis-regulatory elements leading to enhanced transcription of IL-17A and IL-17F (Whitley et al., 2018). Additionally, IL-1β signaling regulates the expression of a transcription factor Bhlhe40, which was found in cells producing IL-17 (Lin et al., 2016).

These data suggest that the inflammasome product, IL-1β, could contribute to Th17 induction and commitment, which requires co-stimulation with IL-6, TGF-β, IL-21, and IL-23. The role of inflammasome in Th17 differentiation is summarized in Figure 5.
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FIGURE 5. Inflammasome contribute to differentiation of Th17. IL-1β produced by the inflammasome, when combined with TGF-β, IL-6, IL-21, and IL-23 produced by tissue cells, can promote the differentiation of Th17 lymphocytes.





CONCLUSION

Inflammasomes, a cytosolic PRR, are integral components of an innate immune response producing key pro-inflammatory cytokines. However, inflammasome function is not restricted to the induction of inflammation as growing evidence suggests that they also can impact and shape specific adaptive immunity.

Shaping the immune response by inflammasomes is accomplished mainly by production of two cytokines, IL-1β and IL-18. These cytokines contribute to the development of Th1, Th2, and Th17 lymphocytes and require co-stimulation (Figure 6). When inflammasome product IL-1β is combined with IFN-γ, naïve T cells will differentiate to a Th1 subset. Also, Th1 differentiation will occur when IL-18, another inflammasome product, is combined with IL-12. In contrast, only IL-18 in the absence of IL-12 could initiate naïve T lymphocytes differentiation toward a Th2 type. Inhibition of inflammasomes by IL-10 could also promote Th2 differentiation. Naïve T-cell differentiation and commitment to Th17 is managed by release of IL-1β and its cooperation with IL-6 or TGFβ.
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FIGURE 6. The inflammasome role in the differentiation of naïve CD4 lymphocytes to Th1, Th2, and Th17 cells. Inflammasome products, IL-1β, IL-18, and IL-33, contribute to differentiation of Th1, Th2, and Th17 lymphocytes. However, the lymphocyte commitments and differentiation require additional cytokines, which are released by local tissues.


These co-stimulatory cytokines required for Th lineage commitment are released by the tissue cells and other leukocytes. The release of these cytokines is initiated by inflammasome products, such as IL-1β and IL-18. However, the type of co-stimulatory cytokine(s) would depend on the tissue type and nature of the stimulus.

In conclusion, we have detailed how the inflammasome is an essential part of how the immune system responds to a variety of insults, and how it bridges both the innate and adaptive arms of the immune system.
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Antimicrobial resistance is considered one of the three most important health problems by the World Health Organization. The emergence and spread of an increasing number of antimicrobial-resistant microorganisms make this a worldwide problem. Antibiotic-resistant bacteria are estimated to be the cause of 33,000 deaths in Europe and 700,000 worldwide each year. It is estimated that in 2050 bacterial infections will cause 10 million deaths across the globe. This problem is concomitant with a decrease in the investment and, therefore, the discovery and marketing of new antibiotics. Recently, there have been tremendous efforts to find new effective antimicrobial agents. Gold complexes, with their broad-spectrum antimicrobial activities and unique modes of action, are particularly relevant among several families of derivatives that have been investigated. This mini review revises the role of gold-derived molecules as antibacterial agents.

Keywords: gold(I) complexes, gold(III) complexes, antibacterial, mechanism of action, toxicity


INTRODUCTION

In spite of the important role of antibiotics in human health during the 60s and 70s, infectious diseases continue being the second cause of death worldwide (Spellberg et al., 2004). The emergence and spread of drug-resistant microorganisms (bacteria, fungi, virus, and parasites) are among the most important health threats today. This issue is especially alarming regarding antibiotic resistance in bacteria, as the rapid spread of multi- and pan-resistant bacteria in hospitals and in the community is associated with an increase in mortality and morbidity. It has been estimated that if no measure is taken in the next years, the number of deaths by infections caused by resistant bacteria could increase up to 10 million each year, exceeding the 1.8 million deaths by cancer. However, a recent study reported that infections associated with antimicrobial resistance are the first cause of death worldwide surpassing those caused by cancer, with 4.95 million of deaths in 2019 (Antimicrobial Resistance Collaborators, 2022). At an economic level, the infections by resistant bacteria represent 2.5 million days of extra hospitalization per year only in the European Union, with a cost of about 900 million euros (Glasner et al., 2013).

Following the discovery of cephalosporins in 1968, the discovery of new antibiotics with new mechanisms of action has slowed (Powers, 2004). After that, most of the antibiotics developed were derivatives from the existing classes and are considered as “new-generation” antibiotics. However, the use of new antibiotics has, sooner or later, been followed by the emergence of bacterial strains resistant to these antibiotics (Saga and Yamaguchi, 2009).

The decrease in investment for the search for antibiotics by pharmaceutical companies could be due to the time-consuming and financially taxing venture that traditional methods employed to discover new antibiotics require. This has led researchers to mine existing libraries of clinical molecules in order to repurpose old drugs for different clinical diseases as antimicrobials. This effort led to the discovery of the gold complex auranofin, a drug initially approved as an anti-rheumatic agent, which also possesses potent antibacterial activity in a clinically achievable range (Cassetta et al., 2014). Interest in antimicrobial gold complexes is not new. The work of Robert Koch at the end of the 19th century demonstrated that potassium dicyanidoaurate(I), K[Au(CN)2], showed activity against Mycobacterium tuberculosis, a causative agent of tuberculosis (Higby, 1982). Since then, interest in the anti-infective activity of gold complexes has prompted the evaluation of a large number of derivatives as potential agents against a high number of bacteria, fungi and parasite species.

So far, most studies have been focused on gold(I) complexes in connection with the remarkable bactericidal effects of Au(I) phosphine complex auranofin. By contrast, although gold(III) complexes have been intensively investigated as antitumor agents due to their similarities with platinum(II) (Nardón et al., 2014), until recently there were very few studies related to their antimicrobial activity (Glišić and Djuran, 2014). However, the serious threat of resistant “super-bugs” has led to the evaluation of these antitumor drugs also as antimicrobials.

In the present work, the antibacterial activity of both gold(I) and gold(III) representative complexes is revised.



GOLD(I) COMPLEXES

In recent years, gold(I) compounds have been considered of clinical relevance due to their anti-rheumatic activity as well as their anticancer properties. In addition, the interest in these compounds as antibacterial agents is increasing, and different families of gold(I) have been investigated, including the Au(I) N-heterocyclic carbenes (NHCs) (Özdemir et al., 2004). A selection of gold(I) complexes with antimicrobial activity and their chemical structure is shown in Figure 1, as well as a compilation of their antibacterial (Table 1), antifungal (Table 2) and antibiofilm activities (Table 3).
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FIGURE 1. Most representative gold(I) complexes with antimicrobial activity.



TABLE 1. Antibacterial activity (MIC) of the gold(I) complexes.
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TABLE 2. Antifungal activity (MIC) of the gold(I) complexes.
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TABLE 3. Antibiofilm activity of the gold(I) and gold(III) complexes.
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The most known and studied gold(I) complex is auranofin [triethylphosphine (2,3,4,6-tetra-O-acetyl-β-1-D-thiopyranosato-S)Au(I)], a mixed ligand gold compound in clinical use since 1985 for the treatment of severe rheumatoid arthritis (Shaw, 1999), was first described recently as an antimicrobial agent (Cassetta et al., 2014). Auranofin possesses potent microbicidal effects in vitro against Staphylococcus spp. and Candida spp. (Fuchs et al., 2016; Wiederhold et al., 2017) and also moderate activity against Staphylococcus aureus and Pseudomonas aeruginosa biofilms (Torres et al., 2016, 2018). Auranofin (1) consists of a gold(I) center linearly coordinated to a triethylphosphine and a thiosugar ligand as shown in Figure 1 (Roder and Thomson, 2015). Subsequently, a relatively large number of linear phosphine gold(I) complexes, with a sulfur atom in the coordination sphere, have been synthesized and evaluated for their antibacterial effects, exhibiting a different spectrum of in vitro activity against several strains of Gram-positive and Gram-negative bacteria. For example, complexes 2 and 3 were comparably active as complex 1 against Gram-positive bacteria and were more active against Escherichia coli (Figure 1). When compared to the reference clinical antibiotics piperacillin and chloramphenicol, gold(I) complexes were found to be less active against Gram-negative bacteria but more active against Gram-positive strains (Novelli et al., 1999). It has been reported that this compound is unable to generate resistant mutants in Gram-positive bacteria. The hypothesis for explaining this fact is that auranofin has multiple targets or an unspecified mechanism of action (Thangamani et al., 2016). Thus, complex 1 causes a reduction in the cell wall and DNA biosynthesis pathway and also in bacterial protein synthesis. In addition, a decrease in the production of important toxins, such as hemolysin and Panton Valentine toxins, occurs when the bacteria are exposed to this compound (Thangamani et al., 2016).

Antifungal activity of complexes 2 and 3 against strains of C. albicans and A. niger was also determined (Novelli et al., 1999). Lipophilic compound 2 displayed excellent activity against both fungi, being comparable with miconazole nitrate. On contrary, more hydrophilic compound 3 was significantly less active on fungi but was more active than 2 on E. coli.

Other linear gold(I)–triphenylphosphine complexes displaying interesting antimicrobial profiles are gold(I)–triphenylphosphine complexes containing nitrogen-donor heterocyclic ligands. Thus, Nomiya et al. prepared complexes 4 and 5, which displayed selective and effective antimicrobial activities against two Gram-positive bacteria (Bacillus subtilis and S. aureus) and modest activities against one yeast (C. albicans). In contrast, poor activities observed in the corresponding silver(I) complexes (Nomiya et al., 2000). The mechanism of antimicrobial action of these heterocycle-containing gold(I)– complexes was not investigated in depth but, according to the authors, it is likely quite different from that of the corresponding silver(I) complexes.

Fillat et al. (2011) described a new family of (aminophosphane)gold(I) thiolate complexes 6 and 7, also belonging to the type of linear gold(I)–phosphine complexes, which exhibit powerful anti-bacterial activity. As expected, these linear gold(I) complexes are more efficient against Gram-positive microorganisms, presenting excellent activity against Enterococcus faecalis and S. aureus.

As water is the biologically most relevant solvent, the development of water-soluble gold-based metallodrugs is a matter of increasing interest (Hristova et al., 2013). In this regard, Elie et al. (2009) described water-soluble linear gold(I)– complexes 8 and 9 containing sulfonated phosphanes, which display moderate to high antibacterial activity and moderate antifungal activity. A relevant advantage of complexes 8 and 9 in comparison with the previously reported linear gold(I)– phosphine complexes is their lower hydrophobicity, enabling the preparation of aqueous solutions without the addition of organic co-solvents such as dimethyl sulfoxide (DMSO).

Frik et al. (2012) reported heterometallic gold-silver complexes 10 and 11 and compared their antimicrobial activity to silver salts. The Au2Ag complexes resulted up to 10 times more toxic than the silver salts for all Gram-positive (B. cereus, S. aureus) and Gram-negative bacteria (E. coli, Salmonella typhimurium), confirming that the biological activity of these complexes did not originate from the dissociation of the silver perchlorate or triflate from the heterometallic derivatives. The heterometallic compounds were also more toxic to Gram-negative bacteria than the corresponding dinuclear gold complexes, pointing to a synergistic or cooperative effect between the gold and silver metals. This result is of considerable importance for the development of novel metalloantibiotics which may be toxic for both Gram-negative as well as Gram-positive bacteria. For complex 11 containing ClO4– contraion, a remarkably high toxicity for Gram-positive bacteria B. cereus was observed. Both complexes 10 and 11 were inactive against yeast S. cerevisiae.

Barreiro et al. (2012) described several gold(I) sulfanylcarboxylates 12 showing significant activity against S. aureus and Bacillus subtilis. Similar to other gold(I) compounds, these complexes show good activity against Gram-positive strains (S. aureus and B. subtilis), but low sensitivity against Gram-positive microorganisms (E. coli and P. aeruginosa) and fungi (C. albicans). The silver complexes incorporating the same ligands were also synthetized, enabling comparison of the activity of silver and gold complexes. Gold compounds displayed better activity against the two Gram-positive bacteria, while the silver complexes generally showed better minimal inhibitory concentration (MIC) values against Gram-negative strains and yeast C. albicans. As previously suggested by Nomiya et al. (2000) a different mechanism of antimicrobial action for silver and gold complexes was also hypothesized in which the antibacterial activity of silver(I) complexes is related to the ease with which they undergo ligand metathesis. However, this process would not explain the activity of the related gold(I) complexes.

N-Heterocyclic carbenes (NHC) are extremely good σ-donor ligands, thus forming strong Au-C bonds and constructing Au-NHC complexes that are stable in the presence of biologically relevant thiol groups. Accordingly, for several years, there has been a growing interest in the biomedical applications of gold complexes based on NHC ligands (Mora et al., 2019). Thus, in 2004, Özdemir et al. (2004) reported a novel family of NHC gold(I) complexes of the type [Au(NHC)2]+.

Among them, p-methoxybenzyl derivative 13 was found to inhibit the growth of P. aeruginosa, S. epidermidis, S. aureus, and E. faecalis with MIC values of 3.12 μg mL–1, 6.25 μg mL–1, 3.12 μg mL–1, and 3.12 μg mL–1, respectively. However, complex 13 only showed modest activity against yeast C. albicans (Özdemir et al., 2004).

Later in 2007, Ray et al. (2007) reported the Au(I) complexes of 1-benzyl-3-tert-butylimidazol-2-ylidene, as well as the Pd and Ag counterparts. While the palladium complexes displayed potent anticancer activity, the gold and silver complexes inhibited the growth of Gram-positive B. subtilis but did not show any activity against Gram-negative E. coli strains. Specifically, complex 14 showed a twofold stronger antibacterial activity toward B. subtilis compared to the corresponding silver complex. Incubation of B. subtilis cells with the gold compound increased the cell length, indicating that complex 14 inhibits bacterial proliferation by blocking cytokinesis. In contrast, incubation of B. subtilis with the equivalent silver complex resulted in only a very small increase in cell length, which agrees with a different mechanism of antimicrobial action for silver and gold complexes.

N-heterocyclic carbene complex 15 inhibited E. faecium and two methicillin-resistant S. aureus (MRSA) strains at MIC values of 3.12, 0.64, and 0.64 μM, respectively, being more active than 1 (MICs of 18.40, 2.30, and 2.30 μM) (Schmidt et al., 2017). Complex 14 displayed effective inhibition of mammalian and bacterial thioredoxin reductases (TrxR). As the TrxR system is essential for the antioxidant system of Gram-positive bacteria, this result is in accordance with the particularly high activity observed against Gram-positive strains. TrxR was also hypothesized as one of the multiple bacterial targets of complex 1 (Thangamani et al., 2016), confirming the interest in bacterial Trx and TrxR as viable antibacterial drug targets for gold-based anti-infective agents (Felix et al., 2021).

Samanta et al. (2013) described a N,N’-olefin functionalized bis-imidazolium gold(I) salt 16 of interest for the development of antimicrobial therapies in patients with keratitis-associated eye infections caused by multidrug-resistant bacteria and fungi. Complex 16 was more active against P. aeruginosa and S. aureus than antibiotics ceftazidime, vancomycin, and piperacilline and more active against filamentous fungi C. albicans and A. fumigatus than amphotericin B, fluconazole, and voriconazol. The bacterial killing activity was concentration-dependent, and no cell growth was seen even using complex 16 concentrations of 0.5 and 2.5 μM for P. aeruginosa and S. aureus, respectively. In addition, this Au(I) compound was able to eradicate biofilm formed over contact lenses. In order to better understand the mechanisms of action, interactions between the bacterial cell and complex 16 were observed using a scanning electron microscope (SEM). The images produced (Figure 2) clearly showed a morphological change in the microbial envelope after treatment with complex 16, which evidenced that the target would be on cell membranes or cell walls. The high binding affinities to bacterial cell membranes displayed by complex 16 in docking studies point to a mechanism of action based on the destabilization of the bacterial membrane, causing loss of structural integrity and a change in bacterial shape. Samanta et al. (2013) hypothesized that the destabilizing effect on the bacterial membrane is caused by the insertion of multiple molecules of complex 16 intercalating the lipids on the membrane.
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FIGURE 2. Control P. aeruginosa cells (A) and cells treated with complex 16 (B). Reproduced from Samanta et al. (2013) (CC BY-NC 4.0).


In summary, several Au(I) complexes tested so far display antibacterial effects with a marked preference for Gram-positive bacteria. This selectiveness toward Gram-positive pathogens could be explained in that: (i) gold(I) complexes inhibit the thioredoxin reductase enzyme and, in Gram-negative bacteria this is compensated by the presence of the glutathione system; and (ii) the permeability barrier conferred by the outer membrane of Gram-negative bacteria impairs the transfer of the complex to the cytoplasm. In addition, other possible mechanisms of action proposed include the disruption of the bacterial cell wall and cytosolic membrane. SEM images of Gram-positive bacteria submitted to gold(I) compounds revealed morphological changes on the bacterial surface and cytosolic leakage, probably due to destabilization of the peptidoglycan membrane by the insertion of these compounds in the lipid bilayer, inducing a loss of the structural integrity of the bacteria.



GOLD(III) COMPLEXES

Even though gold(III) complexes have been less studied as antibacterial agents than their gold(I) counterparts, the threat of multiresistant bacteria has led to the evaluation of these classical anticancer metallodrugs also as antibacterials. A selection of gold(III) complexes with antimicrobial activity and their chemical structure is shown in Figure 3, as well as a compilation of their antibacterial (Table 4), antifungal (Table 5) and antibiofilm activities (Table 3).
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FIGURE 3. Most representative gold(III) complexes with antimicrobial activity.



TABLE 4. Antibacterial activity (MIC) of the gold(III) complexes.
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TABLE 5. Antifungal activity (MIC) of the gold(III) complexes.
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The stabilization of the oxidation state +3 is of great importance to the biological activity of these compounds. Otherwise, the metal center can ultimately undergo a reduction process leading to the formation of Au(0) (Pacheco et al., 2009). Thus, the most common gold(III) complexes used as antibiotics are cyclometallated organometallic gold compounds with the general formula [AuX2(L)], in which L is a bifunctional ligand that forms a C-Au bond, as well as a coordinate N-Au bond. The two remaining positions at the square planar gold(III) center are usually occupied by two monodentate or one bidentate anion, leading to the formation of neutral complexes (Tiekink, 2002).

Parish et al. performed a variety of biological tests to evaluate [AuCl2(damp)] (17) for antimicrobial activity; the complex displayed moderate, broad-spectrum activity against bacteria and fungi, but was less active than the control drugs ciprofloxacin and amphotericin B (Parish, 1999). In order to improve the antibacterial activity of complex 17, both chloride atoms were replaced by acetate ligands, leading to water-soluble complex 18 (Parish et al., 1996). Similar to its chloride analog, complex 18 showed a broad spectrum of antibacterial activity, with some preference to Gram-positive S. aureus and E. faecalis. The MIC values of complex 18 against Gram-positive bacteria were of a lower order of magnitude than the cytotoxic concentrations against Chinese hamster ovary cells, indicating in vitro selectivity for these microorganisms. On the other hand, gold(III) complexes 19 and 20, containing chelating thiosalicylate and salicylate anions, respectively, showed significantly high activity against bacteria E. coli, B. subtilis, and P. aeruginosa, and fungi C. albicans and C. resinae (Dinger and Henderson, 1998).

The gold(III) 1,2-dithiolene cyclometalated complex 21 was tested against a panel of Gram-positive and Gram-negative bacteria and three yeasts of the Candida spp., showing remarkable bacteriostatic activity against S. haemolyticus and S. aureus, with MIC values of 1.56 and 3.13 μg/mL, respectively. However, none of the tested Gram-negative bacteria or fungi were sensitive to this gold(III) complex. The biofilm inhibitory effect if complex 21 was also described in this study against S. aureus and S. haemolyticus, where they highlight 3.125 μg/mL as the minimum concentration to interfere in biofilm formation. However, due to turbidity of the solution, a concentration that fully inhibits biofilm formation was not provided (Pintus et al., 2017).

The gold(III) bis (dithiolene) complex 22 containing an N-ethyl-1,3-thiazoline-2-thiane dithiolate ligand showed significant activity against Gram-positive bacteria S. aureus and fungi C. glabrata and C. albicans but not against Gram-negative E. coli (Fontinha et al., 2020). As in the case of gold(I) complexes, several studies support that thioredoxin reductase is a possible target of these complexes. In addition, complex 22 is stable under biological conditions, being an important characteristic if this compound is ever to be considered as a drug.

More recently, Chakraborty et al. (2021) reported several gold(III) complexes with bidentate N^N ligands, cyclometalated bidentate C^N and terdentate C^N^N scaffolds. Even though those cyclometallated Au(III) complexes do not show any antibacterial activity against E. coli, complexes 23 and 24 inhibited the growth of B. subtilis, S. aureus, and MRSA, with MICs ranging from 3.12 to 25 μM.

These compounds do not affect adenosine triphosphate (ATP) synthesis, or membrane potential or permeability. RNA sequencing revealed that these gold(III) complexes upregulated genes related to metal transport, major facilitator superfamily (MFS)-transporter, genes responsible for arsenic metabolism, oxidoreductases, and proteases, among others. However, they downregulated genes related to cell wall formation, contact dependent growth inhibition, and ABR transporter genes (Chakraborty et al., 2021).

In view of the biological interest of Au(I) complexes with NHC ligands, the corresponding gold (III) analogs were also prepared and investigated as organometallic antibacterial drugs. Au(III) NHC complexes 25–27 showed higher antibacterial activity against the Gram-positive MRSA and E. faecium than against the Gram-negative strains (A. baumannii, E. coli, Klebsiella pneumoniae, and P. aeruginosa), as previously reported for the related Au(I) NHC complexes. All target complexes were efficient inhibitors of bacterial TrxR, suggesting that inhibition of this enzyme might be involved in the mechanism of antibacterial activity (Büssing et al., 2021).

The interest of Au(III) dithiocarbamate complexes as antimicrobial agents dates from the 90 s, when the potential activity against Streptococcus pneumoniae of a series of Au(III) complexes with dithiocarbamates derived from α-amino acids (DL-alanine, DL-valine, L-valine, and DL-leucine) was reported (Criado et al., 1992).

Since the biological activity is strongly related to the coordination sphere of gold, a good strategy to modulate the biological properties of gold complexes would be to alter the ligands attached to the metallic center. This strategy has been widely applied to the development of gold-based anticancer drugs. Bertrand et al. (2015) studied cyclometalated Au(III) complexes with 1,3,5-triazaphosphaadamantane (PTA) and thio-α-D-glucose tetraacetate (GluS) ligands, chosen on account of the properties that could be conferred to the gold complexes. Thus, the PTA ligand was chosen for its good water solubility. As for the GluS ligand, Au(III) binding to thiolates would avoid ligand exchange reactions with biological nucleophiles that would lead to inactivation of the compound. In addition, the presence of the sugar unit would have important implications in molecular recognition phenomena.

Considering these previous studies, the effect of different dithiocarbamate ligands on the therapeutic index of dithiophenylphosphine Au(III) complexes has been extensively investigated (Soto et al., 2019). Thus, a group of (S^C)-cyclometallated gold(III) complexes containing a 1,1-dithio ligand was developed and tested against a wide panel of Gram-positive and Gram-negative bacteria. Among these, complex 28 not only exhibited antibacterial in vitro activity against multidrug resistant microorganisms, especially S. aureus, S. maltophilia, P. aeruginosa, and H. influenzae, but also displayed low cytotoxicity. Complex 28 was able to in inhibit biofilm formation by its addition before the adhesion phase at low concentrations in S. aureus strains. The minimum biofilm inhibitory concentration (MBIC) values ranged between 0.5 to 2 mg/L for both MRSA and MSSA, only two-fold higher than their MIC in planktonic phase. For Gram-negative bacteria, a similar trend was observed for biofilm forming strains of P. aeruginosa, K. pneumoniae, and A. baumannii, which showed MBICs two-fold higher than their corresponding MIC. In addition, 28 was also highly stable under physiological conditions and is expected to maintain its antibacterial activity in vivo in the same way.

In summary, albeit less studied than their Au(I) counterparts, Au(III) complexes exhibit potent antibacterial activities and do not generate bacterial resistance. However, very little attention has been given to the elucidation of their modes of action. The data available indicate that, opposed to Au(I) complexes, Au(III) complexes may not have any effect on reactive oxygen species production, membrane permeability or membrane depolarization (Chakraborty et al., 2021). The low probability of development of mutations also suggest multiple targets for the bactericidal action of Au(III) complexes (Soto et al., 2019). In-depth mechanistic studies are still required to fully elucidate the mode of bactericidal action of Au(III) complexes.



CONCLUSION

Increasing resistance to antibiotics is one of the more pressing problems in modern medicine. To tackle this, researchers soon turned their attention to gold. During the past decade, gold-based drugs have become an interesting topic in pharmaceutical research and metallodrug chemistry because many of these drugs have shown potent activity against several bacterial strains, including both Gram-positive and -negative organisms. Unfortunately, promising in vitro results are not always correlated with significant in vivo effects. Despite all the efforts, scientists have struggled to develop a practical gold-based antimicrobial therapy.

One of the fundamental reasons for this is the complicated biological chemistry of gold compounds; the ligand exchange behavior of the complexes in gold drugs and the Au(III)/Au(I) redox chemistry must be considered, in addition to the problems of hydrolysis and protein binding. In this regard, future developments in the field of gold-based antibiotics require more knowledge about the mechanisms of their in vivo distribution and/or degradation.

Gold complexes have unique modes of action, which is a plausible explanation for the observed lack of detectable resistance. However, as the mechanisms of antimicrobial metal toxicity remain uncertain, the identification of bacterial targets and uptake pathways are key issues for promoting the clinical application of gold-based antibiotics.

To overcome the present disadvantages of gold-based drug candidates, several strategies are currently being investigated. A new trend, which has also entered the pharmaceutical chemistry of gold complexes, is the use of encapsulating techniques. Accordingly, the biodistribution of gold antibiotics may be improved by inclusion in cyclodextrins (Morgen et al., 2019; Tomasello et al., 2021). Recent studies have also described a potent synergistic microbicidal effect with antibiotics, suggesting that gold compounds may have great application prospects in combination therapy, potentiating the efficacy of clinically used antibiotics (Ratia et al., 2022).

There is clearly much untapped potential of the use of gold complexes for antimicrobial applications. However, for these drug candidates to be effectively and safely used, more research is required. Better understanding of the structure, function, and mechanisms that give gold-based agents higher antibacterial activity and lower toxicity will lead to the design of better gold complexes that are safe and effective for systemic administration. As the chemical properties of gold complexes can be fine-tuned by proper ligand design (Storr et al., 2006), new generations of various gold-based antibiotics that exhibit more effective antibacterial activities can be foreseen.

To conclude, the future is bright for gold-based antibiotics and the coming years will surely see further advances in this exciting research field. Hopefully, a number of gold-based antibiotic drug candidates will be able to reach clinical trials and the market within the next decade and thereby become a solution for the treatment of bacterial infections resistant to antibiotics.
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A recent study showed that patients with coronavirus disease 2019 (COVID-19) have gastrointestinal symptoms and intestinal flora dysbiosis. Yeast probiotics shape the gut microbiome and improve immune homeostasis. In this study, an oral candidate of yeast-derived spike protein receptor-binding domain (RBD) and fusion peptide displayed on the surface of the yeast cell wall was generated. The toxicity and immune efficacy of oral administration were further performed in Institute of Cancer Research (ICR) mice. No significant difference in body weights, viscera index, and other side effects were detected in the oral-treated group. The detectable RBD-specific immunoglobulin G (IgG) and immunoglobulin A (IgA) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and more complex microbiota were detected from oral administration mice compared with those of the control group. Interestingly, the recombinant yeast was identified in female fetal of the high-dose group. These results revealed that the displaying yeast could fulfill the agent-driven immunoregulation and gut microbiome reconstitution. The findings will shed light on new dimensions against SARS-CoV-2 infection with the synergistic oral agents as promising non-invasive immunization and restoring gut flora.
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INTRODUCTION

The global coronavirus disease 2019 (COVID-19) outbreak and the emergence of multiple severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants have seriously threatened public health and socioeconomic stability. An intensive effort has been underway to develop countermeasures, including vaccines, neutralizing antibodies, and antiviral drugs (Su et al., 2020).

Vaccination is one of the most cost-effective and successful public health interventions to prevent infections and save millions of lives (Orenstein and Ahmed, 2017). Currently, three main types of COVID-19 vaccines are authorized and recommended or undergoing large-scale (Phase 3) clinical trials.1 Most of them are designed to be delivered by the parenteral route to produce high titers of systemic neutralizing antibodies to cope with the systemic viral infection (Folegatti et al., 2020; Gao et al., 2020; Logunov et al., 2020; Wang et al., 2020; Zhu et al., 2020). However, this strategy leaves some questions about the durability and efficacy of the mucosal immune response after vaccination which is essential for blocking viral entry through oro-respiratory tracts (Ashraf et al., 2021). Oral vaccines have been well established for preventative immunity against several respiratory infectious diseases, not only inducing mucosal secretory immunoglobulin A (sIgA) antibody and serum antibody [immunoglobulin G (IgG)] responses but also delivery for intestinal protective immunity against infections at rectal and genital mucosae (Zhu and Berzofsky, 2013; Kang et al., 2018).

The gut is the largest immunological organ in the body, and its resident microbes are known to influence immune responses. Patients with COVID-19 have been reported to have gastrointestinal symptoms and intestinal flora dysbiosis during hospitalization and up to 30 days after recovery, which indicated that gut microbiota could have important implications for long COVID-19 (The, 2021; Yeoh et al., 2021). Human gut-lung microbiota interplay provides a framework for treating and managing infection and posts COVID-19 syndrome. The regulation of intestinal flora may be helpful for recovery from sickness. The efficacy of the microbiome immunity formula in improving immune function is under clinical trials recruiting (NCT04540406, NCT04884776).

Brewer’s yeast has a generally recognized as safe (GRAS) status with the FDA. It can function as a probiotic in modulating gut microbiota (Xu et al., 2018), also inducing mucosal immunity based on notably β-glucans (BGs) and mannan on its cell wall. In our previous study, two kinds of yeast chassis designs for exhibiting ASFV (Chen et al., 2021) and PCV2 (Chen et al., 2018) oral vaccine candidates, efficacy preventing African swine fever virus infection, and porcine circovirus type 2 poses.

In this study, the spike protein-containing receptor-binding domain (RBD) and fusion peptide (FP) domain of SARS-CoV-2 were exhibited on the surface of a yeast cell with an Aga1-Aga2 anchor. Also, we interrogated the immunogenicity and the influence of intestinal flora by orally delivering the yeast candidate to mice. Results showed that yeast agents induced both mucosal antibody response immunoglobulin A (IgA) and systemic antibody responses (IgG) and altered gut microbiome compositions after administration. Taken together, our data highlight the possibility of oral yeast agents as promising non-invasive immunization candidates used in cocktail vaccines responses to SARS-CoV-2 infection.



MATERIALS AND METHODS


Plasmid Construction

The GPD-S (RBD-FP)-TU recombinant plasmid contains 300–1,000 amino acid residues of the SARS-CoV-2 spike protein (GenBank: MT407658.1), including RBD (330–521 aa) and viral FP (816–833 aa). It contains a hexahistidine tag at the C-terminus. The S (RBD-FP) DNA fragment was synthesized (GENEWIZ, Beijing, China) and ligated with a pET28a plasmid. Then, S (RBD-FP) DNA sequence was sub-cloned into the yeast expression vector pGPD-ADH1-POT (Chen et al., 2021) by overlapping PCR with specific primer pairs harboring homologous sequences in the vector (CoV-S Forward: gacgataaggtaccaggATCCATGAAGTGTACGTTGAAATCCT; CoV-S Reverse: gaattccaccacactggatccTCTGCCTGTGATCAAC CTAT) (Figure 1). The constructed GPD-S (RBD-FP)-TU plasmid was directly transformed into DH5α competent cells and selected on LB-ampicillin medium. Then, the transcription unit of S (RBD-FP) was released with BsaI, leaving overhangs compatible with URR1, URR2, and LEU parts (Guo et al., 2015). The recombinant cassette was transformed into Saccharomyces cerevisiae ST1814G using the LiAc/ss carrier DNA/PEG method as described (Gietz and Woods, 2002). Transformants were selected on synthetic-defined (SD) medium minus Leu plates and incubated at 30°C for 72 h. Six independent clones of ST1814G-S (RBD-FP) were tested.
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FIGURE 1. Construction of spike S [receptor-binding domain (RBD)-fusion peptide (FP)] expression vectors. (A) Schematic diagram of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein expression construct. (B) Diagram of the chromosomal region, including the S (RBD-FP) transcriptional unit with GAP promoter and ADH1 terminator fused to the C-terminal of Aga2 for presentation on the yeast cell surface. The structure of RBD-FP subunit was predicted by SWISS-MODEL based on PDB 7cn8 as the template.


The genotyping assay was performed by genomic DNA extraction (Looke et al., 2011) from recombinants and PCR using primer pair (S-F 331: AATATTACAAACTTGTGCCCT and S-R 524: AACAGTTGCTGGTGCATGTAG). Also, the phenotype assay was identified by Western blotting, flow cytometry, and immunofluorescence assay.



Western Blotting

To evaluate the expression of S (RBD-FP) proteins in the recombinant, yeast cells were cultured in yeast extract-peptone-dextrose (YPD) liquid medium at 30°C for 48 h. The 2-ml culture was centrifuged at 5,000 × g for 1 min, then, the pellet in 100 μl lysis buffer (50 mM Tris–HCl [pH 8.0], 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride) was resuspended, and glass beads were added to break cells five times using the disruptor genie (Scientific Industries, D48-1040). The resulting proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE) and electroblotted onto a polyvinylidene difluoride (PVDF) membrane. Then, proteins-enriched membranes were blocked with Tris-buffered saline [TBS with 0.1% Tween-20 (TBST)], added 5% (w/v) non-fat dry milk buffer for 1 h, and incubated with His-specific antibody (Cat. HT501, Transgene, Beijing, China) or spike protein S1-specific antibody (Cat. A20136, ABclonal, Wuhan, China) as the primary antibody (1:5,000 dilution) overnight at 4°C, followed by incubation with Horseradish peroxidase (HRP)-conjugated secondary antibody (Goat anti-Rabbit, Cat. PI31460, Goat anti-Mouse, Cat PI31430, Invitrogen™ from Thermo Fisher Scientific, Carlsbad, CA, United States) for 1 h at room temperature (RT). The PVDF membrane was washed at least three times with TBST. Bound antibodies were detected using the Pierce ECL Western blotting substrate (Cat. 32109, Thermo Fisher Scientific, Carlsbad, CA, United States), and band densitometry was performed with Image Lab software (Bio-Rad, Hercules, CA, United States).



Immunofluorescence Assay

Yeast transformants were subjected to an indirect immunofluorescence assay with a polyclonal 6*His-Tag antibody (Cat. HT501, Transgene, Beijing, China) and a fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin as the secondary antibody (Cat. ab6785, abcam, Cambridge, UK). Yeast culture was centrifuged, and the pellet was washed with PBS three times at RT and then incubated with primary antibody (anti-His, 1:5,000 dilution) at RT for 30 min. After the washing step with PBS, the secondary antibody FITC-conjugated anti-mouse IgG (1:500 dilution) was incubated for 30 min. The pellet was washed with PBS and visualized under a laser confocal microscope (UltraView Vox, PerkinElmer). ST1814G served as a negative control.



Flow Cytometry

The characterization of both the recombinant and the control cells of S. cerevisiae strains by flow cytometry has been compiled based on the set of His tag marker as described above. The experimental procedure was similar to the one described in immunofluorescence. Yeast cells were harvested after 48 h and washed three times with PBS. Then, cells were fixed, blocked, and incubated with primary antibody (anti-His, 1:500 dilution) for 1 h at 4°C in a humid chamber. Then, the cells were incubated with secondary antibody conjugated to FITC at RT protected from exposure to light. Fluorescence-activated cell sorting was performed with FACS LSR II (BD Biosciences, United States), and a total of 1.5 × 105 cells were analyzed. The data analysis was available using FlowJo software.



Yeast Agent Production

A single colony of ST1814G-S (RBD-FP) from freshly streaked SD-His agar was inoculated into 20 ml YPD liquid medium and cultured for 48 h on a rotary shaker at 180 rpm 30°C, while the ST1814G as a negative control. Then, the 20 ml of culture was transferred to incubate a 2-L flask containing 1 L fresh YPD medium, vortexed, and incubated at 30°C for 96 h with shaking.

The culture was centrifuged at 13,000×g for 5 min. After removing the supernatant, the freeze-drying pellets were quantified using Western blot and worked as yeast agents for animal assay.



Animals and Administration

Fifty female and fifty male SPF Institute of Cancer Research (ICR) mice (weight, 19–21 g) were purchased from SPF Biotechnology Co., Ltd. [Beijing, Certificate Number: SCXK (Jing) 2019-0010] and housed at the Tianjin Institute of Pharmaceutical Research Co., Ltd. The animal studies were performed following the recommendations for the care and use of laboratory animals of the national institutes of health. The Institutional Animal Ethical Committee approved the animal protocol of the Tianjin Institute of Pharmaceutical Research [Certificate Number: SYXK (Jin) 2016-0009, Tianjin, China].



Histopathology and Colonization in Fecal Pellets

Hematological examinations were made on four animals per group at study termination. According to the standard protocol, liver, spleen, kidney, and lung tissue samples were collected for histopathological examination. Procedures were performed using 4% neutral buffered formalin, embedded in paraffin, sequential sectioned to 4-μm thickness, and stained with hematoxylin and eosin (H&E) before examination by light microscopy (Ding et al., 2003). Gross examination and organ weight determinations were made on the same animals.

Colonization was tested over time by collecting fresh fecal pellets from 4 to 24 h after oral gavage and plating homogenates on YPD agar (Pierce et al., 2013). Colony-forming units (CFUs) were measured after 48 h of incubation. The candidate yeast colonies were determined by PCRs with S-F and S-R primers and controlled with Actin-F and Actin-R primers.



Measurement of Antigen-Specific Immunoglobulin G and Immunoglobulin A Antibodies by Enzyme-Linked Immunosorbent Assay

Spike-specific IgG and IgA titers of polyclonal serum from the immunized mice were measured by Enzyme-Linked Immunosorbent Assay (ELISA), as previously described (Chen et al., 2021). In brief, 96-well ELISA plates were pre-coated with prokaryotic expression RBD protein (0.2 μg/ml) overnight at 4°C. After blocking and incubating with serially dilution mice sera, bound IgG and IgA antibodies were detected using HRP-conjugated anti-mouse IgG (1:10,000). The optical density (OD) at 450 nm was determined using a microplate spectrophotometer. The levels of antigen-specific antibodies were determined by calculating the positive/negative (P/N) value. The significance of the difference in antigen-specific IgG/IgA titers among the groups was an analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test, and a p-value of less than 0.05 was examined as statistically significant.



Gut Microbiome Analysis

Comparative analysis of terminal ileum microbiota between yeast-agent and negative control groups reveals the composition and diversity of the gut microbiota. DNA extraction from terminal ileum combination samples from three mice accorded to the manufacturer’s guidelines and optimized for high-throughput processing. The 16S rRNA gene comprising the V4 region was amplified by PCR using composite-specific bacterial primers (the forward primer 515F: 5′- GTGCCAGCMGCCGCGGTAA-3′ and the reverse primer 806R: 5′-GGACTACHVGGGTWTCTAAT-3′). High-throughput pyrosequencing of the PCR products was performed on an Illumina Nava 6000 platform at Biomarker Technology Co., Ltd. (Beijing, China).

Bioinformatic analysis was performed using BMKCloud2 and OmicStudio tools at https://www.omicstudio.cn/tool. High-quality reads for the bioinformatic analysis were performed, and all of the effects reads from each sample were clustered into operational taxonomic units (OTUs) based on a 97% sequence similarity according to USEARCH (Ultra-fast sequence analysis) (Edgar, 2013). OTU-level diversity indices were generated by USEARCH. Non-metric multidimensional scaling (NMDS) is an indirect gradient analysis approach that produces an ordination based on a distance or dissimilarity matrix (Looft et al., 2012). BugBase3 was used to calculate differences between both groups in terms of microbial phenotypes, based on high-quality sequences (Ren et al., 2020).



Statistics

All data are expressed as the arithmetic means and standard deviation (X ± SD). One-way ANOVA (SPSS 17.0) was used for the statistical comparison of the differences in data between the test groups. Values of p < 0.05 were considered significant.




RESULTS


Cloning and Expression of SARS-CoV-2 Spike (RBD-FP)

The yeast-expressed SARS-CoV-2 spike protein was constructed and exhibited on the surface of yeast cells as previously described (Chen et al., 2018, 2021). The spike protein RBD within the S1 subunit and the FP within the S2 subunit were chosen to offer a potential cross-reactive epitope. Structurally, the extracellular domain of the S1 and S2 subunits forms the bulbous head and stalk region of the spike protein, respectively (Yan et al., 2020). Cryo-EM unveils the FP partially exposed on the surface of the spike trimer both in SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV) (Yuan et al., 2017). Functionally, the FPs are conserved across the viral family, which are inserted into the host cell membrane to trigger the fusion event (Tang et al., 2020). Therefore, the engineering yeast cell containing both RBD and FP domain could be a potential antifusogenics, which would prevent the binding of SARS-CoV-2 S-protein to angiotensin-converting enzyme 2 (ACE2).

To demonstrate if the functional module of GPDp-(Aga2-RBD-FP)-ADH1t works effectively, the genotype and phenotype were determined by PCR, Western blot, immunofluorescence, and flow cytometry (Figure 2). The expressed Aga2-RBD-FP His-tag fusion protein includes 813 amino acids (approximately 89.4 kDa), and the glycosylation sites make the band size appear larger than expected using anti-His tag antibody (Figure 2A) and anti-Spike antibody (Figure 2B) as described (Lo Presti et al., 2020; Zhou et al., 2020; Tian et al., 2021). In addition, fluorescent microscopy (Figure 2C) and flow cytometry (Figure 2D) analysis showed a specific green fluorescence signal in the ST1814G-S (RBD-FP) expression yeast compared with wild-type yeast cells.
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FIGURE 2. Expression profiles of the spike S (RBD-FP) protein constructed in yeast. The expression of S (RBD-FP) was detected by Western blot with anti-His primary antibody (A), or anti-Spike protein S1-specific antibody (B), immunofluorescence assay (C), and flow cytometry (D). The fermentation kinetics was represented by recombinant yeast concentration measured by spectrophotometric method at the cultivation time points of 1, 2, 3, 4, and 5 days (E). Spike protein expression at each time point was detected by Western blot (F).




The Fermentation Kinetics of the Recombinant Saccharomyces cerevisiae Strain

To maximize the expression yield of the recombinant spike (RBD-FP), the time-course expression profiles of recombinant yeast and its prototype strain were compared to figure out induction time in the YPD medium. Based on the growth curve assay (Figure 2E), there is no significant variation in cell count between the recombinant spike (RBD-FP) strain and the wild-type strain. As shown in Figure 2F, the protein expression of the spike (RBD-FP) increased gradually and reached its peak at 5 days of culture. In detail, the first 2 days were in the logarithmic growth phase with the slightly rising expression protein and then a stationary period of 2–3 days with a dramatically magnified, detectable whole molecular weight of spike protein.



Yeast Agents Induce Detectable Immunoglobulin A and Immunoglobulin G Responses and Lower the Liver Weight Ratio

To investigate the role of the yeast agents in shaping immune response and gut microbiome, 100 mice were randomly divided into five groups (Figure 3A). Freeze-drying yeast pellets were resuspended in sodium chloride injection solution. Feeding studies were performed as follows: (1) high-dose animals were orally administered 15 billion CFU of ST1814G-S (RBD-FP) yeast; (2) medium-dose animals were orally administered 1.5 billion CFU of the recombinant yeasts; (3) low-dose animals were orally administered 0.15 billion CFU of the recombinant yeasts; (4) the same dose as medium-dose of ST1814G was primed as a yeast negative control, and (5) standard diet was treated with blank control animals. Except for the standard diet group, all animals were orally administered on days 5, 10, and 21 for boost immunization. We collected biological samples at regular intervals from vaccinated mice and measured critical aspects of the immune system as described in the “Materials and methods” section and Figure 3A.
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FIGURE 3. Study overview and effects of yeast agents on body weight, viscera index, and virus-specific antibody responses in vaccinated mice. (A) Study overview. A total of 100 mice were randomly divided into five groups and received the yeast agents at 0−, 5−, 10−, 21−, and 28-days intervals via oral gavage administration. As illustrated in the diagram, samples were collected at regular intervals (filled circles). (B) Body weights were measured at 0−, 5−, 10−, 21−, and 28-days intervals. (C) Also, organ weight was measured at day 28, taking 12 mice per group. Viscera index = (Total weight of viscera/total body weight before removing the viscera) * 100. (D,E) Vaccinated mice were fed with ST1814G-S (RBD-FP) four times at 5−, 5−, 11−, and 7-days intervals. The titers of spike-specific total immunoglobulin G (IgG) (D) and immunoglobulin A (IgA) (E) antibodies in serum were evaluated by ELISA. Serum samples were collected at the end of four immunization times. The individual animal response to each antigen was evaluated in triplicate and is depicted as the mean of the absorbance values at 450 nm minus the mean absorbance of cognate pre-immunization serum. The antigen-specific titers among the treatment groups were compared using ANOVA, followed by Tukey’s multiple-comparison test. Error bars show the standard deviation between triplicates. The mean and standard error of antibodies of each group is shown. *P = 0.05 and **P = 0.01.


There was no difference in body weight between the control groups and all the treated groups after yeast agent administration (Figure 3B). Interestingly, the liver/body weight ratio indicated a statistically significant difference (p < 0.05) between the high-dose group and blank control after 25 days of administration (Figure 3C). Yeast exerts a protective function on the liver, also established by Feng’s teamwork, demonstrating that yeast decreases hepatic lipid content and improves the liver function of juvenile largemouth bass (Feng et al., 2022). Furthermore, we also noted that the yeast agents did not induce the infiltration of inflammatory cells, and no specific pathological changes were observed in the liver and spleen of immunized mice (Figure 4). These results reveal that yeast-based vaccines are safe for mice.
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FIGURE 4. Histopathological examination of the spleen (A–E) and liver (F–J) from immunized mice. Tissues were collected and stained with hematoxylin and eosin (H&E; original magnification 10×).


This finding promoted the follow-up immunogenicity assessment for the yeast agent. As shown in Figures 3D,E, spike-detectable IgG and IgA antibodies were upregulated as expected after yeast-agents treatment at day 28, compared with blank control and yeast negative control group. These data highlight that mice orally administrated with the yeast agent could induce the specific antibodies throughout the test cycle.



Significant Alteration of Gut Microbiome Composition After the Yeast Agent Treatment

ICR mice were inoculated with the recombinant yeast by oral gavage to determine the yeast agent’s capability to penetrate the intestinal lining. Fecal pellets were collected from 4 to 24 h post-primary immunization. Interestingly, the high-dose group of female mice accumulated much more recombinant yeast cells in fecal, compared with corresponding male and other groups (Figure 5A). The result indicated that yeast agents could successfully penetrate the intestinal line, mimic a natural infection, and trigger an immune reaction.
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FIGURE 5. Effects of the yeast agents’ use on the gut microbiome of mice. (A) The number of yeast cells in fecal samples. Fecal samples were harvested from 4 to 24 h after oral gavage. Feces were cultured in yeast extract-peptone-dextrose (YPD) liquid by diluting 0.2 g of feces in 1.2 ml YPD liquid at 30°C for 4 h. A 100 μl mixed aliquot was then plated onto YPD agar and repeated three plates. The number of ST1814G-S (RBD-FP) yeast cells was established after 48 h of incubation. (B) Non-metric multidimensional scaling (NMDS) biplot of a Bray-Curtis dissimilarity matrix analysis. The yeast agent and blank control groups indicated a significant difference (P < 0.05) with the ordination. (C) Bubble plots showing the relative abundance of indicator operational taxonomic units (OTUs) in each of the three groups of the sampling stations. The bubble size indicates the relative abundances (%) of each OTU in the sampling station. Consensus taxonomic groups of each indicator OTU are presented on the left side of bubble plots. Bubble plots show the relative abundance of indicator OTUs in gender-based groups (D), and dosage groups (E). (F) Intergroup pathway maps of metabolism in KEGG. Comparison between gender in high-dose treatment with ST1814G host cell. (G) Intergroup difference proportion at the family level. BugBase determines the ratio of phenotypes in each microbiome sample. The phenotypic types included Gram staining, oxygen requirement, biofilm-forming, potential pathogens, and containing mobile elements.


Then, we evaluated the effect of oral yeast on gut microbiota. More evidence is emerging that yeast derivatives have a beneficial influence on the immune system and resistance to the colonization of pathogenic microorganisms (Xu et al., 2018; Elghandour et al., 2020). At the same time, gut microbiome composition was significantly altered in patients with COVID-19 than non-COVID-19 individuals (He et al., 2020). To decipher the role of yeast-mediated immunomodulatory potential and determine beneficial gut species, gut microbiome compositions and functional changes were investigated (Figure 5). Raw sequencing data are available in the National Center for Biotechnology Information Sequence Read Archive (NCBI-SRA) repository under the BioProject accession number PRJNA812734.

Samples were sequenced with an average of 76,920 reads per sample. As expected, beta-diversity analysis shows that the microbiota composition was significantly different among the blank control, yeast negative control, and recombinant yeast group (NMDS stress = 0.0628, Figure 5B). The top 25 species at the phylum level belonging to the Firmicutes, Bacteroidetes, Actinobacteria, and Verrucomicrobia were more relatively abundant in recombinant yeast-treated groups than the yeast negative control (Figure 5C). In addition, compared with the blank control, yeast negative control groups induced a slight increase in Proteobacteria and Actinobacteria. We also examined dose-dependent diversity at the phylum level, but no significant difference among the three dosage groups was observed (Figure 5E). Furthermore, gender is also one of the critical variables affecting the gut microbiota. Succinivibronaceae, Atopobiaceae, and Akkermansiaceae dominated the gut microbiota of male-treated subjects, while Desulfovibrionaceae were slightly more abundant in female groups (Figure 5D).



Impact of Yeast Agent on the Metabolism

The gut microbiota plays a vital role in nutrient metabolism, including the digestion of complex carbohydrates and the synthesis of vitamins (Levy et al., 2017). Therefore, the effects of gut microbe on the metabolome were clarified by comparing control and yeast agent groups. As shown in Figure 5F, amino-acid metabolism, energy metabolism, and the metabolism of cofactor and vitamins displayed the top three functions in the administration cohort relative to yeast control subjects as measured by KEGG pathway enrichment analysis. This is consistent with the established procedures of the gut microbiota in regulating the susceptibility to inflammation. The deficiency of ACE2 caused critical impairment of local tryptophan homeostasis in a mouse model and altered tryptophan metabolism into the kynurenine pathway (Thomas et al., 2020), which could alter the intestinal microbiome and susceptibility to inflammation (He et al., 2020). In addition, other kinds of elements, including signal transduction, transport, catabolism, biosynthesis of secondary metabolism, and the endocrine system, are detected in both gender groups. Moreover, xenobiotics biodegradation, immune system, and cancer-related metabolism were unique in the high-dose female group.

Then, we investigated the potential phenotypic differences in all groups, including oxygen requirements, biofilm-forming, Gram stain testing, mobile elements, potentially pathogenic, and stress-tolerant by BugBase (Figure 5G). Among all the phenotypes, recombinant yeast-immunized mice tend to have a significantly higher representation of Gram-negative, related to biofilm-forming, and potentially pathogenic. In addition, male groups contain much more anaerobic and facultative anaerobic bacteria, while females have a wide range of aerobic gut flora.




DISCUSSION

Due to the rapid spread and body-wide dissemination of the SARS-CoV-2, vaccines and therapy drugs are urgently needed. Over the past few months, many kinds of SARS-CoV-2 vaccine candidates have been under development, and several of them are currently authorized and distributed. Most granted vaccines for COVID-19 are injected intramuscularly or subcutaneously route, and they have a degree of efficacy in humans (70–95%) depending on the type of vaccine (Folegatti et al., 2020; Gao et al., 2020; Logunov et al., 2020; Wang et al., 2020; Zhu et al., 2020). However, less protection is provided against viral replication and shedding in the upper airways due to the lack of sIgA immune response (Krammer, 2020). Nasal vaccination and oral administration with RBD definitely induced a protective immune response in mice (Du et al., 2021; Gao et al., 2021). This study generated recombinant yeast exhibiting RBD-FP by a-agglutinin (Aga1–Aga2) anchor on the cell surface. With the help of yeast characteristics, the oral agent, without adjuvant-induced, elicits an immune response and alternation in gut microbiome composition.

Saccharomyces cerevisiae is a well-understood eukaryote, playing an important role in creating foods and developing them into an edible vaccine due to its simple cultural condition and non-toxic nature. The hepatitis B vaccine is the best available evidence (Valenzuela et al., 1982; Kumar and Kumar, 2019). Yeast has been shown to induce protective immunologic responses in mammals and is avidly taken up by dendritic cells (DCs) and macrophages depending on its cell wall components such as BG and mannan, which allows efficient phagocytosis of yeast cells by antigen-presenting cells (APCs) followed by the generation of danger signals during microbial (Olson et al., 1996; Stubbs et al., 2001; Heintel et al., 2003; Noss et al., 2015; Silva et al., 2021). Recent studies show that the oral administration of BGs could clear the hepatitis B virus in a mouse model (Yu et al., 2015). BGs were also found to activate and enhance cytotoxic T lymphocyte (CTL) responses through the Phosphatidylinositol 3-kinase (PI3K) pathway and were also able to protect against systemic aspergillosis (Kumar and Kumar, 2019). The subcutaneous vaccination of mice with the hepatitis B surface antigen (HBsAg) that was synchronously stimulated with particles containing neutral yeast-derived glucan particles (GPs) showed increased serum IgG. Compared with other kinds of artificial particles, only GPs elicited the secretion of HBsAg-specific Th1, Th2, Th9, Th17, Th22, and Treg-related cytokines (Soares et al., 2019). In addition, early supplementation of S. cerevisiae boulardii CNCM I-1079 (SCB) in newborn dairy calves increases IgA production in the intestinal mucosa, and the endogenous IgA production in the gut enhanced Lactobacillus sp. formulation and tended to have a broader proportion of Faecalibacterium prausnitzii in the jejunum compared with control calves. These results suggest that SCB affects the early development of the immune system and the maturation of the gut microbiome (Villot et al., 2020). This study constructed a new oral yeast agent ST1814G-S (RBD-FP). The result of in vivo immunogenicity assay in the mice model reveals that spike antigen-detectable IgG and IgA levels rose after the third round of vaccination (Figure 3). A new COVID study shows that T cell vaccination alone in the absence of neutralizing antibodies could protect mice from SARS-CoV-2 and SARS-CoV infection but not MERS-CoV (Zhuang et al., 2021). Virus-specific memory T cells alone showed the protective role from SARS-CoV-2 disease after Venezuelan equine encephalitis replicon particle (VRP) vaccination (VRPs expressing SARS-CoV-2 structural proteins). With a similar yeast surface display strategy, Lei’s laboratory detected a significant level of neutralizing antibodies against SARS-CoV-2 pseudovirus infection in the yeast EBY100/pYD1-RBD oral administration group (Gao et al., 2021). This result indicated that oral inoculation with recombinant yeast expressing RBD of S-protein effectively blocks spike binding with host receptor and would provide a potential SARS-CoV-2 vaccine candidate against infection. In addition, the RBD of spike protein is an appealing antigen for a subunit vaccine. Another new report provides that yeast-expressed RBD elicits a potent neutralizing antibody response (Chen et al., 2020). This finding lights us design inspiration on antigen selection. The spike residence containing 300–1,000 Amino acid residues, including RBD and FP domain, was selected in our study. The FP was designed and engineered on the surface of the recombinant yeast according to its consistently membrane-perturbing effect. By aligning the spike protein-encoding sequence of SARS-CoV-1, SARS-CoV-2, and MERS, Lai’s laboratory identifies three residues of variability leading to membrane-ordering development and great hydrophobicity. This may be the reason why SARS-CoV-2 appears much more contagious and infectious (Lai and Freed, 2021). Therefore, the recombinant yeast agent with RBD and FP domains would be more efficient than RBD alone. The RBD-FP subunits of spike protein fused encoding Aga2 peptide at the N-terminal expressed in the recombinant yeast (Figure 1). Yeast cells expressing foreign antigens can present through MHC-1 or MHC-2 inducible by APCs, which is recognized by CD81+ (cluster of differentiation) CTLs or CD41+ T helper cells, respectively, and then leads to proliferation, maturation, and activation of antigen-specific CTLs (Kumar and Kumar, 2019). Our study mainly focuses on the safety evaluation, the roles of gut microflora, and the change in antibody production. The key responsibility of the immune system toward spike RBD-FP involving T cells, γδT, NKT, and ILCs should be further investigated in the future.

The delivery of yeast probiotics after oral administration promotes mucosal immune response. The provoked immunity positively regulates the gut microflora, perhaps, in turn, retaining gut homeostasis by regulating the gut microflora, promoting mucosal immune response, and providing defense against infection. Perturbed mucosal immunity and dysbiosis accompany the clinical disease, including cancers, metabolic diseases, allergies, and immunologic disorders (Fukui et al., 2018). “Long COVID” is the new evidence. The gut microbiome changes are linked to disease severity both in adult patients and young children with COVID-19 (Yeoh et al., 2021; Nashed et al., 2022; Sun et al., 2022). Several gut commensals microbiota with known immunomodulatory potential were underrepresented in patients and remained low in samples collected up to 30 days after disease resolution. Moreover, the gut microbiota composition in COVID-19 patients is concordant with disease severity and magnitude of plasma concentrations of several inflammatory cytokines, chemokines, and blood markers of tissue damage. The pleiotropic effect of probiotics in fighting against influenza virus and other kinds of coronavirus have been estimated, and its role in COVID-19 is awaited from many ongoing clinical trials (Kurian et al., 2021). Tun’s study has identified specific gut microbiota markers associated with improved immune response and reduced adverse events following COVID-19 vaccines (Ng et al., 2022). In our study, the diversity analyses of the gut microbiome reveal that Moraxella osloensis, Roseomonas sp., and uncultured bacteria Oscillospira, Lachnospiraceae, and Nitrospira, Burkholderiaceae were the primary difference between the recombinant yeast and negative control group (p < 0.05, Meta Stats). Interestingly, Lachnospiraceae and Burkholderiaceae were enriched and played immunomodulatory roles in the rumen microbiome on feed efficiency (de Carvalho Filho et al., 2012; Fouhse et al., 2017). Gut microbiota in the ST1814G yeast control group was composed of several species, including Dickeya chrysanthemi, Rhodococcus sp. B-1016, Acidisoma tundrae, Pseudomonas lurida, Methylobacterium extorquens, Aeromicrobium erythreum, and Megasphaera elsdenii (p < 0.05, Meta Stats) (Supplementary Table 1), but none of them were recorded in immunomodulatory.

Interestingly, in the model of oral administration, recombinant yeast could be detected mainly in female fecal of the high-dose group. This result highlights that yeast agents pass through the stomach, small intestine, and large intestine throughout 4–24 h. Many uncultured bacteria, including Muribaculaceae, Halomonas, Ilumatobacter, Blastococcus, Dietzia, Gemmatimonadaceae, have significant differences between male and female yeast agents’ groups (Supplementary Table 1), which indicated gender differences in the gut microbiota related to diseases, such as irritable bowel syndrome (Mulak et al., 2014). Besides, gender influences both exposure to the virus and susceptibility to severe outcomes. Receptors for sex hormones are also expressed in immune cells, and thus, sex hormones play a role in establishing the sex difference in the immune response (Kim et al., 2020). Takahashi assessed immune phenotype in a sample group of COVID-19 patients and concluded that the number of non-classical monocytes and the level of CCL5 were higher in male patients, and activated CD8 T cell numbers were higher in female patients (Takahashi et al., 2020; Shattuck-Heidorn et al., 2021). Further research raises questions about whether the differences in immune response in men related to gut microbiota diversity, given an explanation of men’s preexisting higher mortality rates before the pandemic.

Overall, our study provides a new oral candidate vaccine against SARS-CoV-2 infection. The recombinant yeast enhanced antigen-specific mucosal and systemic immune responses. The composition of gut microbiota was significantly altered in yeast agent administration compared with the yeast group, perhaps promoting mucosal immune response, retaining gut homeostasis, and providing defense against infection. The study offers a new option with a non-invasive immunization strategy.
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Objective: The prevalence of colonization with multidrug-resistant organisms (MDRO) has increased over the last decade, reaching levels as high as 23% in certain patient populations. Active surveillance cultures (ASC) represent a valuable tool to identify patients colonized with MDRO to apply preventive measures, reduce transmission, and guide empiric antimicrobial therapy. There is a paucity of data evaluating the impact of admission ASCs to predict future infection. The aim of this study was to evaluate the concordance between ASCs results and the development of clinical infection by the same microorganism identified in the surveillance swab (“swab-related infection”), in hospitalized septic patients, and to evaluate the presence of specific risk factors associated with the development of a swab-related infection.

Methods: All adults admitted to the Diagnostic and Therapeutic Medicine Department of the University Hospital Campus Bio-Medico of Rome with a diagnosis of infection or any other medical reason with admission surveillance swabs (rectal or nasal) between January 2018 and February 2021 were included in the study. A retrospective chart review was conducted to identify patients that developed infections with concordant MDROs identified on ASC, and the risk factors for swab-related infection. Secondary outcomes were need of intensive care unit transfer, length of stay, sepsis or septic shock development, and all-cause mortality.

Results: A total of 528 patients were included in the study, of which 97 (18.3%) had a positive surveillance swab. Among patients with positive surveillance swabs, 18 (18.5%) developed an infection with the same microorganism recovered from the swab, 57 (58.8%) developed an infection with a different microorganism than that recovered from the surveillance swab, and 22 (22.7%) did not develop an infection during hospitalization. The number of colonized sites, an interventional procedure within the previous 3 months, a Systemic Inflammatory Response Syndrome (SIRS) score ≥ 2, and a quick Sequential Organ Failure Assessment (q-SOFA) score ≥ 2 were associated with a significantly higher risk of developing a swab-related infection. SIRS and q-SOFA scores ≥ 2 and procalcitonin ≥ 0.43 ng/ml help for identifying patients with a swab-related infection.

Conclusion: Patients with positive surveillance swabs were at increased risk for development of infections by the same MDRO identified in surveillance swabs (swab-related infection). This study is the first to show that the positivity of surveillance swabs, in combination with anamnestic data, PCT values, and SIRS or q-SOFA scores, serves as a valuable tool to help clinicians predict patients at higher risk for swab-related infection development and guide the administration of appropriate empiric antimicrobial therapy in septic patients.

Keywords: MDRO colonization, antimicrobial resistance (AMR), nasal and rectal surveillance swab, sepsis, procalcitonin, systemic inflammatory response syndrome (SIRS), quick Sequential Organ Failure Assessment (qSOFA), Sequential Organ Failure Assessment (SOFA)


INTRODUCTION

Antimicrobial resistance refers to the capability of some bacteria or fungi to resist to specific antimicrobial therapies (CDC, 2019).

Resistant pathogens including Clostridioides difficile and ESKAPE bacteria (Enterococcus faecium, S. aureus, K. pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) are responsible for more than 2.8 million infections in the United States, a doubled length of stay, and increased mortality (35–70% of infected patients) (Lübbert et al., 2014; Pisney et al., 2014; Tischendorf et al., 2016; Cella et al., 2017; Angeletti et al., 2018; Cancilleri et al., 2018; De Florio et al., 2018; CDC, 2019).

The proportion of patients with unfavorable outcomes and death increase with the spectrum of antimicrobial resistance (AR) ranging from 3.3% for methicillin-resistant Staphylococcus aureus (MRSA), to 5.7% for extended spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae, ∼8% for carbapenem-resistant Enterobacteriaceae (CRE), or Acinetobacter or multidrug-resistant Pseudomonas aeruginosa, and up to 9.9% in vancomycin-resistant Enterococcus (VRE) (CDC, 2019).

The prevalence of colonization with multidrug-resistant organisms (MDRO) progressively increased over the last 10 years, reaching 16.5% in 2016 and up to 23% in high-risk populations [oncohematologic patients or hospitalized in an intensive care unit (ICU)] (Lübbert et al., 2014; Pisney et al., 2014; Martin et al., 2016; Tischendorf et al., 2016). In our hospital, the estimated incidence of healthcare-associated infection (HAI) secondary to MDRO was 2.4 per 1,000 in-hospital days with more than 10% of these infections occurring in patients on internal medicine wards.

Prolonged ICU stay, need for mechanical ventilation, prior antimicrobial use, severe chronic comorbidities, and immunodeficiency are well-known risk factors for development of infection from colonization (Borer et al., 2012; Papadimitriou-Olivgeris et al., 2013). Infection development, however, mainly occurring in the lung, urinary tract, skin and soft tissue, and bloodstream, depends on the complex interaction between pathogen and host. Bloodstream infection (BSI) is facilitated by bacterial translocation from colonized sites or by contiguous contamination from skin (Wiest and Garcia-Tsao, 2005; Tischendorf et al., 2016; Shimasaki et al., 2019).

Identifying the presence of colonization by MDRO and applying preventive measures may reduce the occurrence of unfavorable outcomes and is associated with a 28% reduction in overall mortality (CDC, 2019). Previous studies showed that surveillance cultures may predict subsequent infections by MDRO (Papadomichelakis et al., 2008). In one study in the ICU setting, the colonization concordance rates between clinical and surveillance cultures were 70, 82, and 88% in the setting of Gram-negative intra-abdominal infection, ventilator-associated pneumonia (VAP), and BSI, respectively (Blot et al., 2005; Reddy et al., 2007; Papadomichelakis et al., 2008; Baba et al., 2011; MacFadden et al., 2018). A more intensive active surveillance culture (ASC) strategy (twice-weekly tracheal aspirates in intubated patients or pharyngeal swabs in non-intubated patients and once-weekly rectal swabs) increased the predictive power (Papadomichelakis et al., 2008). Furthermore, the shorter the time between positive surveillance cultures and infection, the better the concordance (Hayon et al., 2002).

In this context, the use of ASC represents a meaningful tool to predict development of infection and to improve antimicrobial stewardship. However, performance of ASC is cost and labor intensive and should be reserved for patients at high risk for colonization with MDRO, including residents of long-term-care facilities, those with neutropenia, those hospitalized within the previous month or receiving antibiotics within the previous 3 months, or those with age > 70 years (Siegel et al., 2017; Tseng et al., 2017). The Surviving Sepsis Guidelines advise incorporating prior culture data and known colonization into decisions for empiric antibiotic therapy, although data are limited and weak and adherence to this recommendation is unknown (Evans et al., 2021). Based on the high prevalence of MRSA infection in the United States (more than 50% of S. aureus isolates), the Infectious Diseases Society of America (IDSA) recommends empiric anti-MRSA therapy for hospital-acquired or ventilator-associated pneumonia (Mandell et al., 2007; Kalil et al., 2016; Weiner et al., 2016; Rhodes et al., 2017; Parente et al., 2018; Mergenhagen et al., 2020; Evans et al., 2021).

Recent data, furthermore, suggest that negative results in nasal swabs may guide antibiotics de-escalation for pneumonia (ATS/IDSA, 2019).

Conversely, data on resistant pathogen-related intra-abdominal, urinary tract, and wound infection are limited (Solomkin et al., 2010; Acquisto et al., 2018). IDSA guidelines indicate that MRSA coverage may be indicated in infected patients who have had multiple abdominal surgeries (Solomkin et al., 2010).

Biomarkers of infection such as neutrophil-to-lymphocyte and platelet-to-lymphocyte ratios (NLR), procalcitonin (PCT) value, and mid-regional pro-adrenomedullin (MR-proADM) value may help in diagnostic management, stratification of disease severity, and prognosis (Angeletti et al., 2016a,b; Spoto et al., 2018, 2019, 2020a,b, 2021). The highest diagnostic and prognostic ability was observed at the following cutoff values: NLR ≥ 7.97, PCT ≥ 0.5 ng/ml, and MR-proADM ≥ 1.50 nmol/l, as previously reported (Angeletti et al., 2016a,b; Spoto et al., 2018, 2019, 2020a,c, 2021). The diagnostic ability of these biomarkers significantly increased when the SIRS, q-SOFA, and SOFA scores were added to the model (Angeletti et al., 2016a,b; Spoto et al., 2018, 2019, 2020c, 2021).

The aim of this study was to evaluate the concordance between ASC results and the development of clinical infection by the same microorganism identified in the surveillance swab (“swab-related infection”), in hospitalized septic patients, and to evaluate the presence of specific risk factors associated with the development of a swab-related infection.



MATERIALS AND METHODS

This retrospective study was conducted between January 2018 and February 2021 and was approved by the Ethical Committee of the University Hospital Campus Bio-Medico of Rome (28.16TS Com Et CBM). Informed consent was not required for the retrospective design of the study.


Study Design and Patients’ Selection and Outcomes

The study was conducted at a 380 acute-care bed University Hospital in Italy (Campus Bio-Medico of Rome).

Patients included in the study were all patients admitted to the Diagnostic and Therapeutic Medicine Department of the University Hospital with a diagnosis of infection or any other medical reason, in whom nasal and rectal surveillance swabs were obtained because they had a high risk of colonization by resistant bacteria, accordingly with local infection control policy (Tseng et al., 2017). These patients were retrospectively and consecutively recruited.

The patients were defined as “at high risk of colonization by resistant bacteria,” when they were admitted from the emergency, medical, or surgical departments or the ICU or have been hospitalized within the previous month, accordingly with the local infection control policy (Tseng et al., 2017), based on the national multidrug-resistant pathogen epidemiology.

Local infection control policy indicates that ASCs (rectal and nasal) should be obtained from all patients considered at high risk of colonization by resistant bacteria including those admitted from the emergency, medical, or surgical departments or the ICU or have been hospitalized within the previous month (Tseng et al., 2017). Contact and/or precaution measurements were used for patients with positive results of nasal or rectal surveillance cultures. Clinical cultures were obtained when an infection is suspected. PCT and MR-proADM were measured at hospital admission and during hospitalization, as required, in all patients with a clinical suspicion of infection or to exclude infection.

We included for analysis all patients with a positive result of nasal or rectal surveillance swab and excluded patients < 18 years old, pregnant women, and those with no surveillance swab results.

Baseline patient characteristics were retrospectively collected from medical records including demographic information (age, sex category, BMI), swab-related information (data of sample, site of colonization, microbiological results), presence of comorbidities (cardiovascular, pulmonary, kidney, liver disease), immune status (active malignancy or other causes of an immunosuppression), treatments (corticosteroids, chemotherapy, radiotherapy, antibiotics), interventional procedures or hospitalizations within the previous 3 months, laboratory values (complete blood count, PCR, PCT, MR-proADM), clinical scores (e.g., SIRS, q-SOFA, SOFA), presence and type of infection, and microbiological results.

A clinical evaluation was performed in all patients at admission and at least three times a day during hospitalization by an Internist specialized in infectious disease who followed a methodological algorithm for the diagnosis and treatment of infection as previously reported (Spoto et al., 2020a). This algorithm includes the identification of the source of infection, aggressive source control, and the administration of tailored antimicrobial therapy incorporating patient-related and etiologic risk factors and PCT values (Spoto et al., 2019). A “Hit early and hit hard” antimicrobial therapy strategy was used in colonized patients presenting with critical illness and hemodynamic instability according to local antibiogram data, source of infection, PCT values, and antibiotic exposure or hospitalization within the previous month (Mehta et al., 2014; Tamma et al., 2020; Spoto et al., 2020a).

The primary outcome was identifying swab-related infections, and risk factors for swab-related infections in patients with positive ASCs. Secondary outcomes were need of ICU transfer, length of stay, sepsis or septic shock development, and all-cause mortality.



Definitions, Laboratory, and Microbiological Parameters

“Colonization” refers to patients carrying MDRO (K. pneumoniae, P. aeruginosa, A. baumannii, S. aureus, E. faecalis/E. faecium) without signs or symptoms of an infection but with the capability to spread microbes to others (Martin et al., 2016).

“Swab-related infection” refers to an infection developed by the same MDRO identified in the surveillance swab. Diagnosis of sepsis and septic shock was performed according to the Third Consensus Conference Criteria of 2016 when a q-SOFA or SOFA scores were ≥ 2 from baseline in the presence of an infection. Diagnosis and treatment of pneumonia and urinary tract, intra-abdominal, skin, soft tissue, bloodstream, and all other included infections were managed according to the available international guidelines (ATS, 2005; Mandell et al., 2007; Solomkin et al., 2010; Dennis et al., 2014; CDC, 2016; Singer et al., 2016; Siegel et al., 2017).

Complete blood count (CBC) was performed on whole blood by Sysmex XE-9000 (Dasit, Cornaredo, Italy) following the manufacturer’s instruction. NLR was calculated by the ratio between absolute values of neutrophils and lymphocytes. CRP was measured by Alinity c (Abbott Diagnostics, Abbott Park, IL, United States) following the manufacturer’s instruction. PCT and MR-proADM plasma concentrations were measured by an automated Kryptor analyzer, using a time-resolved amplified cryptate emission (TRACE) technology assay (Kryptor PCT; Brahms AG, Hennigsdorf, Germany) with commercially available immunoluminometric assays (Brahms) (Angeletti et al., 2016a,b, 2018; Cella et al., 2017; Cancilleri et al., 2018; De Florio et al., 2018; Spoto et al., 2018, 2019, 2020c, 2021).

Blood specimens from patients were collected in BACTEC bottles containing anaerobic or aerobic broth and resins. Blood culture bottles were incubated in a BACTEC FX instrument (Becton Dickinson, Meylan, France) until they resulted positive for bacterial growth or for a maximum of 5 days. Positive samples were cultivated in selective agar media. Growing colonies were identified by MALDI-TOF Brahms) (Angeletti et al., 2016a,b, 2018; Cella et al., 2017; Cancilleri et al., 2018; De Florio et al., 2018; Spoto et al., 2018, 2019, 2020a, 2021). Selective and nonselective media were used for microbiological cultures.

Nasal and rectal swabs were performed with BBL™ Culture Swab™. After collection, samples were inoculated directly to MacConkey agar and a chromogenic agar plate for CRE, VRE, and MRSA screening. All isolated bacteria were identified by a MALDI-TOF mass spectrometer (Bruker Daltonics, Billerica, MA, United States). The antimicrobial susceptibility was performed by Phoenix Instruments (BD, Beckton Dickinson, Franklin Lakes, NJ, United States), and MICs were interpreted according to Clinical and Laboratory Standards Institute (CLSI) M100-ED30 breakpoints.



Statistical Analysis

Categorical variables were expressed as counts and percentages and compared using the chi-squared or Fisher’s exact tests, as appropriate. Continuous variables were expressed as mean (standard deviation) or median (interquartile range) according to data distribution after applying the Wilk–Shapiro test and compared using the Student’s t-test or the Mann–Whitney U-test, as appropriate.

Patients with positive results of surveillance swab were classified by the presence of a swab-related infection (Group 1), the presence of an infection by a pathogen different from those detected by swab (Group 2), or the absence of an infection during hospitalization (Group 3).

In the primary analysis, a stepwise logistic regression model was performed including clinically relevant variables as regressor (age, sex category, presence of comorbidity, number of colonized sites, prior antibiotics use, prior interventional procedures, clinical risk scores, and inflammatory biomarkers).

Receiver operating characteristic (ROC) analysis was performed among independent variables associated with infection to define the cutoff point for SIRS, q-SOFA, SOFA score, and PCT values.

Data were analyzed using MedCalc 11.6.1.0 statistical package (MedCalc Software, Mariakerke, Belgium) and R (version 3.6.3, R Core Development Team, Vienna, Austria)1.




RESULTS

We obtained ACS of 528 patients admitted to the Diagnostic and Therapeutic Medicine Department from the emergency department (71.2%), other medical departments (8.2%), ICU (6.2%), or surgical department (3.1%), or from those who had been hospitalized within the previous month (11.3%), from a period since January 2018 to February 2021.

Patients were classified in three different groups: Group 1 included all patients with a swab-related infection (patients in whom the clinical infection was caused by the same MDRO identified as colonizer in the swab); Group 2 included all patients that developed an infection by a different pathogen from that detected in the swab; and Group 3 included all patients colonized by MDRO who did not developed any infection during hospitalization.

Overall, 431/528 (81.6%) had a negative surveillance swab and did not develop any infection. Conversely, 97/528 (18.4%) had a positive surveillance swab. Of these, 18/97 (18.6%) patients belonged to Group 1, while the remaining 57/97 (58.7%) patients corresponded to Group 2 and 22/97 (22.7%) patients belonged to Group 3 (Figure 1).
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FIGURE 1. Flowchart of the study groups.


In Groups 1 and 2, the median global frametime for developing an infection was 8 days: 6 days for Group 1 and 11 days for Group 2.


Baseline Characteristics of the Included Population

Table 1 shows the baseline patient characteristics distributed by Groups 1–3. Across all groups, the median age was similar (80.5 vs. 81.0 vs. 78.5 years) and nearly half were male (50.0 vs. 56.1 vs. 68.2%). Nearly two-thirds of patients in all groups were admitted from the emergency department (72.2 vs. 68.4 vs. 77.3%) while the remaining were admitted from a medical department (11.1 vs. 10.5 vs. 0%), surgical department (5.6 vs. 1.8 vs. 4.5%), or the ICU (11.1 vs. 3.5 vs. 9.1%) or had been hospitalized within the previous month (0 vs. 15.8 vs. 9.1%).


TABLE 1. Demographic characteristics, clinical scores, and inflammatory biomarkers of the study population classified into three different groups: Group 1, Group 2, and Group 3.
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Cardiovascular, cerebrovascular, and chronic kidney diseases were the most represented comorbidity, followed by autoimmune disease, chronic obstructive pulmonary disease, cancer, diabetes mellitus, and liver disease (Table 1).

A BMI < 25 kg/m2 (61.1 vs. 28.1 vs. 31.8%, p = 0.04), previous antibiotic treatment (66.7 vs. 49.1 vs. 22.7%, p = 0.02), and an interventional procedure within the previous 3 months (38.9 vs. 17.5 vs. 4.5%, p = 0.02) were more prevalent in Group 1, compared to the other groups.

A significantly higher proportion of patients in Group 1 had a SIRS (88.9 vs. 24.6 vs. 31.8%, p < 0.01) or q-SOFA (38.9 vs. 3.5 vs. 9.1%, p < 0.01) scores ≥ 2 and presented with sepsis (77.8 vs. 26.3 vs. 0%, p < 0.01) or septic shock (22.2 vs. 8.8 vs. 0%, p = 0.24). The proportion of patients with SOFA score ≥ 2 were similar in all three groups (83.3 vs. 70.2 vs. 63.6%, p = 0.38).

While the median values of PCT were significantly higher in Group 1 than in Groups 2 and 3 (1.1 vs. 0.2 vs. 0.2 ng/ml, p = 0.01), the median values of CRP (11.0 vs. 9.1 vs. 4.9 mg/dl, p = 0.50), MR-proADM (2.45 vs. 2.47 vs. 1.93 nmol/l, p = 0.40), and NLR (7.2 vs. 5.7 vs. 9.3) were similar across groups (Table 1).

Length of stay was higher in Group 1 than in Groups 2 and 3 (18 vs. 11 vs. 8.5 days, p < 0.01); only one patient in Group 2 needed an ICU admission during hospitalization, and a similar proportion of patients died in all 3 Groups (5.6 vs. 8.8 vs. 12.5 %, p = 0.78).



Site of Colonization and Infection

Rectal colonization was identified in 38.9% (7/18) of patients in Group 1 (CRE Klebsiella pneumoniae, 3 patients; VRE, 2 patients; MDR Klebsiella pneumoniae, 1 patient; ESBL positive Klebsiella pneumoniae, 1 patient), 64.9% (37/57) of patients in Group 2 (VRE, 19 patients; ESBL positive Klebsiella pneumoniae, 7 patients; MDR Klebsiella pneumoniae, 6 patients; CRE Klebsiella pneumoniae, 2 patients; MDR Acinetobacter baumannii, 1 patients; CRE Acinetobacter baumannii, 1 patient; CRE Pseudomonas aeruginosa, 1 patient), and 59.9% of patients (13/22) in Group 3 (VRE, 6 patients; ESBL positive Klebsiella pneumoniae, 4 patients; MDR Klebsiella pneumoniae, 2 patients; CRE Klebsiella pneumoniae, 1 patient), while nasal colonization by MRSA was found in 22.2% (4/18), 19.3% (11/57), and 22.7% (5/22) of patients, respectively (Table 2). In Group 1 than in Groups 2 and 3, the proportion of patients with more than one site of colonization was higher (38.9%, 7/18 vs. 14.0%, 8/57 vs. 18.2%, 4/22).


TABLE 2. Results of surveillance swab and concordant swab-related infection.
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In Group 1, 75.0% (3/4) patients with nasal MRSA colonization developed pneumonia and 25.0% (1/4) soft tissue infection. Furthermore, 66.7% (6/9) of patients with rectal colonization developed upper urinary tract infection, 11.1% (1/9) lower urinary tract infection, 11.1% (1/9) pneumonia, and 11.1% (1/9) intra-abdominal abscess.

In Groups 2 and 3 out of 10 patients (30.0%) with nasal MRSA colonization developed pneumonia, 3 (30.0%) lower urinary tract infection, 2 (20.0%) soft tissue infection, 1 (10.0%) upper urinary tract infection, and 1 (10.0%) intra-abdominal infection. Furthermore, 17 out of 44 patients (38.8%) with rectal colonization developed pneumonia, 12 (27.5%) upper urinary tract infection, 3 (6.9%) lower urinary tract infection, 3 (6.9%) intra-abdominal infection, 2 (4.5%) soft tissue infection, 1 (2.2%) spontaneous bacterial peritonitis, 1 (2.2%) septic arthritis, 1 (2.2%) catheter-related blood stream infection, 1 (2.2%) Clostridioides difficile infection, 1 (2.2%) surgical site infection, 1 (2.2%) endocarditis, and 1 (2.2%) phlebitis. Finally, among patients with > 1 site of colonization, 2 presented an intra-abdominal infection and 1 had endocarditis.

Overall, 7 patients (38.9%) in Group 1 and 15 patients (26.3%) in Group 2 had a BSI.



Multivariable Regression Model and Receiver Operating Characteristic Curves

The results of a stepwise logistic regression model revealed that the presence of a positive ASC was associated with a significantly higher risk of developing an MDRO infection compared to patients with a negative ASC (OR 6.3; 95% CI, 3.5–11.2, p < 0.019). In the former group, however, the number of colonized sites > 1 (OR 15.1; 95% CI, 1.7–212.1, p = 0.02), an interventional procedure within the previous 3 months (OR 7.1; 95% CI, 1.2–60.0, p = 0.04), a SIRS score ≥ 2 (OR 10.8; 95% CI, 1.8–103.6, p = 0.02), and a q-SOFA score ≥ 2 (OR 8.4; 95% CI, 1.2–103.6; 0.04) were associated with a significantly higher risk of developing a swab-related infection (Table 3).


TABLE 3. Stepwise logistic regression between Group 1 vs. Group 2 and between Group 1 vs. Group 3.
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The results of the ROC curve analysis shown as SIRS or q-SOFA scores ≥ 2, and PCT ≥ 0.43 ng/ml, significantly differentiated Group 1 vs. Group 2 and Group 1 vs. Group 3 (with PCT values > 0.77; Tables 4A,B and Figures 2A–D, 3A,B).


TABLE 4. ROC curve analysis of SIRS, q-SOFA, SOFA scores, NLR, PCR, PCT, and MR-proADM comparing Group 1 vs. Group 2 (Panel A) and Group 1 vs. Group 3 (Panel B).
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FIGURE 2. ROC curves: SIRS criteria Group 1 vs. Group 2 (A), q-SOFA criteria Group 1 vs. Group 2 (B), SIRS Criteria Group 1 vs. Group 3 (C), and q-SOFA criteria Group 1 vs. Group 3 (D). AUC, area under the curve; q-SOFA, quick Sequential Organ Failure Assessment; SIRS, systemic inflammatory response syndrome; SOFA, sequential organ failure assessment.
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FIGURE 3. ROC curve: procalcitonin (PCT) Group 1 vs. Group 2 as unique biomarker discriminating Group 1 from Group 2 (A) and PCT Group 1 vs. Group 3 as unique biomarker discriminating Group 1 from Group 2 (B). AUC, area under the curve; q-SOFA, quick Sequential Organ Failure Assessment; SIRS, systemic inflammatory response syndrome; SOFA, sequential organ failure assessment.





DISCUSSION

Our results suggest that identification of MDRO on ASC at the time of hospital admission is associated with a significantly increased risk for developing an infection by the same microorganism during hospitalization time. This finding provides critical information to guide empiric antimicrobial management in the setting of sepsis. Colonization with MDRO among hospitalized patients has increased over the last several decades. Indeed, we identified an 18.6% rate of MDRO colonization based on ASCs in our study, which is similar to recent estimates (Tischendorf et al., 2016). Rapid identification of colonized patients represents a meaningful tool for guiding initial empirical antibiotic therapy and antimicrobial stewardship efforts.

Several factors were associated with an increased risk of swab-related infection. A positive ASC at the time of admission, the presence of SIRS or q-SOFA score ≥ 2, PCT > 0.43, number of colonized sites > 1, and the execution of an interventional procedure within the previous 3 months were independently associated with an increased risk of a swab-related infection.

Used in combination, anamnestic variables (number of colonized sites, previous interventional procedures), clinical scores, laboratory markers, and ASC results could be applied in an algorithmic way to guide the prompt administration of appropriate empiric antimicrobial therapy, resulting in decreasing mortality and length of stay (LOS) in patients with sepsis or septic shock (Spoto et al., 2020a). Implementation of this strategy among patients in our study may explain the low number of ICU transfers (1.0%) and low mortality rate (8.2%); however, additional studies are needed to determine if this approach is associated with improved outcomes (Spoto et al., 2020b).

Our study also affirms the importance of clinical scores and laboratory markers in the management of infection.

SIRS and q-SOFA scores are easily calculated and rapidly identify patients at high risk of severe infections due to sepsis and septic shock. In patients with positive ASCs or a SIRS or q-SOFA score ≥ 2, PCT > 0.43 was associated with an increased risk of swab-related infection, which aligns with prior studies linking clinical scores and PCT with severe infection.

PCT confirms its role for approaching to an infectious process with higher values in Group 1 (MDRO-infected patients) than other inflammation biomarkers such as CRP and MR-proADM that were found to be comparable in the three groups, expressing a similar state of inflammation in the 3 groups.

Indeed, in line with recent literature, the use of PCT as a marker in septic patients significantly reduces the development of infections caused by MDRO or Clostridioides difficile, 28-day mortality, median length of antibiotic therapy, and relative cost of hospitalization (Kyriazopoulou et al., 2021).

The results of our study confirm the suggestion of the Surviving Sepsis Guidelines that advise the implementation of prior culture data and known colonization into decisions for empiric antibiotic therapy (Evans et al., 2021).

Furthermore, this study is the first to show that the combination of the results of ASCs and PCT, in addition to clinical and anamnestic data, can guide appropriate clinical and antibiotic management. Interestingly, the SOFA score did not show a significant association with the risk of swab-related infection. This may have been secondary to the low proportion of patients in our study admitted to the ICU.

Our results are in line with previous studies in which the use of an adequate clinical management represented a key factor for a prompt diagnosis and for the administration of an appropriate empiric therapy (Dennis et al., 2014; Mehta et al., 2014; Angeletti et al., 2016a,b; CDC, 2016; Singer et al., 2016; Spoto et al., 2018, 2019, 2020a,b,c, 2021; Tamma et al., 2020).

Conversely, in our groups of patients, the duration of antimicrobial therapy, described by multiple works as a risk factor for bacterial transmigration from gut permeability, which could lead to the development of clinical infection by colonizing microorganisms, was not found (Antimicrobial Resistance Collaborators, 2022).

Inadequate antimicrobial therapy, monotherapy, and AR are extremely linked, increasing the rate of severe infections such as in the case of ESKAPE pathogens which impact on mortality and global economy (Kumar et al., 2010; Mehta et al., 2014; de Jong et al., 2016; Tamma et al., 2020; Spoto et al., 2020a).

The use of ASCs in targeted, high-risk patient populations represents a meaningful tool that may be used in daily clinical practice in order to predict swab-related MDRO infections and optimize antimicrobial therapy, and may improve other important outcomes such as cost, LOS, and mortality. Negative results of ASCs in patients without risk factors for MDRO infections facilitate the administration of standard antimicrobial regimens based on local resistance patterns. Conversely, positive ASC results facilitate the rapid administration of appropriate empiric antimicrobial therapy, as well as appropriate isolation of colonized patients, in order to minimize the risk of transmission to other patients and healthcare workers.

Our study aims at helping clinicians to recognize the patients at risk for developing sepsis or septic shock by colonizing MDRO, and to individualize an optimal empirical antibiotic therapy before blood culture or other microbiological results that could be available or give negative results for taking clinical decisions.

Between 97 patients with a surveillance swab positivity, 18/97 (18.6%) developed an infection caused by the same MDRO. Even, in this 18% of patients, a positive ASC was predictive of a clinical infection with a swab-related infection, accordingly with literature. Altogether, ASCs, anamnestic data, PCT value, SIRS, or q-SOFA clinical scores provide vital information in clinical decision making.



CONCLUSION

Patients with positive surveillance swabs were at an increased risk for development of concordant MDRO infections (swab-related infection). This study is the first to show that the positivity of surveillance swabs, in combination with anamnestic data, PCT values, and SIRS or q-SOFA scores, serve as a valuable tool to help clinicians predict patients at higher risk for swab-related infection development and guide the administration of appropriate empiric antimicrobial therapy in septic patients.
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Escherichia coli sequence type 405 is an emerging antibiotic-resistant clonal group associated with the global dissemination of extended-spectrum β-lactamase-producing E. coli. In this study, we report the genome assembly and characterization of a uropathogenic E. coli ST405 strain, SZESBLEC201, based on long and short reads obtained from the Nanopore and Illumina sequencing platforms, respectively. Whole-genome sequencing revealed that SZESBLEC201 harbors a 5,020,403 bp chromosome and three plasmids, namely, pSZESBLEC201-1, pSZESBLEC201-2, and pSZESBLEC201-3. pSZESBLEC201-1 (111,621 bp) belongs to the IncFIA-FIB type and harbors blaCTX-M-15. However, this plasmid does not harbor conjugative transfer-associated genes, rendering pSZESBLEC201-1 unable to be conjugatively transferred. pSZESBLEC201-2 (95,138 bp) is a phage-like plasmid that shows a strong genome synteny with Escherichia phage P1 but with the absence of mobile genetic elements and some regulatory genes. pSZESBLEC201-3 (92,865 bp) belongs to the IncI1 type and carries blaCTX-M-24. In contrast to pSZESBLEC201-1, pSZESBLEC201-3 retains its full active conjugation machinery and can be transferred via conjugation. The genetic features of the genome show that the SZESBLEC201 has a unique virulence pattern compared with genetically similar strains found in the same country (China). The plasmid backbones exhibit a high degree of similarity to those of geographically distant isolates, highlighting the global spread of blaCTX-M genes and the genome plasticity of this clonal group. The coexistence of two blaCTX-M variants in the same strain increases the risk of the emergence of new blaCTX-M variants. Further studies on phage-like plasmids are necessary to provide insights into their biological activities and clinical significance.
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INTRODUCTION

Uropathogenic Escherichia coli (UPEC) is the predominant etiological agent in urinary tract infections (UTIs), accounting for 75–85% of uncomplicated UTI cases globally (Flores-Mireles et al., 2015). The 2016–2017 Study for Monitoring Antimicrobial Resistance Trends in China revealed that UPEC accounted for 60.5% of all UTI cases in the country; 59.0% of these cases (hospital acquired) and 64.3% (community acquired) were caused by extended-spectrum β-lactamase (ESBL) producers (Zhang et al., 2019). ESBLs are the enzymes capable of hydrolyzing penicillin, cephalosporins, and monocyclic amide antibiotics, thus limiting treatment options (Bush and Bradford, 2019). Over a dozen ESBL family proteins have been identified, with blaCTX-M being the most prevalent. CTX-M-type β-lactamases are grouped into six sublineages based on amino acid sequence similarity: blaCTX-M Group 1, blaCTX-M Group 2, blaCTX-M Group 8, blaCTX-M Group 9, blaCTX-M Group 25, and the Kluyvera cryocrescens (KLUC) group (Mathers et al., 2015). The distribution of blaCTX-M variants in China (both hospital and community isolates) differs from those in most countries, where blaCTX-M-15 is predominant (Bevan et al., 2017). The nationwide surveillance program in China in 2011-2012 reported that the blaCTX-M-14 variant belonging to blaCTX-M Group 9 was predominant in all blaCTX-M-positive UPEC isolates (37%), followed by the blaCTX-M-55 (20%) and blaCTX-M-15 (14%) variants, both of which belong to blaCTX-M Group 1 (Xia et al., 2014). Similar prevalence patterns of blaCTX-M have also been observed in E. coli strains isolated from food animals and community-acquired urinary tract, respiratory, wound, and blood infections in China (Rao et al., 2014; Zhang et al., 2014). These findings suggest a cross-sectoral transmission of ESBL-producing E. coli from food animals to humans. The transmission routes could be through direct contact with colonized animals, their body fluid, or excreta or through the consumption of contaminated food (Zhang et al., 2014). One study has shown that identical plasmid-bearing ESBL genes were present in genetically unrelated human and animal E. coli isolates (de Been et al., 2014). These findings indicate that the horizontal gene transfer of ESBLs via the dissemination of mobile genetic elements among animal and human isolates plays a greater role than the clonal spread of bacterial isolates (de Been et al., 2014). CTX-M-type ESBLs are associated with international multidrug-resistant (MDR) high-risk clones such as E. coli sequence-type (ST) clonal groups 131, 38, and 405 (Mathers et al., 2015). E. coli ST405 is the most prevalent clonal group among blaCTX-M-15-carrying E. coli isolates (Xia et al., 2014).

Compared with other pathogenic E. coli, a higher proportion of UPEC isolates from China harbor two blaCTX-M groups. The most common blaCTX-M combinations coexisting in a single UPEC isolate are blaCTX-M-55 and blaCTX-M-14 or blaCTX-M-15 and blaCTX-M-14 (Xia et al., 2014). However, the reports of blaCTX-M-15 and blaCTX-M-24 variants coexisting in the same strain are scarce. We recently isolated MDR E. coli ST405 from a patient suffering from a UTI. The strain harbored a blaCTX-M-15-encoding IncFIA-FIB plasmid, a blaCTX-M-24-encoding IncI1 plasmid, and a phage-like plasmid. ST405 is a common extraintestinal pathogenic E. coli clone associated with the global spread of ESBLs, most notably the blaCTX-M groups (Peirano and Pitout, 2019). E. coli ST405 has recently caused several outbreaks in China (Li et al., 2021), raising concerns about its public health threat. Understanding the mechanisms underlying its increasing ability to cause outbreaks requires an in-depth knowledge of the genetic features of ST405. blaCTX-M-24 has been found in IncP1 (Hounmanou et al., 2021), IncFII (Yang et al., 2020), IncH1B-FIB (Shen et al., 2019), and IncFI plasmids (Nguyen et al., 2010). However, there are no complete sequences of IncI1 plasmids carrying blaCTX-M-24 in publicly available genome databases. blaCTX-M-15 predominates in IncI1-type plasmids, followed by blaCTX-M-1 (Carattoli et al., 2021). To understand the antibiotic resistance dissemination potential of SZESBLEC201, we characterized its genome based on long and short reads obtained from the Nanopore and Illumina sequencing platforms, respectively.



MATERIALS AND METHODS


Bacterial Isolate and Antimicrobial Susceptibility Testing

The MDR E. coli isolate SZESBLEC201 was recovered from a urine specimen of a patient suffering from a UTI on the fourth day of hospitalization. The minimum inhibitory concentrations (MICs) of ampicillin, amoxicillin/clavulanic acid, amikacin, aztreonam, chloramphenicol, ceftazidime, ciprofloxacin, cefotaxime, cefazolin, cefepime, gentamicin, imipenem, levofloxacin, meropenem, piperacillin, ampicillin/sulbactam, trimethoprim/sulfamethoxazole, tetracycline, and piperacillin/tazobactam were determined by the microdilution method. The inhibition zone diameter of cefoperazone/sulbactam was determined by the Kirby-Bauer disk susceptibility test, and the breakpoints were interpreted according to the manufacturer’s recommendations (Bio-Rad, Marnes-la-Coquette, France). E. coli reference strain ATCC25922 was used as quality control. The MIC values were interpreted according to the Clinical and Laboratory Standard Institute’s Performance Standards for Antimicrobial Susceptibility Testing 29th Edition.



Conjugative Mating, S1-PFGE, and Southern Blot Hybridization

The conjugative transferability of plasmids in SZESBLEC201 was investigated by solid mating conjugation as previously described (Rodriguez-Grande and Fernandez-Lopez, 2020). blaCTX-M-producing SZESBLEC201 and E. coli J53 strains served as a blaCTX-M donor and recipient for the conjugative mating pair, respectively. The mating inoculum was diluted and spread onto four Luria-Bertani agar plates supplemented with 3.4 mM sodium azide and 8 μg/ml cefotaxime for transconjugant selection. After incubation at 37°C overnight, three colonies were randomly selected from each selective agar plate for subsequent S1-nuclease digestion followed by pulsed-field gel electrophoresis (PFGE) as previously described (Barton et al., 1995). Southern blot hybridization was performed, and the presence of plasmids carrying blaCTX-M Group 1 and blaCTX-M Group 9 genes was detected using digoxigenin-labeled probes (Saladin et al., 2002). FIB replicons in plasmids were also detected using a RepFIB specific probe derived from a PCR-based replicon-typing scheme (Carattoli et al., 2005). The primer pairs used to synthesize the hybridization probes are listed in Supplementary Table 1.



DNA Purification and Whole-Genome Sequencing

Total DNA was purified from overnight culture using Qiagen Genomic-tip 100/G columns (Qiagen, Germantown, MD, United States) per the manufacturer’s instructions. Whole-genome sequencing (WGS) was performed on the Illumina HiSeq 2500 platform and the Oxford MinIon Nanopore platform. FastQC (version 0.11.9)1 and NanoQC (Version 0.9.4)2 were used to assess the quality of short reads generated by Illumina and long reads generated by MinIon, respectively. High-quality long reads were assembled de novo using Canu (version 2.1.1)3 (Koren et al., 2017). Contigs were circularized by Circlator4 using the following parameters: merge_min_id, 85; merge_breaklen, 1,000; bwa_opts, -x ont2d; assembler, canu (Hunt et al., 2015). High-quality short reads were used to correct circularized contigs with two iterations of Pilon (version 1.24)5 (Walker et al., 2014) correction and one round of Racon (version 1.4.3)6 (Vaser et al., 2017) polishing. All programs were run with default parameters unless otherwise specified.



Bioinformatic Analysis

Gene predictions were performed using Glimmer (version 3.02b)7 (Delcher et al., 2007). Gene features and functions were manually annotated using the following databases: RAST tool kit on the Pathosystems Resource Integration Center (PATRIC) Bioinformatics Resource Center8 (Davis et al., 2020), Gene Ontology Resource,9 Database of Clusters of Orthologous Genes,10 and Kyoto Encyclopedia of Genes and Genomes.11 Multilocus sequence typing (MLST), plasmid MLST (pMLST), acquired resistance genes, acquired virulence factors, and plasmid incompatibility replicon types (Inc.) were identified from the Center for Genomic Epidemiology website12 (Larsen et al., 2012; Zankari et al., 2012; Carattoli et al., 2014; Joensen et al., 2014). Insertion sequences were identified by using ISfinder13 (Siguier et al., 2006). The genetic features presented as a circular map of the chromosome were created using PATRIC. The closest relatives of the SZESBLEC201 genome in China were identified using Mash/MinHash in the PATRIC Similar Genome Finder function (Ondov et al., 2016). The multiple-sequence alignment of single-copy orthologous genes shared by all similar genomes was performed using MAFFT version 714 (Katoh and Standley, 2013). Aligned sequences were concatenated to generate whole-genome alignment for subsequent maximum likelihood phylogenetic tree construction by FastTree15 (Price et al., 2009). The PATRIC Similar Genome Finder and BLASTn were used to search for possible homologous plasmid sequences (Ondov et al., 2016). The five plasmids with the highest bit score of the query plasmids were retrieved for subsequent comparative analyses. The genetic features presented as circular maps of each plasmid were obtained using the CGView server.16 A comparative analysis of plasmids was performed using BLAST Ring Generator version 0.9517 (Alikhan et al., 2011) and Easyfig (version 2.2.3)18 (Sullivan et al., 2011). The Bayesian Markov chain Monte Carlo method implemented in the BEAST2 package was used to identify plasmid evolution over time with the GTR-I substitution model (Bouckaert et al., 2014).




RESULTS


Antimicrobial Resistance Profile

The SZESBLEC201 isolate was resistant to ampicillin, aztreonam, ceftazidime, ciprofloxacin, cefotaxime, cefazolin, cefepime, gentamicin, levofloxacin, piperacillin, trimethoprim/sulfamethoxazole, and tetracycline. It was susceptible to amoxicillin/clavulanic acid, amikacin, chloramphenicol, imipenem, meropenem, ampicillin/sulbactam, cefoperazone/sulbactam, and piperacillin/tazobactam (Supplementary Table 2).



Conjugative Mating, S1-PFGE, and Southern Blot Hybridization

S1-PFGE showed that SZESBLEC201 harbored two plasmids, which were approximately 110 and 90 kbp in size (Figure 1A). WGS analysis identified a third plasmid. Randomly selected transconjugant TcJ53-CTX-M acquired the 90 kbp plasmid from donor SZESBLEC201, confirming the conjugative transferability of the plasmid. Transconjugant TcJ53-CTX-M inherited the 3rd and 4th cephalosporin-resistant traits from donor SZESBLEC201 after the acquisition of the blaCTX-M-bearing plasmid. Southern blot hybridization indicated that the blaCTX-M gene belonged to the Group 9 sublineage and was located on the 90 kbp plasmid (Figure 1B), whereas the blaCTX-M gene belonged to the Group 1 sublineage and was located on the 110 kbp plasmid (Supplementary Figure 1).
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FIGURE 1. S1-PFGE plasmid pattern and Southern blot for strain SZESBLEC201 and transconjugant TcJ53-CTX-M. (A) PFGE result for S1-digested plasmids of strain SZESBLEC201. Lanes 1 and 14: plasmid profile of strain SZESBLEC201, Lanes 2–13: plasmid profile of transconjugant TcJ53-CTX-M. Lane M: New England Biolabs MidRange PFG marker. (B) Southern blot hybridization with probe specific to blaCTX-M Group 9.




General Genomic Features of the SZESBLEC Isolate

The final assembled and circularized SZESBLEC201 genome consisted of 5,320,027 bases (Supplementary Table 3). Whole-genome MLST revealed that SZESBLEC201 belongs to ST405. ResFinder found that the SZESBLEC201 chromosome carries a multidrug transporter mdfA gene. The ciprofloxacin resistance was due to the mutations in the chromosomally located gyrA gene (substitutions S83L and D87N), parC gene (substitution S80I), and parE gene (substitution S458A). The chromosome of SZESBLEC201 had a GC content of 50.79%, and this genome had 5,114 coding sequences (CDSs), 85 transfer RNA (tRNA) genes, and 22 ribosomal RNA genes. A total of 2,724 genes were classified into 12 subsystems based on their specific biological process or structural complex (Figure 2). The largest percentage of these genes were metabolism-associated genes (37%), followed by energy-associated genes (14%), and protein processing genes (10%).
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FIGURE 2. Circular representation of strain SZESBLEC201 chromosome. (A) From the outer to inner rings: the assembled contig, forward strand CDSs, reverse strand CDSs, RNA genes, CDSs with homology to known transporters, CDSs with homology to known virulence factors, genome GC content, and distribution of the GC skew. Colors of the CDSs on the forward and reverse strand indicate the subsystems that these genes belong to. (B) Proportions of each subsystem in the strain SZESBLEC201 chromosome.


WGS analysis revealed three plasmids present in the SZESBLEC201 genome, designated as pSZESBLEC201-1 (111, 621 bp), pSZESBLEC201-2 (95,138 bp), and pSZESBLEC201-3 (92,965 bp) (Supplementary Table 3). pSZESBLEC201-2 and pSZESBLEC201-3 were similar in size; they were not resolved in the S1-PFGE and appeared as one band on the agarose gel (Figure 1A). Southern blot hybridization with the RepFIB-specific probe confirmed the presence of a phage-like plasmid (pSZESBLEC201-2) that had a similar size to the blaCTX-M-24-bearing plasmid (pSZESBLEC201-3) (Supplementary Figure 2). The RepFIB replicon was present in both the blaCTX-M-15-bearing plasmid (pSZESBLEC201-1) and the phage-like plasmid (pSZESBLEC201-2), but it was absent from the blaCTX-M-24-bearing plasmid (pSZESBLEC201-3). pSZESBLEC201-1 was found to carry multi-replicons (FAB formula F-:A1:B1) that had a 51.25% GC content. pSZESBLEC201-1 was found to carry multiple resistance genes, including the ESBL-producing blaCTX-M-15 gene, sulfonamide resistance dihydropteroate synthase sul1, the aminoglycoside resistance aac(3′)-IIa and aadA5 genes, trimethoprim resistance dihydrofolate reductase dfrA17, and the tetracycline resistance gene tet(B). pSZESBLEC201-2 was a phage-like plasmid with a 48.06% GC content and carried no antibiotic resistance genes. pSZESBLEC201-3 was found to be an IncI1/ST166 plasmid under the pMLST scheme. It had a 49.86% GC content and carried only one resistance-encoding gene, the ESBL-producing blaCTX-M-24 gene.



Comparative Genome Analysis of the SZESBLEC201 Isolate

Twenty-seven E. coli strains isolated in China that are genetically closely related to SZESBLEC201 were retrieved by the Mash/MinHash-based Similar Genome Finder in PATRIC (Supplementary Table 4). Among the retrieved strains, 14 strains were isolated from humans, while the others were isolated from animals or sewage. Twenty strains were ST405, four strains were ST38, two strains were ST2003, and one strain was ST6802. A phylogenetic tree based on single-copy orthologous genes showed that SZESBLEC201 was grouped with E. coli strain FC10254, sharing 98.86% similarity (Figure 3). The genomes of SZESBLEC201 and the 27 E. coli strains were screened with Virulence Finder (Figure 3) to clarify their virulence potential (Joensen et al., 2014). SZESBLEC201 had a unique virulence factor pattern that was not found in the other 27 genetically close related E. coli strains. Both autotransporter and chaperone-usher fimbriae were absent, while colicin-Ia (cia) was uniquely present in SZESBLEC201. The cia gene was located on plasmid pSZESBLEC201-3. This is a channel-forming class of colicin that causes cytoplasmic membrane depolarization, providing a competitive colonization advantage (Waters and Crosa, 1991). Enteroaggregative immunoglobulin repeat protein (air), outer membrane hemin receptor (chuA), capsule polysaccharide export inner-membrane protein (kpsE), and tellurium ion resistance protein (terC) were universally present in all analyzed genomes. The plasmid profiles were determined using PlasmidFinder (Carattoli et al., 2014). The results showed that the plasmid profiles of the 28 analyzed genomes are diverse, although identical plasmid profiles are shared by strains isolated from the same collection center (Figure 3 and Supplementary Table 4). The E. coli GZB8C2M genome contained the greatest number of replicons identified under the PlasmidFinder typing scheme. IncF-type plasmids (including IncFIA, IncFIB, and IncFII) were the most abundant, being identified in 20 of the analyzed genomes. The second most abundant plasmid was the col-like plasmid, being identified in nine analyzed genomes. The p0111-like plasmid was found in five of the 28 analyzed genomes. No plasmid profiles similar to that of SZESBLEC201 were identified. There were three sets of identical plasmid Inc profiles found in the analyzed genomes (Figure 3). The first set (strains WCHEC1837, WCHEC4533, and WCHEC96200) consisted of FIA, FIB, and FII replicons, the second set (strains R8, R10, R13, R20, and R5) consisted of col-like and IncY replicons, and the third set (strains swine30 and swine 64) consisted of FIB and FII replicons. The plasmid sequences of WCHEC1837, WCHEC4533, and WCHEC96200 were retrieved from GenBank for comparison and found the IncFIA-FIB-FII-type plasmid harboring blaCTX-M-15 overlapped in the three strains (data not shown). The other strains showing identical plasmid profiles neither had raw sequencing data available for the reconstruction of plasmid sequences, nor were complete plasmid sequences deposited, precluding the identification of other overlapped plasmids within the selected genomes.


[image: image]

FIGURE 3. Phylogeny, virulence factors, plasmid profiles, and antibiotic resistance of strain SZESBLEC201 and its genetically similar strains in China. The whole-genome phylogenetic tree was constructed using the maximum likelihood method from concatenated single-copy orthologous genes shared by analyzed genomes. Sequence types, virulence factors, plasmid Inc. typing, and antibiotic resistance were respectively determined by multi-locus sequence typing (MLST), VirulenceFinder, PlasmidFinder, and ResFinder on Center for Genomic Epidemiology.


The presence of antibiotic resistance genes in the analyzed genomes was also investigated using ResFinder (Zankari et al., 2012). Thirty-four acquired antibiotic resistance genes were identified (Figure 3), with an average of nine genes per genome. Aminoglycoside resistance-associated and ESBL-producing genes were present in all 28 analyzed genomes, indicating genotypic resistance against aminoglycoside and β-lactam antibiotics. In addition to SZESBLEC201, the genomes of E. coli Z1002 and EBJ2003 harbored more than one blaCTX-M variant. blaCTX-M-14 and blaCTX-M-15 were found in the genome of Z1002, whereas blaCTX-M-14 and blaCTX-M-55 were found in the genome of EBJ2003. Similar to the SZESBLEC201 genome, different blaCTX-M variants in the genomes of Z1002 and EBJ2003 are located on separate plasmids. S83L substitution in gyrA was present in all analyzed genomes. Double substitution (S83L and D87N) in gyrA was found in 21 genomes, among which, 18 were ST405 strains. S80I substitution in parC was found in 22 genomes, 18 of which belonged to ST405. S458A substitution in parE was also found in the same 18 ST405 strains.



Comparative Analysis of pSZESBLEC201-1

The similar Genome Finder search in PATRIC showed that pSZESBLEC201-1 had the closest relatedness (81% query coverage and 99.98% identity) with a previously reported plasmid, pECO-824 (accession no. CP009860), which was isolated from the carbapenemase-producing E. coli strain ECONIH1 in the United States (Conlan et al., 2014). The other similar plasmids identified were uk_P946212 (73% query coverage, 99.97% identity) from E. coli strain uk_P46212 isolated in the United Kingdom, AR_0137 (76% query coverage, 99.92% identity) from E. coli strain AR_0137 isolated in the United States, pEC958 (65% query coverage, 99.23% identity) from E. coli strain EC958 isolated in Australia, and AR_0014 (71% query coverage, 99.92% identity) from E. coli strain AR_0014 isolated in the United States (Figure 4A and Supplementary Figure 3). pSZESBLEC201-1 and pECO-824 shared an ∼80 kbp backbone containing the majority of genes responsible for replication, immunity, virulence, regulation, metabolism, plasmid stability, and transportation. However, the two plasmids possessed markedly varied resistance regions (Figure 5A). Resistance genes dfrA17, aadA5, sul1, aac(3′)-IIa, tmrB, blaCTX-M-15, and tet(B) were located in the position of the 73–90 kbp region of pSZESBLEC201-1. By contrast, pECO-824 possessed two resistance regions, mph(A), sul1, and aadA5 were located in a 10 kbp-sized MDR region, and there was a blaCTX-M-15 region located ∼50 kbp downstream of the MDR region. The MDR region of plasmid AR_0137, which carried resistance genes aac(6′)-Ib, blaOXA, aac(3′)-IIa, tmrB, blaCTX-M-15, drfA17, aadA5, sul1, mph(A), and tet(B), exhibited the highest degree of homology (76% query coverage and 99.76% identity) with that of pSZESBLEC201-1 among all similar plasmids. A significant number of conjugative transfer-associated genes present in the five plasmids most similar to pSZESBLEC201-1 were not present in pSZESBLEC201-1 itself (Supplementary Figure 3). This finding was consistent with the conjugation experiment result, indicating that this plasmid is not conjugatively transferable.
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FIGURE 4. Comparative schematic representation of pSZESBLEC201-1, pSZESBLEC201-2, and pSZESBLEC201-3 with their closest related plasmids. (A) Multiple genome comparison using BLAST ring image generator (BRIG) with pSZESBLEC201-1 as the reference. (B) Multiple genome comparison using BRIG with pSZESBLEC201-2 as the reference. (C) Multiple genome comparison using BRIG with pSZESBLEC201-3 as the reference.
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FIGURE 5. Linear comparison of pSZESBLEC201-1 and pSZESBLEC201-3 resistance regions with those of their closest related plasmids. (A) Comparison of pSZESBLEC201-1 MDR region with those of plasmids AR_0137, pEC958, AR_0014, uk_P46212, and pECO-824. (B) Comparison of the genetic environment surrounding blaCTX-M in pSZESBLEC201-3, pSF-468-2, pCREC-591_1, pKHSB1, pTC_N40607, and pD3_B. Open reading frames are indicated with arrows. Homologous regions in different plasmids are linked with turquoise coloring, and degrees of homology are denoted by color depth. Red, bright green, gray, yellow, purple, and fuchsia represent genes associated with antibiotic resistance, catalytic activity, hypothetical proteins, regulation, transportation, and mobile genetic elements, respectively.


The genetic environment of the blaCTX-M-15 structure in pSZESBLEC201-1 was compared with those of the five plasmids with high pSZESBLEC201-1 similarity retrieved from PATRIC (Figure 5A). In pSZESBLEC201-1, AR_0137, and AR_0014, the blaCTX-M-15 genes were found to be located within the same genetic contexts. Either a complete or partial insertion sequence ISEcp1 was found upstream and in the same orientation as the blaCTX-M-15 genes and also at the same distances from the blaCTX-M-15 genes; the tryptophan synthase trp proximally flanked the blaCTX-M-15 genes downstream with the transposase Tn2 and insertion sequence IS26 being located further, forming an ISEcp1–blaCTX-M-15–trp–Tn2–IS26 unit. pEC958 and uk_P46212 had identical genetic contexts downstream of the blaCTX-M-15 genes to those of pSZESBLEC201-1, AR_0137, and AR_0014 but varied in the genes upstream of the blaCTX-M-15. IS15DI and IS26 was found located upstream of the blaCTX-M-15 genes in pEC958 and uk_P46212, respectively. In the case of pECO-824, the blaCTX-M-15 was flanked by the ISEcp1 upstream and the trp downstream, but the adenine-specific methyltransferase A-Mtase was found located proximal to trp, forming an ISEcp1–blaCTX-M-15–trp–A-Mtase unit.



Comparative Analysis of pSZESBLEC201-2

A comparative analysis was performed with the chosen reference genome Escherichia phage P1 (accession no. MH42254). pSZESBLEC201-2 was found to have a strong nucleotide sequence identity with the chosen P1 reference genome (86% query coverage, 97.61% identity) (Figure 4B and Supplementary Figure 4). The replication region of pSZESBEC201-2 corresponded to the phage P1 replicons (including RepFIB, GIY-YIG nuclease, parA, and parB) and flanking regions, sharing 100% nucleotide identities. Three major regions, including two copies of truncated transposase TnAs1, a TonB-dependent receptor upstream of the modulator, and the transcription regulator lexA upstream of error-prone repair gene umuD, were missing in pSZESBLEC201-2 but were present in the P1 reference genome (Supplementary Figure 4).

The five plasmid sequences that were most highly homologous to pSZESBLEC201-2 were identified using the Similar Genome Finder on PATRIC and BLAST searches. The plasmid sequences were retrieved from the GenBank database for comparison with pSZESBLEC201-2. These plasmid sequences included one from Salmonella enterica (pty3-243_1) and four from E. coli (p1303_95, pFDAARGOS_448_2, pCFSAN004176P_03, and pCREC-532_2). The level of homology to the pSZESBLEC201-2 sequence is shown in Figure 4B and Supplementary Figure 4. pSZESBLEC201-2 shared 94 of 122 CDSs with its similar plasmids, of which 79 CDSs had 95–100% nucleotide sequence identity. In addition, 64 phage-related genes of pSZESBLEC201-2 had more than 90% nucleotide sequence identity with p1303_95. These phage-related genes in pSZESBLEC201-2 included the tail, tail fiber, core, holin, portal baseplate, invertase, terminase, and outer membrane lipoprotein. The three tRNAs (tRNA-Met, tRNA-Thr, and tRNA-Asn) present in pSZESBLEC201-2 were identical to those present in its similar plasmids. Plasmid partitioning genes parA and parB, replicon stabilization gene stb, and phage replicon repL were found in all analyzed plasmids with high degrees of nucleotide similarity. Although RepFIB genes were found in all analyzed plasmids, RepFIB in pSZESBLEC201-2 had less than 50% nucleotide identity with those of other plasmids, except for pty3-243_1 (98% nucleotide identity).



Comparative Analysis of pSZESBLEC201-3

The comparative analysis of pSZESBLEC201-3 was performed by comparing it with five highly homologous plasmid sequences, including pSF-468-2 (accession no. CP012627), pTC_N46067 (accession no. CP007651), pCREC-591_1 (accession no. CP024822), pKHSB1 (accession no. HF572032), and pD3_B (accession no. CP010142) (Figure 4C and Supplementary Figure 5). All plasmids are harbored by E. coli, except for pKSB1, which is harbored by Shigella sonnei. In contrast to pSZESBLEC201-1, a major part of the pSZESBLEC201-3 backbone is highly conserved. pSZESBLEC201-3 shared 99.56% identity and 100% coverage with plasmid pSF-468_2, which was harbored by extraintestinal pathogenic E. coli ST95 isolated in the United States (Stephens et al., 2015). Both plasmids were composed of an almost identical 90 kbp-sized backbone (Figure 4C and Supplementary Figure 5). The backbone was composed of core genes encoding mating pair formation (trbA-C genes), a type IV secretion system (traA-Y genes), shufflon-specific DNA recombinase (rci), and conjugative pilus formatting (pilI-X) genes.

pSZESBLEC201-3 also exhibited high homology to the other four plasmids (pTC_N40607, pCREC-591_1, pKHSB1, and pD3_B), with 98.68–99.50% identity at 83–92% coverage. These plasmids shared similar plasmid backbones, but the blaCTX-M regions varied. In addition, additional resistance-encoding regions were present in the four plasmids but were absent in pSZESBLEC201-3 and pSF-468-2.

The blaCTX-M region of pSZESBLEC201-3 was compared with those of its similar plasmids (Figure 5B). Notably, various blaCTX-M variants were found on the analyzed plasmids. blaCTX-M-15, blaCTX-M-1, and blaCTX-M-55, belonging to blaCTX-M Group 1, were located on pKHSB1, pTC_N40607, and pD3_B, respectively. blaCTX-M-123, a hybrid of blaCTX-M Group 1 and 9 variants (D’Andrea et al., 2013), was located on pCREC-591_1. The blaCTX-M regions of pSZESBLEC201-3 and pSF-468-2 were flanked by the ISEcp1 upstream and the IS903B downstream, resembling a typical ISEcp1–blaCTX-M-Group 9–IS903B structure (Canton et al., 2012); however, the IS903B in the blaCTX-M region of pSZESBLEC201-3 was truncated. In addition, the two plasmids harbored various blaCTX-M Group 9 variants: blaCTX-M-24 on pSZESBLEC201-3 and blaCTX-M-14 on pSF-468-2. The pairwise alignment of the two genes revealed that blaCTX-M-24 and blaCTX-M-14 had only one nucleotide difference, resulting in an arginine–serine substitution (data not shown). The variations in the ISEcp1–blaCTX-M-Group 9–IS903B structures and in the blaCTX-M Group 9 variants suggested that pSZESBLEC201-3 and pSF-468-2 had incorporated the blaCTX-M genes from distinct origins. Despite showing high nucleotide similarity, a time-measured phylogeny tree showed that pSZESBLEC201-3 and pSF-468-2 had undergone divergent evolution (Supplementary Figure 6). pD3_B harbored by E. coli isolated from dog had the closest evolutionary relation to pSZESBLEC201-3.




DISCUSSION

In this study, we characterized uropathogenic E. coli ST405 strain SZESBLEC201 based on a combination of long-read and short-read sequences. SZESBLEC201 harbored two blaCTX-M variants (blaCTX-M-15 and blaCTX-M-24), each on a different plasmid, as well as a phage-like plasmid. The coexistence of blaCTX-M Group 1 and Group 9 variants in the same isolate has been previously reported in China (Sun et al., 2010; He et al., 2013; Zhang et al., 2014). However, the coexistence of blaCTX-M-15 and blaCTX-M-24 has not yet been reported. In SZESBLEC201, blaCTX-M-15 was found to be located on a non-transferrable IncFIA-FIB plasmid together with multiple antibiotic resistance genes, whereas blaCTX-M-24 was located on the self-transferrable IncI1 plasmid. Further comparative analysis with plasmid sequences revealed that plasmids highly homologous to the blaCTX-M-bearing plasmids of the SZESBLEC201 strain are harbored by geographically distant isolates belonging to different sequence types, highlighting the global dissemination of this plasmid-mediated resistance determinant among E. coli and other Enterobacteriaceae family members (Naseer and Sundsfjord, 2011). In Japan, the positive rates of blaCTX-M-15 and blaCTX-M-14 are higher in E. coli ST405 than in ST131 (Matsumura et al., 2013). The same study also observed that compared with ST131, a higher proportion of E. coli ST405 isolates carried multidrug resistance, raising concerns about the plasticity E. coli ST405 acquiring resistance and the potential threat of this clone to public health. Furthermore, the emergence of novel blaCTX-M variants is enhanced by recombination events that occur in the same bacterial isolate where two or more blaCTX-M variants coexisted (Canton et al., 2012). At least four blaCTX-M variants (blaCTX-M-45, blaCTX-M-64, blaCTX-M-123, and blaCTX-M-132) have been reported to exhibit a hybrid structure of blaCTX-M Group 1 and 9 variants (D’Andrea et al., 2013). The homologous recombination between the members of these two blaCTX-M groups is probably a driving force of blaCTX-M evolution.

The SZESBLEC201 strain demonstrated a susceptibility to conventional β-lactamase inhibitors owing to the absence of carbapenemase-encoding genes and, presumably, a lack of blaCTX-M gene overexpression. As yet, no naturally occurring blaCTX-M-type ESBLs have been found to confer resistance to natural β-lactamase inhibitors (D’Andrea et al., 2013). However, the coexistence of blaCTX-M-15 and blaOXA-1 in the plasmids of the IncF group is common (Branger et al., 2018; Livermore et al., 2019). The presence of both blaCTX-M-15 and blaOXA-1 considerably reduces the susceptibility to β-lactam/β-lactamase inhibitor combinations. Four plasmids that showed high degrees of similarity to pSZESBLEC201-1 were found to coharbor blaOXA-1 and blaCTX-M-15 (AR_0137, pEC958, AR_0014, and uk_P46212) (Figure 5). The blaOXA-1–acc(6′)-Ib–IS26 elements were present in the four plasmids, suggesting that IS26 had mediated the insertion into the plasmid backbone. The association between blaOXA-1 and aac(6′)-Ib is strikingly strong. A recent study in the United Kingdom found an extremely high rate (98.7%) of blaOXA-1 and acc(6′)-Ib coexistence among all isolates harboring aac(6′)-Ib (Livermore et al., 2019).

The current study highlights the common arrangements of the blaCTX-M-15 regions that were identified in the IncFIA-FIB plasmids conferring resistance to β-lactams and other widely used classes of antibiotics. It also discusses the structural homogeneity associated with the regions flanking these resistance genes. The insertion sequences ISEcp1 and IS26 are common in the genetic elements surrounding blaCTX-M genes (Zhao and Hu, 2013). ISEcp1 contributes to the transcription, expression, and mobilization of blaCTX-M genes (Poirel et al., 2012; Zhao and Hu, 2013). ISEcp1 can capture other resistance genes by incorporating the regions of gene cassettes, increasing the risk of coselection (Partridge, 2011).

A significant degree of conjugation gene loss was observed in the blaCTX-M-15-bearing IncFIA-FIB plasmid pSZESBLEC201-1. Active conjugation machinery possibly increases the bacterial fitness burden, and conjugation-associated tra genes were possibly lost during the vertical transfer of the plasmid (Phan et al., 2015). In contrast, blaCTX-M-24-bearing IncI1 plasmid pSZESBLEC201-3 retained its full active conjugation machinery. IncI1 plasmids are featured with two types of conjugative pili (Sampei et al., 2010). The tra and trb genes encode thick conjugative pili, while the pil genes encode thin flexible pili, enabling the conjugative transfer of IncI1 plasmid in solid and liquid environments (Yoshida et al., 1999; Dudley et al., 2006).

In addition to the two blaCTX-M-bearing plasmids in the SZESBLEC201 genome, a phage-like plasmid, pSZESBLEC201-2, was also present. This plasmid showed strong genome synteny with Escherichia phage P1 with almost identical genes responsible for replication and stability but with the absence of mobile genetic elements and several regulatory genes. Escherichia phage P1 can infect and lysogenize host E. coli cells and persist within the host cell as a free circular plasmid (Lobocka et al., 2004). No clear boundaries exist between the P1 temperate phage and a phage-like plasmid. Plasmids are usually typed according to their incompatibility with other plasmids, and temperate phages are classified according to the genomic relatedness of the virion structure (Venturini et al., 2019). Phage-like plasmids can be classified either by phage taxonomy or plasmid incompatibility because virion and plasmid replicons are both present. pSZESBLEC201-2 consisted of a large portion of phage structure-encoding genes and the RepFIB replicon; therefore, it was classified as a phage-like plasmid. This plasmid could not be typed using PlasmidFinder’s Inc. typing scheme, but it was identified as a p0111-like plasmid. This classification is expected because of the presence of more phage-associated genes than plasmid-associated genes in the pSZESBLEC201-3 genome, and the PlasmidFinder database is skewed towards plasmids that are commonly found in Enterobacteriaceae (Carattoli et al., 2014). Less effort has been devoted to phage-like plasmids because they carry genes that lack clinical and therapeutic values. However, resistance gene-bearing phage-like plasmids have been documented in recent years (Xu et al., 2018; Ballaben et al., 2019; Galetti et al., 2019). Additional effort with the aid of new sequencing technologies is necessary to gain insights into the roles of phage-like plasmids in the dissemination of antibiotic resistance.



CONCLUSION

Although the coexistence of two or more blaCTX-M variants in the same strain has been reported elsewhere, this is the first study to report E. coli ST405 harboring blaCTX-M-15 and blaCTX-M-24 variants in the same isolate in China. This study describes the characteristics of the uropathogenic E. coli strain SZESBLEC201 genome and presents a comparative analysis of the genome and blaCTX-M-bearing plasmids. This strain possesses unique patterns of virulence factors in comparison with its closely related strains isolated within the same country, and its blaCTX-M-bearing plasmids are more related to those in geographically distant E. coli isolates. The availability of the complete genome of E. coli ST405 facilitates a further investigation of the underlying mechanism of becoming a globally successful clone and the potential roles played by its blaCTX-M-bearing plasmids and phage-like plasmid in gene transfer.
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http://ccb.jhu.edu/software/glimmer/index.shtml

8
https://www.patricbrc.org/
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Identifying immunogenic targets of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is critical to advance diagnostic and disease control strategies. We analyzed humoral (ELISA) and T-cell (ELISpot) immune responses to spike (S) and nucleocapsid (N) SARS-CoV-2 proteins as well as to human endemic coronavirus (eCoV) peptides in serum from convalescent coronavirus disease 2019 (COVID-19) patients from Tatarstan, Russia. We identified multiple SARS-CoV-2 peptides that were reactive with serum antibodies and T cells from convalescent COVID-19. In addition, age and gender associated differences in the reactivity to S and N protein peptides were identified. Moreover, several SARS-CoV-2 peptides tested negatively correlated with disease severity and lung damage. Cross-reactivity to eCoV peptides was analyzed and found to be lower in COVID-19 compared to controls. In this study, we demonstrate the changing pattern of immunogenic peptide reactivity in COVID-19 serum based on age, gender and previous exposure to eCoVs. These data highlight how humoral immune responses and cytotoxic T cell responses to some of these peptides could contribute to SARS-CoV-2 pathogenesis.
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INTRODUCTION

In 2019, an outbreak of a “pneumonia of unknown etiology” in Wuhan province, China was linked to infection with severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) (Coronaviridae Study Group of the International Committee on Taxonomy of Viruses, 2020; WHO, 2020b). The World Health organization (WHO) subsequently announced the disease caused by SARS-CoV-2 as coronavirus disease 2019 (COVID-19) which has since been declared a pandemic (CDC, 2020; WHO, 2020a; Batra et al., 2021; CDC, 2021a). Although COVID-19 can be asymptomatic in a subset of patients, the disease is characterized by severe pneumonia, acute respiratory distress syndrome (Zhu et al., 2019; Grasselli et al., 2020; Oran and Topol, 2020) and could be fatal in older patients as well as in those with co-morbidities (Ruan et al., 2020; Wortham et al., 2020).

Studies on mild and severe SARS-CoV-2 infection have reported that the recovery from COVID-19 is dependent on the activation of antibody responses to SARS-CoV-2, where higher IgG antibody titers were found in patients with severe disease compared to those with mild or moderate forms of COVID-19 (Hu et al., 2020). Sun et al. (2020) have confirmed the role of humoral immune responses in the pathogenesis of SARS-CoV-2 by identifying spike (S) glycoprotein and nucleocapsid (N) proteins to be major immunogens. In a report by Röltgen et al. (2020) S-specific or receptor binding domain (RBD)-specific IgG antibody levels were observed to be higher in patients not admitted to the intensive care unit (ICU) whilst N-specific IgG levels were higher in ICU patients. A higher ratio of S-IgG/N-IgG associated with outpatients and a mild form of COVID-19 confirmed this finding (Röltgen et al., 2020). These data provide strong support for the role of antibody immune responses in pathogenesis of SARS-CoV-2.

Multiple studies have demonstrated early activation of the antibody responses to SARS-CoV-2 infection (Ma H. et al., 2020; Marklund et al., 2020; Shu et al., 2020), where both IgG and IgM antibodies are detected in patient sera. Interestingly, antibody titers progressively decline over the course of disease. Shu et al. (2020) reported that antibody titers peaked by day 18 followed by a subsequent decline, with IgM levels being the first to decrease below basal levels, however, IgG levels remained high. Similar data, published by Lou et al. (2020) and Zhang G. et al. (2020) demonstrated that a gradual decline of IgM occurred within the first month after the onset of disease, with IgG levels remaining elevated for several months. Indeed, multiple studies have shown that anti-SARS-CoV-2 IgM levels decline quickly, and although IgG levels remain elevated for several months, a gradual decline has been observed up to 7 months post-recovery suggesting that SARS-CoV-2 infection fails to elicit a long-term antibody response (Ibarrondo et al., 2020; Ripperger et al., 2020; Röltgen et al., 2020). The cause and duration of this decline in antibody titers remains unclear and calls for further studies on antibody dynamics in SARS-CoV-2 infected patients. Establishing the duration of antibody responses is particularly important in determining strategies to mitigate transmission, the likelihood of establishing “herd immunity” and in coordinating vaccination efforts.

S and N proteins have been identified as major SARS-CoV-2 antigens (Sun et al., 2020). Multiple epitopes have been identified on both proteins from studies using patient sera as well as from bioinformatic approaches (Grifoni et al., 2020a; Poh et al., 2020; Zheng and Song, 2020). In these studies, several predicted regions on the SARS-CoV-2 S protein containing T cell epitopes, having been found to be associated with a strong immune response (Gomez-Perosanz et al., 2020). Candidate targets for immune responses against SARS-CoV-2 have been predicted by Ahmed et al. (2020) and Grifoni et al. (2020b). Both studies have identified multiple S and N protein epitopes which could have a protective role against SARS-CoV-2 infection. As these epitope regions in the S and N proteins are conserved, it has been suggested that these identified epitopes could be a prospective target for vaccine development. In addition, epitope reactivity has been demonstrated with serum samples collected from COVID-19 patients in China, Switzerland, Singapore, and United States, with multiple, different epitopes identified as reacting with patient sera and plasma and thus used as markers for infection and disease severity (Amrun et al., 2020; Farrera-Soler et al., 2020; Shrock et al., 2020; Zhang B. Z. et al., 2020).

In this study we sought to demonstrate reactivity of COVID-19 serum from patients in Tatarstan, Russia, with SARS-CoV-2 S and N peptides previously identified as immunogenic. Also, we aimed to identify correlations of S and N peptide reactivity with clinical and demographic characteristics, severity of lung damage, age and duration of symptoms. Given the moderate sequence similarity between the structural and non-structural regions of different coronaviruses, we also sought to demonstrate COVID-19 convalescent sera cross-reactivity with human endemic coronavirus (eCoV) peptides. These findings could have implications for diagnostic assay development and assessment of vaccine efficacy.



MATERIALS AND METHODS


Human Subjects

Convalescent serum samples were collected from 138 (38 ± 11.9 years old) COVID-19 patients (50 males and 102 females) and 39 age-matched controls (37.7 ± 14.3 years old, 18 males and 21 females) between March and December 2020. Furthermore, acute serum samples were collected from a separate group of 14 COVID-19 patients (55.6 ± 6.2 years old; 5 males and 9 females). Clinical characteristics were also collected for these patients (Table 1). The diagnosis of SARS-CoV-2 infection was established based on clinical presentation and was confirmed by qPCR. Convalescent serum samples were collected at various time points post-infection (0–12 months) following standard operating procedures in the hospital for the diagnosis of COVID-19 infection and stored at −80°C. Additionally, 22 (10 male and 12 female) control serum samples collected in 2015–2016 were included into the study. Aliquots (100 μL) of these serum samples were stored at −80°C. All controls were tested for anti-SARS-CoV-2 antibodies and were confirmed sero-negative.


TABLE 1. Clinical characteristics of acute and convalescent COVID-19 patients.
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In addition to serum samples, convalescent blood samples from 17 COVID-19 patients (35.9 ± 14.6 years old, 6 male and 11 female) as well as 9 controls (36.7 ± 14.5 years old; 5 male and 4 female) were collected.



Ethics Statement

The Ethics Committee of the Kazan Federal University approved this study, and signed informed consent was obtained from each patient and control subjects according to the guidelines adopted under this protocol (Protocol 4/09 of the meeting of the Ethics Committee of the KSMA dated September 26, 2019). Sample collection in 2015–2016 was done according to the protocol approved by the Institutional Review Board of the Kazan Federal University and informed consent was obtained from each respective subject according to the guidelines approved under this protocol (Article 20, Federal Law “Protection of Health Right of Citizens of Russian Federation” N323-FZ, 11.21.2011).



COVID-19 Peptides

Multiple S and N protein peptides for SARS-CoV-2 as well as eCoV NL63, OC43, HKU1 and 229E were synthesized by GenScript (Jiangsu, China). Amino acid (aa) sequences of SARS-CoV-2 S and N protein peptides were selected based on published data (Ahmed et al., 2020; Campbell et al., 2020; Grifoni et al., 2020a; Noorimotlagh et al., 2020). Also, S and N protein peptides for eCoVs were selected using the iedb.org platform (Vita et al., 2019).

SARS-CoV-2 S and N protein peptide aa sequences (purity > 95%) are summarized in Figure 1 and Supplementary Table 1. eCoV S and N proteins peptide aa sequences (purity > 95%) are summarized in Supplementary Table 2.
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FIGURE 1. Schematic presentation of SARS-CoV-2 (A) S and (B) N peptide locations. Green – peptides containing both, B and T cell, epitopes. Blue – peptides containing only T cell epitopes. Orange – peptides containing only B cell epitopes.


Alignment of S and N peptide aa sequences from SARS-CoV-2 with each eCoV [NL63, 229E, OC43, and HKU1 (GenBank Accession nos. YP_009724390, AKT07952, AWN62679, APU51916, YP_173238 for S protein and YP_009724397, YP_003771, NP_073556, YP_009555245, YP_173242 for N protein, respectively)] was done using the MegAlign program (Clustal W algorithm), DNASTAR software package Lasergene v. 7.1.0.44 (DNASTAR, Inc., United States) (Tamura et al., 2013). Parameters were adjusted manually.



COVID-19 ELISA

The SARS-CoV-2-IgG IFA Best diagnostic ELISA kit (Vektor Best Agidel, Ufa, Russia) was used to determine SARS-CoV-2-specific antibody titers as per manufacturer’s instructions. Briefly, control or COVID-19 convalescent serum was diluted 1:100 with PBS and incubated for 60 min at 37°C in a 96-well plate with pre-adsorbed SARS-CoV-2 antigens. Following washes (3×; 0.5% Tween20 in PBS, PBS-T), wells were incubated with anti-human-IgG-HRP conjugated antibodies (1:10,000 in PBS-T, American Qualex Technologies, United States) for 30 min at 37°C. Post-incubation and washes (3×; PBS-T), wells were incubated with 3,3′,5,5′ Tetramethylbenzidine (Chema Medica, Moscow, Russia). The reaction was stopped by adding an equal amount of 10% phosphoric acid (TatKhimProduct, Kazan, Russia). Data were measured using a Tecan 200 microplate reader (Tecan, Switzerland) at OD450 with reference OD650. OD450 values higher than 0.5 were considered positive results, according to the manufacturer’s protocol.



Peptide Reactivity With Serum Antibodies

Several peptides were selected for analysis of reactivity with SARS-CoV-2 infected patient as well as control subject sera. Each peptide (1 μg/100 μL) was adsorbed on a 384-well plate at 4°C for 18 h; plates were washed and incubated with serum samples (1:100; 50 μL) at 4°C for 18 h. Following washes (3×; PBS-T), wells were incubated with anti-human-IgG-HRP conjugated antibodies (1:10,000 in PBS-T, American Qualex Technologies, United States) for 30 min at 37°C. Washed (3×; PBS-T), wells were incubated with 3,3′,5,5′ Tetramethylbenzidine (Chema Medica, Moscow, Russia). The reaction was stopped by adding an equal amount of 10% phosphoric acid (TatKhimProduct, Kazan, Russia). Data were captured using a microplate reader Tecan 200 (Tecan, Switzerland) at OD450 with reference OD650.



ELISpot Analysis

Peripheral blood mononuclear cells (PBMCs) were collected from COVID-19 convalescent individuals and used for ELISpot analysis. Leukocytes (105 cells/well) were added to anti–human IFN-γ mAb (Abcam, United Kingdom) pre-coated 96-well plates in RPMI-1640 medium supplemented with 10% FBS (HyClone, South America), 2 mM L-glutamine (PanEco, Moscow, Russia) and 1% mixture of antibiotics penicillin-streptomycin (PanEco, Moscow, Russia). Peptides were added at 1 μg/well and plates incubated for 20 h (37°C, 5% CO2). Biotinylated mouse anti–human IFN-γ detection antibodies (clone 4S.B3; Abcam) were added for 90 min at room temperature followed by streptavidin alkaline phosphatase (1:1,000 dilution) for 60 min at room temperature. BCIP/NBT substrate solution [5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT)] (Abcam, United Kingdom) was added for 25 min at room temperature. PBMCs incubated with phytohemagglutinin (PHA; 2.5 μg/ml) served as a positive control, while unstimulated leukocytes as a negative control. The number of spots in negative control wells (range of 0–5 spots) was subtracted from the number of spots in stimulated wells. Peptide stimulations were done in duplicate wells.



Statistical Analysis

Statistical analysis was performed in the R environment (Dessau and Pipper, 2008). Statistically significant differences between comparison groups were accepted as p < 0.05, assessed by the Kruskal-Wallis test with Benjamini-Hochberg adjustment for multiple comparisons. Correlations were analyzed using the R psych package (based on Spearman’s rank correlation coefficient, p-values were adjusted with the Benjamini-Hochberg method).




RESULTS


Clinical Presentation of COVID-19

A total of 152 samples (50 male and 102 female) were collected from COVID-19 acute and convalescent patients with an average age of 38.0 ± 11.9 years old (Table 1). Diagnosis of COVID-19 was established based on epidemiological anamnesis, clinical presentation and confirmed by qPCR. Clinical disease was diagnosed as mild (105 cases), moderate (43 cases) or severe (4 cases). Thirty-nine patients with moderate and 4 severe COVID-19 patients were hospitalized. All mild and four moderate COVID-19 patients did not require hospitalization. Mild COVID-19 was characterized as fever ≤ 38°C, cough, and throat pain. Patients with moderate COVID-19 had fever > 38°C, extent of lung damage as evaluated by computer tomography (CT) at stage 1–2 and oxygen saturation levels < 95%. In severe COVID-19 cases, fever was > 38°C, extent of lung damage by CT evaluated to be at stage 3–4, oxygen saturation levels < 93%, arterial pressure < 90/60 mmHg and some patients required artificial ventilation (Ministry of Health of the Russian Federation, 2020). Lung damage was categorized as < 20%, 20–40% or > 40% in 117, 31 and 4 patients, respectively. Fever was reported in all patients (37.92 ± 0.66°C) with duration of 6.31 ± 4.04 days. Two out of four of the severe COVID-19 patients required artificial ventilation, while none were admitted to the ICU. Control samples were collected from individuals who did not have symptoms of upper respiratory tract infection, did not have contact with COVID-19 patients and had negative anti-SARS-CoV-2 ELISA antibody test results. Control samples collected in 2015–2016 were also tested for anti-SARS-CoV-2 reactivity using ELISA tests and were found to be negative.



Peptides Used in This Study

Peptide aa sequences were selected based on published data (Coronaviridae Study Group of the International Committee on Taxonomy of Viruses, 2020; Oran and Topol, 2020; WHO, 2020a,b). We selected peptides previously identified on SARS-CoV-2 N and S proteins which are essential for virus replication and binding to the ACE2 receptor (Shah et al., 2020; Supplementary Table 1). The position of these peptides is summarized in Figure 1. Interestingly, many peptides were found in regions identified as containing immunogenic epitopes (Liang et al., 2005; Shrock et al., 2020) suggesting that these peptides could have reactivity with COVID-19 patient cohort serum. There are multiple mutations that have been identified in circulating SARS-CoV-2 viruses (Callaway, 2020; Lauring and Hodcroft, 2021), raising serious concerns about vaccine efficacy and currently used diagnostic tools (Williams and Burgers, 2021). To address the possibility that some of the mutations are located in selected peptides, we have analyzed the location of mutations in currently circulating (release date: 1 July, 2021 to 16 August, 2021) nine delta strains and one reference strain (Supplementary Table 3) sequences for S and N protein of SARS-CoV-2. Mutation in S and N protein was assessed by taking reference sequences YP_009724390.1 and YP_009724397.2, respectively. Mutations in codons coding for sixteen and eight unique amino acids in S and N protein, respectively, were identified (Supplementary Table 4). Most of these mutations are outside of the S and N peptides selected for this study. Among mutations located in selected peptides, there were two S1 (D950N) and S22 (L1063F) located in S protein. Moreover, total of five [N2 (D63G), N18 (G215C), N10 and N5 (T362I), N8 (T362I, D377Y) and N12 (D377Y and R385K)], N protein peptides were found to contain mutations in currently circulating delta strains of SARS-CoV-2. These S and N peptides were found to have mostly a single mutation, which could have limited effect on their immunogenicity.



Analysis of Antibody Response to COVID-19 Peptides Containing B-Cell Epitopes

The reactivity of all 152 COVID-19 acute and convalescent serum samples was tested using B-cell peptides summarized in Figure 1 and Supplementary Table 1. Several S protein peptides (S1, S7, and S18) and the N6 peptide of N protein had significantly higher reactivity with convalescent serum compared to COVID-19 negative controls collected in year 2020 (Figure 2A). However, when compared with control samples collected in 2015, there were more SARS-CoV-2 peptides (S1, S2, S3, S5, S7, S8, S9, S10, S15, S17, S21, N1, N2, N3, N4, N6, N7, N9, N11, and N16) with higher reactivity with COVID-19 serum (Figure 2B). This observed difference between controls from 2015 and 2020 was due to lower reactivity of 2015 controls with SARS-CoV-2 peptides compared to 2020 controls. Similarly, more peptides were found to be reactive with acute COVID-19 serum when compared to 2015 in contrast to when compared to 2020 controls (S1, S7, and S10 peptides vs. S7 peptide) (Figure 2C). This could be explained by the priming of immune responses by endemic coronaviruses and thus the presence of cross-reacting antibodies in 2020 controls. This is further supported by the confirmation of all controls in this study having no previous exposure to SARS-CoV-2. Also, the effect of long-term storage on stability of serum content could contribute to variation in reactivity between 2015 and 2020 controls. Nevertheless, S1, S7, and N6 COVID-19 peptides had consistently high reactivity with patient serum as compared to controls from both 2015 and 2020, suggesting that these peptides could complement current diagnostic methods and could have therapeutic potential.
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FIGURE 2. COVID-19 serum reactivity with SARS-CoV-2 peptides. Antibody reactivity was analyzed using ELISA. Peptides were adsorbed on a 384-well plate and probed with serum samples. Data is displayed for: (A) – peptides with increased reactivity in convalescent COVID-19 samples compared to controls collected in 2020; (B) – peptides with increased reactivity in convalescent COVID-19 samples compared to controls collected in 2015; (C) – peptides with increased reactivity in acute COVID-19 samples compared to controls collected in 2015 and 2020. Asterisks indicate statistically significant differences between reactivity to SARS-CoV-2 peptides (p < 0.05, Kruskal-Wallis test).


Studies have demonstrated that serum antibody levels declined in COVID-19 patients 6 months after recovery (Self et al., 2020; Seow et al., 2020). Therefore, we sought to determine reactivity of peptides with serum samples collected at different times after recovery (Figure 3A). Serum samples were separated into three groups: ≤3 months, 4–6 months and ≥ 7 months. Peptides S1, S2, S7, S14, S19, and N6 reacted significantly higher with serum samples collected ≤ 3 months after recovery when compared to 2020 control samples. Most of these peptides remained reactive 4–6 months post-recovery (S1, S2, S7, S14, S18, and N6). Reactivity with half of these peptides was lost later (≥ 7 months), when only S7, S18, and N6 peptides remained highly reactive in COVID-19 convalescent sera when compared to controls. These data demonstrate that reactivity to immunogenic epitopes is most versatile during early convalescence but declines with time after infection.
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FIGURE 3. Reactivity of COVID-19 serum samples with SARS-CoV-2 peptides depending on time after convalescence. Antibody reactivity was analyzed using ELISA. Peptides were adsorbed on a 384-well plate and probed with serum samples. (A) Reactivity to SARS-CoV-2 peptides in COVID-19 serum samples grouped as: ≤3 months, 4–6 months and ≥7 months. Asterisks indicate statistically significant differences between reactivity to SARS-CoV-2 peptides depending on time since infection (p < 0.05, Kruskal-Wallis test with Benjamini-Hochberg adjustment). (B) Detailed dynamics of COVID-19 antibody reactivity with SARS-CoV-2 peptides. Red line- mean OD450 value in control; Dotted red line – mean ± standard error of mean of OD450 values in control; Blue line – local regression line (LOESS) of OD450 value in COVID-19; Gray area – standard error of mean for LOESS of OD450 values in COVID-19.


Next, we analyzed the dynamics of COVID-19 serum reactivity with SARS-CoV-2 peptides (Figure 3B). It appears that reactivity to some peptides (S1, S2 and S14, S19) was reduced few months after recovery. In contrast, reactivity to other peptides (S7, S18, and N6) remained high. Interestingly, reactivity to N6 was increasing with time post-recovery. These data suggest that antibody reactivity declines only to selected epitopes, not to all epitopes initially recognized.



Sex-Based Differences in SARS-CoV-2 Peptide Reactivity

It has been demonstrated that males may have more severe symptoms of COVID-19 and are at a higher risk of fatal outcome when compared to females (Kang and Jung, 2020; Tehrani et al., 2021). Therefore, we sought to determine whether serum reactivity to SARS-CoV-2 peptides differs depending on the sex of patients (Figure 4). We observed an increased serum reactivity with peptides S1, S7, S18, and N6 in male COVID-19 patients when compared with male controls. In female patients, serum reactivity was only higher for peptides S7 and N6 when compared to female controls (Figure 4). This highlights a difference in immune reactivity between male and female COVID-19 patients. A comparison of male and female COVID-19 samples showed an increased reactivity to N6 in female than in male COVID-19 patients.
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FIGURE 4. COVID-19 serum reactivity with SARS-CoV-2 peptides depending on sex of patient. Antibody reactivity was analyzed using ELISA. Peptides were adsorbed on a 384-well plate and probed with serum samples. Asterisks indicate statistically significant differences between reactivity to SARS-CoV-2 peptides depending on sex of the patient (p < 0.05, Kruskal-Wallis test with Benjamini-Hochberg adjustment).




Age-Related Reactivity to SARS-CoV-2 S and N Protein Peptides

Multiple studies have demonstrated that COVID-19 severity and fatality rates are increased in older patients (Wong et al., 2004; Li et al., 2020). We aimed to determine whether this age-related severity of COVID-19 could be explained by differences in antibody responses. COVID-19 convalescent samples were divided into younger (<45 years old) and older (≥45) groups (Figure 5) and used to analyze their reactivity to S1, S7, S18, and N6 peptides compared to corresponding controls. Interestingly, reactivity of younger patient serum to S1 was higher compared to that in older COVID-19 patients (Figure 5A). Also, the reactivity to peptides S7 and N6 was higher in both COVID-19 age groups compared to corresponding controls. However, only those in the <45 age group showed higher reactivity to peptides S1, and S18 compared to the same age control (Figure 5A). It appears that younger COVID-19 patients have higher reactivity with more peptides (S1, S7, S18, and N6) compared to older patients (S7 and N6). These data suggest that younger individuals having more COVID-19 reacting epitopes on S and N proteins is a contributing factor to age-related disease pathogenesis.
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FIGURE 5. Reactivity of COVID-19 serum to SARS-CoV-2 peptides depending on age of patients. Patients were divided into young (<45 years old) and old (≥45 years old) groups. Antibody reactivity was analyzed using ELISA. Peptides were adsorbed on a 384-well plate and probed with serum samples. Only reactivity to peptides which significantly differed from that in corresponding age control is presented. (A) Age groups dependent difference to SARS-CoV-2 peptides reactivity in COVID-19 serum. Asterisks indicate statistically significant differences between reactivity to SARS-CoV-2 peptides depending on age of the patient (p < 0.05, Kruskal-Wallis test with Benjamini-Hochberg adjustment). (B) Age based distribution of reactivity to SARS-CoV-2 peptides in COVID-19 patient serum. Colored lines – linear regression of OD450 value.


Next, we analyzed the age dynamics of antibody reactivity with S1, S7, S18, and N6 peptides, which demonstrated age-dependent difference (Figure 5B). This data clearly demonstrates that reactivity with peptides is higher in younger individuals. In contrast, with age, reactivity declines and, when over 50 years old, it becomes at the level of control. These data provide strong indication of more robust antibody response in younger as compared to that in older COVID-19 patients.



Correlation Analysis of Serum Reactivity

We next sought to determine whether there is a correlation between serum reactivity with SARS-CoV-2 peptides as well as the clinical and demographic characteristics of the COVID-19 patients (Figure 6). Severity of COVID-19 positively correlated with increasing age, lung damage, high fever and duration of fever. There was also positive correlation between prolonged fever and lung damage (Figure 6). These data support previous findings and clinical observations in which older patients have more severe course of disease and higher mortality rate (CDC, 2021b; Sagar et al., 2021).
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FIGURE 6. Correlation analysis of SARS-CoV-2 peptide antibody reactivity with clinical and demographic features of COVID-19. Spearman’s rank test was used to analyze correlation between reactivity with SARS-CoV-2 peptides and clinical presentation and characteristics of patients. Asterisks indicate statistically significant correlations (p < 0.05 with Benjamini-Hochberg adjustment).


All peptides that demonstrated reactivity with COVID-19 convalescent serum were used for correlation analysis. Only S1 and S18 were identified as having statistically significant correlation with clinical parameters. Analysis of peptide reactivity and correlation with clinical presentation revealed significant negative correlation between severity and reactivity with S1 (Figure 6). We also observed that fever positively correlated with S18. Therefore, we suggest that negative correlation between reactivity with S1 peptide and severity of the disease could reflect its protective role in disease pathogenesis. Interestingly, S1 is located in HR1 region of S2 domain, which is also shown to be a potential target for novel anti-SARS-CoV-2 therapeutics (Liu et al., 2004).



Analysis of T-Cell Response to SARS-CoV-2 T Cell Epitopes

Activation of T-cell immune responses during COVID-19 convalescence was analyzed using peptides containing T-cell epitopes (Figure 1 and Supplementary Table 1). Initially, peptides were screened for the most reactive and those that produced a minimum of two-fold increase compared with controls were selected for further study. Therefore, peptides having T cell epitopes and showing significant reactivity in preliminary screening (S4, S6, S15, N6, N10, and N19) were used in further analysis.

Blood samples were collected from 17 COVID-19 patients and 9 controls. IFN-γ production by SARS-CoV-2 peptide-exposed T-cells was detected using the ELISpot method. We found that when activation of T-cells from all patients was analyzed independently of age, sex and time post-infection, reactivity to S6, N6, and N19 was significantly higher in COVID-19 patients when compared to controls (Figure 7A).
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FIGURE 7. Analysis of T cell reactivity to SARS-CoV-2 peptides using ELISpot. PBMCs were collected from COVID-19 convalescent individuals and incubated with COVID-19 T cell peptides in anti–human IFN-γ mAb-coated 96-well plates. Spots were detected with biotinylated anti-human IFN-γ antibodies after 48 h. The number of spots in negative control wells was subtracted from the number of spots in stimulated wells. All experiments were done in duplicate. (A) Analysis of T cell reactivity to SARS-CoV-2 peptides in all COVID-19 patients. (B) Analysis of T cell reactivity to SARS-CoV-2 peptides in younger (<45 years old) and older (≤45 years old) COVID-19 patients. Asterisks indicate statistically significant differences between reactivity to SARS-CoV-2 peptides depending on age of the patient (p < 0.05, Kruskal-Wallis test).


When ELISpot data was analyzed based on sex of the patient, we found no difference between male and female T-cell reactivity to SARS-CoV-2 T-cell peptides (Supplementary Table 5). When ELISpot data was analyzed by separating into two age groups (<45 and ≥45 years old), reactivity to S4 and S15 was higher in older compared to younger patients (Figure 7B).



Analysis of Sequence Identity Between SARS-CoV-2 and Endemic Coronavirus Peptides

Studies have demonstrated cross reactivity between SARS-CoV-2 proteins and serum from non-SARS-CoV-2 infected patients (Kuxdorf-Alkirata et al., 2019; Ma Z. et al., 2020; Xie et al., 2020). This cross reactivity could be explained by the identity in aa sequence between SARS-CoV-2 peptides used in this study and the corresponding aa sequence in the same location in eCoV proteins (Supplementary Tables 6, 7). Silvanovitch et al. have demonstrated that immunological cross reactivity can occur when protein sequences are 70% conserved and higher (Graichen, 2021). Therefore, peptides with similarity greater than 70% between eCoVs and SARS-CoV-2 could contribute to immune cross reactivity. In this respect, ≥70% identity between SARS-CoV-2 S protein peptides (S1, S6, S8, S14, and S15) and the corresponding location on HKU1 and OC43 beta-coronaviruses (Table 2) suggests a contribution of these eCoVs to cross reactivity in COVID-19 sera. Interestingly, it appears that the S protein could potentially be the major contributor as none of the N protein peptides had ≥70% identity between SARS-CoV-2 and eCoVs. In contrast to beta-coronaviruses, only S protein peptides of NL63.S1 alpha-coronavirus had a 70% similarity (Supplementary Tables 8, 9), inferring a likely contribution of non-beta-coronaviruses to cross reactivity.


TABLE 2. Amino acid location displaying ≥70% identity between SARS-CoV-2 and eCoVs in S protein.

[image: Table 2]
The location of eCoVs S and N immunogenic peptides used in this study differs from that of SARS-CoV-2 peptides. Therefore, we analyzed the identity of aa sequences of S and N peptides of eCoVs to the aa sequence of SARS-CoV-2 peptides in the same location (Supplementary Tables 8, 9). We found that the highest degree of identity was only between the aa sequence of NL63.S1 and the corresponding sequence of S protein of SARS-CoV-2. Other eCoV peptide identity with SARS-CoV-2 was less than 65%.



Analysis of Antibody Reactivity With NL63, OC43, HKU1 and 229E Endemic Coronavirus Peptides

Next, we sought to determine whether COVID-19 serum displayed cross-reactivity with eCoV peptides. ELISA analysis revealed mostly lack of difference in reactivity of COVID-19 patient serum with eCoV peptides when compared with 2020 control. The only difference was found in reactivity to HKU1-S1 peptide, though it was lower in COVID-19 serum when compared to the control (Supplementary Table 10). We next performed correlation analysis to determine if there was any relationship between eCoV peptide reactivity and severity of COVID-19 (Figure 8). While there was significant correlation between eCoV peptide reactivity and time since infection, there was no correlation with COVID-19 severity. This data suggests that prior exposure to eCoVs does not provide protection against severe forms of COVID-19.
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FIGURE 8. Correlation analysis of COVID-19 serum reactivity with eCoV peptides and demographic and clinical COVID-19. Spearman’s rank test was used to analyze correlation between reactivity with eCoV peptides and clinical presentation and characteristics of patients. Asterisks indicate statistically significant correlations (p < 0.05 with Benjamini-Hochberg adjustment).





DISCUSSION

The ongoing COVID-19 pandemic continues to present increasing healthcare, social and economic challenges worldwide, with the emergence of viral variants that may impact on vaccine efficacy and diagnostic development (Graichen, 2021; Seong et al., 2021). Analysis of immune responses facilitates identification of important viral targets, with potential for development of effective therapeutics. Use of convalescent plasma containing anti-SARS-CoV-2 IgG and IgM has been shown to be effective in treatment of severe and critical cases (Duan et al., 2020; Shen et al., 2020). Detection of anti-SARS-CoV-2 antibodies remains the main approach of diagnosis of previous exposure and efficacy of vaccination. Antibodies to S and N viral proteins have been demonstrated in convalescent serum; however, regions containing immunogenic epitopes in these proteins remain largely unknown. In the present study, we identified several peptides in SARS-CoV-2 S and N proteins with high reactivity to COVID-19 serum. Interestingly, S18 and N6 peptides were the most consistently reactive with convalescent serum up to 12 months after infection. These data suggest that N protein could also be used for detection of anti-SARS-CoV-2 antibodies, in addition to the more commonly used S protein.

Our data confirm the role of anti-SARS-CoV-2 S and N protein antibodies in the pathogenesis of COVID-19. Correlations between severity and antibody titer have been demonstrated in COVID-19 patients in multiple studies where both S and N proteins were shown to induce strong immune responses (Flemming, 2021; Hansen et al., 2021). The most common observation was a rapid decline of serum antibody titer in asymptomatic and mild COVID-19 cases (Flemming, 2021). Also, high levels of IgM and IgG were commonly found in severe compared to mild COVID-19 patients (Wang et al., 2020; Zhang et al., 2020). Despite this information, the immunogenic epitopes with protective capacity still remain largely unknown. Here, we identified multiple peptides on S and N proteins reacting with COVID-19 serum and, importantly, reactivity with these peptides negatively correlated with disease severity and lung damage. We found significant, albeit weak, negative correlation between COVID-19 severity and antibody reactivity with peptide S1. These data indicate that antibodies to this S protein region could have a protective role in SARS-CoV-2 infection.

It has been demonstrated that the severity of COVID-19 is higher in males than in females (Jin et al., 2020; Peckham et al., 2020). Several hypotheses have been proposed to explain sex-dependent differences in COVID-19 disease outcomes, where rapid and early development of antibody response has been linked to female sex hormones and X chromosomal factors (Furman et al., 2014; Flanagan et al., 2017). Takahashi et al. (2020) also demonstrated sex differences in immune responses to SARS-CoV-2 infection, with females having a higher proportion of circulating, activated and differentiated T-cells when compared to males. We further advanced our understanding of immune mechanisms in male and female COVID-19 patients by demonstrating differences in the reactivity with S and N SARS-CoV-2 peptides depending on the sex of the patient. Interestingly, reactivity to only S7 and N6 was found in female patients, whilst four peptides (S1, S7, S18, and N6) were identified as reacting with male COVID-19 serum. Although two peptides were common between both sexes (S7 and N6), the degree of reactivity for N6 was higher for female COVID-19 serum. Interestingly, convalescent serum reactivity with N protein was demonstrated in several studies (Brochot et al., 2020; Kang et al., 2021; Shah et al., 2021). The region between 200 and 419 aa appears to contain the commonly reactive epitopes (Pajenda et al., 2021). Supporting this observation is our finding of reactivity with N6 peptide, located at 299–318 aa. N protein has multiple functions such as binding and packaging virus RNA (Yao et al., 2020; Zeng et al., 2020) and has been shown to suppress host defense by interfering with type 1 IFN (IFN-1) signaling (Zhao et al., 2021). Therefore, anti-N protein antibodies could have a protective role by interfering with virus replication and preventing inhibition of the IFN-1 pathway. Additionally, data by Kang et al. (2021), where anti-N protein antibodies prevent complement activation, presented another protective mechanism for anti-N protein antibodies. This data suggests that sex differences in COVID-19 outcomes could depend on the quality of the immune response, rather than reactivity to a particular peptide.

We observed that younger patents had more antibody reactivity to S and N peptides. This suggests more epitopes are recognized in younger patients, which could lead to a more robust immune response to infection. Age-related differences in reactivity to SARS-CoV-2 peptides were also demonstrated in control subjects. Serum from young control subjects had higher reactivity with several SARS-CoV-2 peptides compared to older control subjects. Several studies have shown that mild or asymptomatic COVID-19 is more often diagnosed in younger compared to older individuals (Kang and Jung, 2020; O’Driscoll et al., 2021).

We have identified SARS-CoV-2 peptides containing T cell epitopes. Also, some peptides had higher reactivity in older (≥45 years old) compared to young (<45 years old) patients. As older patients are at higher risk of developing a severe form of COVID-19, the role of T-cells in age related clinical manifestation of disease could be suggested here. Multiple T-cell specific peptides were derived from S and N proteins and identified as immune activity in several studies (Ahmed et al., 2020; Grifoni et al., 2020a; Noorimotlagh et al., 2020). Interestingly, the location of the S6 (970–989aa) SARS-CoV-2 peptide, identified by Noorimotlagh et al. (2020) and containing T-cell epitope 976–984aa, is adjacent to another T-cell epitope 1000–1008aa, identified by Shomuradova et al. (2020). Here, we showed that COVID-19 serum had increased reactivity with peptide S6. Therefore, we suggest that S protein peptide 976–1008aa contains several SARS-CoV-2 T cell epitopes with high specificity.

A study by Meyerholz and Perlman has suggested a link between previous exposure to eCoVs and reduced severity of COVID-19 (Sagar et al., 2021). In contrast, Anderson et al. demonstrated that presence of the seasonal human coronavirus antibodies is not associated with protection against COVID-19 (Anderson et al., 2021). In another study it was suggested that SARS-CoV-2 infection can boost production of previously existing anti-eCov antibodies which are cross reactive, however, poorly specific and not neutralizing (Aguilar-Bretones et al., 2021). Our analysis revealed that SARS-CoV-2 infection has limited effect on antibody reactivity to eCoV peptides. Additionally, we found no correlation between antibody reactivity to eCoV and severity of COVID-19. Therefore, our data supports the assumption of the limited effect of existing anti-eCoV antibodies on clinical presentation of COVID-19. There is a potential limitation of our study as we were using selected eCoV peptides. Additionally, some sampling bias may affect these results as we analyzed samples from symptomatic COVID-19 patients. If previous exposure to eCoVs provided protection against SARS-CoV-2 infection, it is possible that samples from asymptomatic cases of COVID-19 would provide this evidence when compared with symptomatic cases. Also, there is a potential role of cross-reacting eCoV T cells in pathogenesis of COVID-19 which was suggested in several studies (da Silva Antunes et al., 2021; Quiros-Fernandez et al., 2021). Findings of the higher level of eCoV reactive T cells in individuals not exposed to SARS-CoV-2 and unvaccinated individuals (da Silva Antunes et al., 2021; Quiros-Fernandez et al., 2021), provide evidence suggesting the role of these cells in pathogenesis of COVID-19. Therefore, role of the immune response to eCoV in pathogenesis of COVID-19 could be complicated and involve antibody and T cell reactivity.

In conclusion, our data confirm early activation and circulation of anti-SARS-CoV-2 antibodies; though, it steadily declined with time post-infection. We also identified higher reactivity with several S and N peptides in younger patients compared with those over 45 years old, suggesting a contribution of reactivity with these epitopes to age-related pathogenesis. Several SARS-CoV-2 peptides negatively correlated with disease severity and lung damage. Moreover, our data demonstrate that COVID-19 serum has limited cross reactivity with eCoV peptides; however, there was no relationship between reactivity to eCoV peptides and severity of the disease. Taken together these findings identify several peptides from SARS-CoV-2 S and N proteins that are immunogenic and may be indicative of disease outcomes. Our data therefore underline the importance of both SARS-CoV-2 S and N regions in identifying T-cell epitopes and their potential for the development of prophylactic and therapeutic measures.
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The Coronavirus disease 2019 (COVID-19) pandemic presents an unprecedented public health crisis worldwide. Although several vaccines are available, the global supply of vaccines, particularly within developing countries, is inadequate, and this necessitates a need for the development of less expensive, accessible vaccine options. To this end, here, we used the Escherichia coli expression system to produce a recombinant fusion protein comprising the receptor binding domain (RBD) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; residues 319–541) and the fragment A domain of Cross-Reacting Material 197 (CRM197); hereafter, CRMA-RBD. We show that this CRMA-RBD fusion protein has excellent physicochemical properties and strong reactivity with COVID-19 convalescent sera and representative neutralizing antibodies (nAbs). Furthermore, compared with the use of a traditional aluminum adjuvant, we find that combining the CRMA-RBD protein with a nitrogen bisphosphonate-modified zinc-aluminum hybrid adjuvant (FH-002C-Ac) leads to stronger humoral immune responses in mice, with 4-log neutralizing antibody titers. Overall, our study highlights the value of this E. coli-expressed fusion protein as an alternative vaccine candidate strategy against COVID-19.

Keywords: SARS-CoV-2, receptor binding domain, CRM197 A domain, Escherichia coli expression system, adjuvant, vaccine


INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has resulted in more than 271.9 million infections and 5.3 million deaths worldwide (World Health Organization, 2022). In addition, its rapid rate of mutation has resulted in various highly contagious viral strains, which has led to a steady global rise in rates of infection and thus, a unique challenge to human health and public safety. At the time of writing, several vaccines are available; yet, the supply of vaccines does not meet the demand, particularly in developing countries. An inexpensive accessible vaccine is thus urgently needed.

SARS-CoV-2 belongs to the β-coronavirus genus, along with other highly pathogenic—but far less contagious—virus strains, including SARS-CoV, responsible for the “SARS” epidemic in Asia in 2002–2003, and MERS-CoV, responsible for the outbreak in the Middle East about a decade later (Zhu et al., 2020). Like SARS-CoV, SARS-CoV-2 uses the receptor binding domain (RBD) of the spike protein (S) to bind to the receptor angiotensin converting enzyme 2 (ACE2) on host cells for virus entry and subsequent pathogenesis (Hoffmann et al., 2020; Yan et al., 2020; Zhou et al., 2020). The SARS-CoV-2 RBD is immunodominant, containing multiple antigenic sites and accounting for 90% of serum neutralizing activity (Piccoli et al., 2020). Indeed, it triggers the production of potent functional antibodies that play a critical role in immunoprophylaxis, thus making the SARS-CoV-2 spike protein an ideal target for the development of therapeutics against COVID-19 (Du et al., 2020; Liu et al., 2020; Shi et al., 2020). Currently, many different vaccine strategies are employed in the fight against SARS-CoV-2, include recombinant vectors, DNA, mRNA in lipid nanoparticles, inactivated viruses, live attenuated viruses and protein subunits (Krammer, 2020; Draft Landscape of COVID-19 Candidate Vaccines, 2022). Recombinant protein subunit vaccines are particularly advantageous, with proven safety and compatibility and the option of using multiple booster vaccinations where necessary (Jeyanathan et al., 2020). Furthermore, in some cases, the proteins making up the subunits can be prepared using recombinant molecular techniques.

Despite a comprehensive effort to develop RBD-based vaccines, the use of the RBD subunit as a vaccine candidate remains hindered by its limited immunogenicity (Wang et al., 2020). Improving the immunogenicity of RBD requires the use of an appropriate adjuvant or optimization of the protein sequence, fragment length or immune program (Li et al., 2020). CRM197 (Cross-Reacting Material 197), a non-toxic mutant of diphtheria toxin (DT), is widely used as a carrier protein in polysaccharide vaccines (Giannini et al., 1984; Malito et al., 2012). Studies have shown that CRM197 increases the production of Th1- and Th2-secreting T cells during the immune response, and induces B cell proliferation and the secretion of antigen-specific antibodies, thereby enhancing the immunogenicity of that to which it is conjugated (Dagan et al., 2010). Of particular note, the well-studied C-terminal catalytic domain A (aa 1-191) of CRM197 (CRMA) alone has been shown to significantly enhance the immunogenicity of the Hepatitis E virus pORF2-E2 protein and human papillomavirus (HPV) major capsid protein L2 peptide (Wang et al., 2015, 2019). Thus, we posited that the C-terminal catalytic domain A of CRM197 could serve as an intra-molecular adjuvant for RBD to improve its immunogenicity.

The Escherichia coli (E. coli) expression system has been widely used in the production of numerous recombinant protein drugs due to its rapid growth rate and well-defined genetic profile, as well as the lower costs associated with its culture (Huang et al., 2012). Furthermore, the E. coli expression system allows for the rapid expression and cost-effective scale-up of recombinant proteins during manufacturing. Recent years has witnessed the appropriate use of the E. coli expression system for the production and subsequent approval of genetically engineered vaccines (e.g., hepatitis E vaccine, human papillomavirus vaccine, meningococcal vaccine; Birkett et al., 2002; Proffitt, 2012; Skibinski et al., 2013; Shirley and Taha, 2018; Masignani et al., 2019; Qiao et al., 2020), including the VLP-based vaccine fully derived from E. coli, Hecolin, which was approved for use in humans in 2012 as the first vaccine against Hepatitis E (Proffitt, 2012). Such VLP-based vaccines derived from E. coli are highly cost-effective as compared with vaccines derived from insect cells or yeast (Huang et al., 2017). Indeed, insect cells and other expression systems are slower, demand higher costs, and have inherent issues with scalability for commercial purposes. Although not without its limitations, the E. coli expression system shows promise for the development of other vaccine types.

Here, we sought to evaluate a candidate vaccine produced using the E. coli expression system based on the RBD domain of SARS-CoV-2 fused with CRMA and purified by chromatography. We investigated the physiochemical properties and immunogenicity of this vaccine candidate in a mouse model, and highlight the immune response of CRMA-RBD combined with different adjuvants. Collectively, our findings provide the groundwork for the design of a safe and effective SARS-CoV-2 vaccine based on the RBD using E. coli.



MATERIALS AND METHODS


Sera Sample

Six COVID-19 convalescent human sera samples collected from COVID-19 patients after they had recovered from the disease in the First Affiliated Hospital of Xiamen University. Two control sera collected from non-infected persons. Written informed consent was obtained from all volunteers.



Monoclonal Antibodies

Five monoclonal antibodies (mAbs) were prepared as previously reported (Li et al., 2021; Zhang et al., 2021a): 36H6, 6D6, 7D6, REGN10933, and S309. The 36H6, 7D6, and 6D6 mAbs were screened by immunizing mice with SARS-CoV-2 RBD protein or spike protein alone and in combination with the SARS-CoV spike protein and the MERS-CoV RBD protein, as previously described (Li et al., 2021; Zhang et al., 2021a).

The REGN10933 and S309 mAbs were expressed from Chinese hamster ovary (CHO) cells transiently transfected with plasmids expressing the heavy and light chains, as previously described (Li et al., 2021).



Gene Cloning, Protein Expression, and Purification

The SARS-CoV-2 subunit antigen, designated CRMA-RBD, comprises residues Arg319–Phe541 of the RBD protein (NCBI accession No. YP009724390) and the catalytic domain A of CRM197 (GeneBank: AMV91693.1), joined by a flexible linker (GGGGSGGGGSGGGGS). To construct plasmids for the expression of RBD, the RBD genes were amplified from synthesized SARS-CoV-2 S gene (Sangon Biotech, Shanghai, China) with primers RBD-F and RBD-R (primer sequence refer to Supplementary Table S1), ligated into products that were amplified with primers pTO-T7-VF and pTO-T7-VR using a nonfusion pTO-T7 expression vector (Wang et al., 2019) as a PCR template, as per the “Gibson Assembly” method (Wang et al., 2019). Similarly, to construct plasmids for the expression of CRMA-RBD, the RBD genes were amplified with primers CRMA-L-RBD-F and CRMA-L-RBD-R, ligated into products that were amplified with primers pTO-T7-VF and pTO-T7-CRMA-L-R using a pTO-T7-CRMA expression vector (Wang et al., 2019) as a PCR template. Then, two recombinant plasmids, pTO-T7-CRMA-RBD and pTO-T7-RBD were separately transferred into the ER2566 E. coli strain (Invitrogen) for expression. The 0.5 L E. coli ER2566 was grown in LB with 100 μg/ml kanamycin to OD600 of 0.6 and induced with 0.1 mM IPTG for 10 h at 24°C.

The expressed CRMA-RBD and RBD proteins were found in form of inclusion body. First, inclusion bodies were separated and purified from cellular debris. The pellets harvested by centrifugation were washed twice with buffer I (50 mM Tris-HCl, 2% Triton X-100, and pH 8.0) and buffer II (50 mM Tris-HCl, pH 8.0), respectively, and then dissolved in buffer III (50 mM Tris-HCl, 8 M urea, and pH 8.0). Next, the CRMA-RBD protein was purified by a three-step chromatography purification process using Q-sepharose (GE Healthcare), SP-sepharose (GE Healthcare), and Phenyl-sepharose (GE Healthcare). The RBD protein was purified by one-step Q-sepharose (GE Healthcare). The chromatography produced an CRMA-RBD protein of ~90% purity (yield, 0.8 mg/L cell culture), and an RBD protein of ∼90% purity (yield, 1.0 mg/L cell culture). Final, two proteins were renatured by dialysis against phosphate buffer (PB; 20 mM pH 7.4, 0.3 M NaCl) at 4°C.



SDS-PAGE and Western Blotting

Purified proteins were mixed with an appropriate amount of 5× loading buffer, heated at 100°C for 10 min, and separated using 4–12% polyacrylamide tris-glycine gels for 45 min at 180 V. The gels were stained with Coomassie brilliant blue for 30 min at room temperature, destained with KCl2 buffer to a clear background, and imaged using the ChemiDoc system (BioRad). For immunoblotting, the gels were then transferred onto nitrocellulose membranes (Whatman, Dassel, Germany). The membranes were blocked and then incubated with an RBD-specific mouse mAb antibody (36H6, 1 μg/ml) at room temperature for 1 h, and washed with PBS containing 0.2% Tween-20 (PBST). Subsequently, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-human IgG (GAM-HRP) secondary antibody (Abcam, Cambridge, United Kingdom, 1:5,000 dilution), washed again, and then developed using SuperSignal ELISA Pico Chemiluminescent Substrate Kit (Thermo Fisher Scientific).



High-Performance Size-Exclusion Chromatography

The homogeneity of the CRMA-RBD and RBD proteins was determined by high-performance size-exclusion chromatography (HPSEC; Agilent Technologies 1,200 series; Santa Clara, CA) using a TSK Gel G5000PWXL7.8 × 300 mm column (TOSOH, Tokyo, Japan) equilibrated in 20 mM PB, pH 7.4, containing 0.3 M NaCl. The system flow rate was maintained at 0.5 ml/min and proteins in the eluents were detected at 280 nm.



Analytical Ultracentrifuge

The sedimentation coefficients for CRMA-RBD and RBD were determined by sedimentation velocity experiments using a Beckman XL-A analytical ultracentrifuge (AUC; Beckman Coulter, Fullerton, CA). Samples were diluted to 0.5 mg/ml in 20 mM PB7.4, 0.3 M NaCl. The AN-60 Ti rotor (Beckman Coulter; Fullerton, CA) speed was set to 40,000 ~ 45,000 rpm for the highest resolution, and the experiment was carried out at 20°C. Data were collected using SEDFIT computer software, kindly provided by Dr. P. C. Shuck (NIH, Bethesda, MA, United States). Multiple curves were fit to calculate the sedimentation coefficient (S) using the continuous sedimentation coefficient distribution model [c (S)], with the c (S) value used to estimate protein molar mass.



Enzyme-Linked Immunosorbent Assay

ELISA was performed to determine the antigenicity of the CRMA-RBD and RBD proteins. The wells of 96-well microplates were coated with CRMA-RBD, RBD, RBD (Bac) and S-2P (Bac) proteins at 100 ng per well. RBD (Bac) and S-2P (Bac) proteins were both prepared using the insect baculovirus (Bac) expression vector system. After incubation at 37°C for 2 h, the wells were blocked. For RBD-specific neutralizing antibodies (nAbs) detections, 2 μg/ml or 10 μg/ml of nAbs REGN10933, 6D6, 7D6, or S309 were added and serially diluted. For human sera detections, serial dilutions of six convalescent sera and sera from two healthy persons at a starting concentration of 1:50 were added and incubated at 37°C for 0.5 h. The wells were washed and then incubated with HRP-conjugated goat anti-mouse IgG antibody diluted 1:5,000 in assay diluent for measurements of 6D6 and 7D6, and HRP-conjugated goat anti-human IgG antibody for measurements of REGN10933, S309, and human sera. Wells were washed again and the reaction catalyzed using o-phenylenediamine (OPD) substrate at 37°C for 10 min. The optical density (OD450/630 nm) was measured on a microplate reader (TECAN, Männedorf, Switzerland).

ELISA was also performed to determine sera antibody binding titers. Mouse serum samples were serially diluted 3-fold from a starting concentration of 1:50 or 1:100 and pipetted into the wells of antigen-coated plates. The plates were then incubated for 30 min at 37°C. The plates were washed, and then incubated for 30 min at 37°C with 100 μl/well of a 1:5,000 diluted goat anti-mouse IgG-HRP antibody. The chromogenic reaction and optical density (OD450/630 nm) detection methods are the same as the procedures described above. The cut-off value was calculated as the mean of the control OD450 nm value plus three times the SD (STDEV.P) of the pre-immunization serum samples (n = 40). The binding titer was defined as the first dilution with a value larger than the cut-off value.



Surface Plasmon Resonance

Human ACE2–hFc was captured to ~100 response units (RUs) on Sensor Chip Protein A. For kinetic analysis, CRMA-RBD and RBD proteins were run across the chip in a 2-fold dilution series (12.5, 25, 50, 100, 200, 400, 800, and 1,600 nM), with another channel set as the control. Each sample that had bound to the antigen surface was dissociated by PBS-P+ running buffer (Cytiva) for 120 s at a flow rate of 30 μl/min. Regeneration of the sensor chips was performed for 60 s using regeneration buffer (glycine pH1.5). The resulting data were fitted to a 1:1 binding model using Biacore Evaluation Software (GE Healthcare). Surface plasmon resonance (SPR)-based measurements were performed using a Biacore 8K (GE Healthcare).



Vaccine Formulation

Each antigen [the CRMA-RBD, RBD, or RBD (Bac) proteins] was absorbed to an equal volume of Alum adjuvant (Al-001-840, the Al content in the formulation is 0.84 mg/ml) or a nitrogen bisphosphonate-modified zinc-aluminum hybrid adjuvant (FH-002C-Ac; Wu et al., 2021) to achieve the desired concentration [6.67 μg/ml (1 μg per dose) or 33.33 μg/ml (5 μg per dose)] in final formulation.

For the Freund’s adjuvant-based formulation, equal volume of antigens and complete Freund’s adjuvant (Sigma-Aldrich; the initial injection) or incomplete Freund’s adjuvant (Sigma-Aldrich; the boost injection) were mixed into a stable emulsion.



Animals Vaccination

The experimental protocols were approved by the Xiamen University Laboratory Animal Management Ethics Committee. Female, 6-week-old BALB/c mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. All animal procedures were approved by the Xiamen University Laboratory Animal Management Ethics Committee. All manipulations were strictly conducted in compliance with animal ethics guidelines and approved protocols.

BALB/c mice were subcutaneously immunized with various antigens (1 μg or 5 μg per dose) combined with Freund’s adjuvant, and intramuscularly immunized with various antigens (1 μg or 5 μg per dose) combined with Alum adjuvant or FH-002C-Ac adjuvant (150 μl per mouse), following an immunization schedule of one priming dose at week 0 plus two boosters at weeks 2 and 4 (n = 6 per group). Serum samples were collected at 1-week intervals after immunization via retro-orbital bleeding to measure the antigen-specific IgG antibody titers. For cellular immune response analyses, splenocytes cells were collected 7 days after the third immunization for intracellular cytokine staining (ICS) measurements.

To estimate the degree of persistence of the vaccine-induced immune response, BALB/c mice were immunized with various vaccine formulations according to the above three-dose immunization schedule (n = 5 per group). Serum samples were collected to measure the antigen-specific IgG antibody titers and neutralizing antibody titers at weeks 0, 1, 2, 3, 4, 5, 6, 7, 8, 12, and 16.



Pseudovirus-Based Neutralization Assay

Pseudovirus-based neutralization assays were performed as previously reported (Xiong et al., 2020). BHK21-hACE2 cells were pre-seeded in 96-well plates. Serially diluted (3-fold gradient) serum samples were mixed with diluted VSV-SARS-CoV-2-Sdel18 virus and incubated at 37°C for 1 h. The mixture was added to the pre-seeded BHK21-hACE2 cells. After 12 h of incubation, fluorescence images were obtained with Opera Phenix or Operetta CLS equipment (PerkinElmer). For quantitative determination, fluorescence images were analyzed by the Columbus system (PerkinElmer), and the numbers of GFP-positive cells for each well were counted to represent infection performance. The neutralization titer for each sample was expressed as the maximum dilution fold (ID50) required to achieve infection inhibition by 50% (50% reduction in GFP-positive cell numbers as compared with controls).



Flow Cytometry

Splenocytes (2 × 106 per test) harvested from mouse spleen were stimulated with 2 μg/ml pooled peptides of SARS-CoV-2 RBD protein (15-mer peptides with 11–amino acid overlap covering the entire RBD protein; GenScript; refer to Supplementary Table S2) for an 18-h incubation in a CO2 incubator. Protein transport inhibitors (BD GolgiPlug; BD Biosciences) were added and incubated for 6 h. Cells were then stained for flow cytometry analysis using the following antibodies from BD Biosciences: FITC Rat Anti-Mouse CD4, PE-Cy7 Rat Anti-Mouse CD8a, and LIVE/DEAD Fixable Aqua Dead Cell Stain Kit. Subsequently, cells were fixed and permeated by using Fixation/Permeabilization Solution Kit, and further stained with APC Rat Anti-Mouse IFN-γ and PE Rat Anti-mouse IL-2. Finally, the samples were measured using a BD LSRFortessa X-20 Flow Cytometer (BD), with the data were analyzed by FlowJo V10.6.0. The gating strategy for detecting T cell subsets is shown in Supplementary Figure S1.



Statistics

All statistical analyses were performed using GraphPad Prism 9 software (La Jolla, CA), Origin2021, and FlowJo V10. The nonparametric Kruskal–Wallis test was used to analyze the differences among more than two groups and followed by the Dunn’s method correcting for multiple comparisons. p values in each group are indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.




RESULTS


Characterization of the Recombinant CRMA-RBD and RBD Proteins

Evidence suggests that the SARS-CoV-2 spike protein triggers the production of potent, functional antibodies that initiate an immunoprophylactic response against COVID-19 (Du et al., 2020; Liu et al., 2020; Shi et al., 2020). We constructed a candidate antigen by fusing the fragment A domain of CRM197 with the RBD (residues 319–541) of the spike protein using a flexible peptide linker, hereafter referred to as “CRMA-RBD” (Figure 1A). Using the E. coli expression system, recombinant SARS-CoV-2 CRMA-RBD and RBD proteins were obtained (Figure 1B). Both of the purified proteins showed acceptable purity, with molecular weights (m.w.) of ∼48 kDa, and 25 kDa for CRMA-RBD and RBD, respectively. The CRMA-RBD and RBD proteins reacted well with 36H6 antibodies (Zhang et al., 2021a) in immunoblotting analysis (Figure 1B). Due to the lack of glycosylation modifications in E. coli, as expected, the E. coli-derived RBD protein has a smaller molecular weight than the RBD protein derived from the baculovirus (Bac) insect cell expression system.
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FIGURE 1. Construct design and characterization of the CRMA-RBD protein. (A) Schematic map of the CRMA-RBD construct design. Fragment A of Cross-Reacting Material 197 (CRM197) was fused to the N-terminus of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RBD via a flexible linker. S, spike protein; CRM197, Cross-Reacting Material 197; and RBD, receptor binding domain. (B) Purified CRMA-RBD and RBD analyzed by SDS-PAGE and western blotting. Bac: Baculovirus expression vector system. RBD (Bac), recombinant RBD protein from Baculovirus insect cell expression. M: Marker. (C) Purified CRMA-RBD and RBD proteins were evaluated by high-performance size-exclusion chromatography (HPSEC). (D) Purified CRMA-RBD and RBD proteins were analyzed by analytical ultracentrifugation (AUC). CRMA-RBD is shown in red, and RBD is shown in blue. Sedimentation coefficients of CRMA-RBD and RBD were determined by sedimentation velocity (SV) tests; molecular weights of CRMA-RBD and RBD in solution were evaluated by the c (M) method. (E) Analysis of CRMA-RBD (left), RBD (middle), and RBD (Bac; right) binding to the ACE2 receptor protein by surface plasmon resonance technology (SPR).


Next, we used HPSEC and AUC to analyze the oligomerization potential of the two recombinant proteins in solution. HPLC analysis showed that CRMA-RBD presented a single major peak with retention time of 21.5 min (Figure 1C). In contrast, RBD showed not only one major peak at about 23.2 min (account for 75.1%), but also a small peak at about 21.5 min (account for 24.9%). In the AUC profiles, for CRMA-RBD, a predominant sedimentation peak was observed at 2.7 S, approximately equivalent to 43.4 kDa (Figure 1D). RBD resolved at 2.4 S, equivalent to 24.3 kDa. Furthermore, RBD had a small peak at 5.0 S, possibly corresponding to the small species resolved in the HPLC profile, which should be minor amount of RBD oligomers. Together, these results showed the CRMA-RBD protein have higher homogeneity in solution than RBD.

To investigate the conformational integrity of the RBD after fusion to the C-terminal CRM197-A fragment, we analyzed the binding affinities of CRMA-RBD and RBD with the ACE2 protein using SPR. As shown in Figure 1E, the equilibrium dissociation constants (KD) of CRMA-RBD and RBD proteins for the immobilized hACE2-Fc protein were ~5.14 × 10−8 M and 5.94 × 10−8 M, respectively, which closely match the binding affinity of RBD (Bac) protein (KD = 1.93 × 10−8 M). These results suggest that E. coli-derived RBD proteins display a native conformation, and that fusion with CRMA has no effect on the structure of the RBD.



Antigenicity of CRMA-RBD and RBD Proteins

The antigenicity levels of the E. coli-derived CRMA-RBD and RBD proteins were characterized by SARS-CoV-2 nAbs [REGN10933 (Hansen et al., 2020), 6D6, 7D6 (Li et al., 2021), and S309 (Pinto et al., 2020)] and COVID-19 convalescent human sera, with RBD (Bac) or S-2P (Bac) protein serving as controls. Four nAbs were prepared as previously reported (Li et al., 2021). S-2P is a trimer stabilization design of the spike protein encompassing amino acids 15-1,213, and engineered with two proline substitutions at residues 986 and 987 along with the inclusion of an “AGAG” at the furin cleavage site (residues 682–685). The S-2P protein was also expressed using the Baculovirus expression vector system, and is hereafter referred to as S-2P (Bac; Li et al., 2020).

First, the CRMA-RBD and RBD proteins were analyzed by ELISA for their reactivity to four well-characterized nAbs, which recognize separate epitopes within RBD (Li et al., 2021). The CRMA-RBD and RBD proteins reacted well with both REGN10933, 6D6, and 7D6 antibodies, but weakly with S309 compared to RBD derived from insect cell expression (Figure 2A). Crystal structure showed that S309 recognized a highly conserved epitope in the RBD that comprises the N343 glycan, which explains why E. coli-derived recombinant RBD protein reacted weakly with S309. Thus, despite the lack of glycosylation in E. coli expression system, the E. coli-derived CRMA-RBD and RBD proteins maintain the conformational probity of most neutralization epitopes except for some glycan-related one.
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FIGURE 2. Antigenicity of the CRMA-RBD and RBD proteins against SARS-CoV-2 neutralizing antibodies (nAbs) and Coronavirus disease 2019 (COVID-19) convalescent sera. (A) The reactivity of the CRMA-RBD, RBD, and RBD (Bac) proteins with four nAbs (REGN10933, 6D6, 7D6, and S309) determined by ELISA. (B–G) The reactivity of the CRMA-RBD, RBD, RBD (Bac) and S-2P (Bac) proteins against the COVID-19 convalescent human sera (#1–#6) as determined using western blotting (left panel) and ELISA (right panel). Convalescent sera were collected from patients with COVID-19 after they had recovered from the disease. (H,I) Results of two control sera collected from non-infected persons.


To further evaluate the antigenicity of two proteins, we performed ELISA and western blotting using a panel of six COVID-19 convalescent human sera, which collected from COVID-19 patients after they had recovered from the disease in the First Affiliated Hospital of Xiamen University; two control sera collected from non-infected persons were also used. Immunoblotting analysis showed good reactivity of the S-2P (Bac) protein against all six convalescent sera, whereas CRMA-RBD, RBD, and RBD (Bac) proteins showed little to no reactivity. In contrast, in the ELISA-binding assay, we found strong reactivity for the E. coli-derived CRMA-RBD and RBD proteins against the six convalescent sera, similar to the RBD (Bac) an S-2P (Bac) proteins (Figures 2B–G, right panel). In addition, no detectable reactions were observed with the control sera (Figures 2H,I).

Collectively, these results suggest that E. coli-derived CRMA-RBD and RBD proteins maintain native-like SARS-CoV-2 epitopes. These epitopes in the native virion should be immunogenic in COVID-19 patients and capable of eliciting high antibody titers in the convalescent phase of SARS-CoV-2 infection. Given that most RBD epitope sites are strictly conformation dependent, it is not surprising that mild reducing and denaturing conditions with SDS treatment in the western blotting analysis lead to little or no binding; the NTD S1 and S2 regions [i.e., S-2P (Bac) protein] bear some linear epitopes that would not be as affected by denaturation.



RBD-Specific Neutralizing Antibody Responses Induced by CRMA-RBD

We next evaluated the immunogenicity of our E. coli-derived recombinant vaccine candidates. Mice were immunized with two dosages (1 and 5 μg) of CRMA-RBD, RBD or RBD (Bac; as a control) with Freund’s adjuvant, a standard Alum adjuvant (Al-001-840), or a nitrogen bisphosphonate-modified zinc-aluminum hybrid adjuvant (FH-002C-Ac; Wu et al., 2021). Phosphate-buffered saline (PBS) was used for the negative control group. Each group of mice (n = 6 per group) was vaccinated at weeks 0, 2, and 4. To assess the humoral immune response induced by the recombinant protein vaccine candidates, RBD-specific IgG and neutralizing antibody titers were measured by ELISA and a neutralization assay based on vesicular stomatitis virus (VSV) pseudovirus and BHK21 cells expressing ACE2, respectively.

For all three proteins, mice immunized with Freund’s and FH-002C-Ac adjuvants showed rapid antibody responses, presenting detectable anti-RBD IgG antibodies at week 2 (Figure 3A, top panel). Compared with the saline-vaccinated group, seroconversion of IgG antibodies occurred in most immunized mice after the second vaccination (Figure 3A, middle panel). For the CRMA-RBD protein, antibody titers were significantly higher when combined with the FH-002C-Ac adjuvant than the Alum adjuvant, with week-5 measurements of ~5.5-log and 3.5-log titers, respectively. Of note, the two dosages of CRMA-RBD formulated with FH-002C-Ac adjuvant induced comparable IgG titers. At low dosages (1 μg), CRMA-RBD elicited higher IgG titers than did the RBD (Figure 3A, bottom panel). In comparison, IgG titers were dose-dependent for the E. coli-derived RBD protein with the Freund’s adjuvant but this was not the case for baculovirus-derived RBD protein.
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FIGURE 3. Immunogenicity of CRMA-RBD, RBD, and RBD (Bac) in mice. (A) IgG titers induced by CRMA-RBD, RBD, or RBD (Bac) in BALB/c mice (n = 6). Mice were immunized with 1 or 5 μg of CRMA-RBD, RBD, or RBD (Bac), delivered with Freund’s adjuvant, Alum adjuvant (Al-001-840) or the FH-002C-Ac adjuvant at weeks 0, 2, and 4. (B) Neutralizing antibody titers of the immune sera at week 5, corresponding to the samples showing IgG titers in (A, bottom panel). Data were plotted as median ± IQR. The statistical significance was determined by a Kruskal–Wallis test with Dunn’s multiple comparisons test. p values: *p < 0.05, **p < 0.01, and ***p < 0.001. p values are indicated in the plots: p values above column corresponding the difference between the group and the saline group; p values above line corresponding the difference between two independent groups. RBD (B): RBD (Bac).


In addition to antibody production intensity, immunization quality critically depends on the neutralization ability of the generated antibodies. After the 3-dose regimen, at week 5, the antibody titers of the CRMA-RBD protein were about 3-log when combined with the FH-002C-Ac adjuvant, similar to that observed with Freund’s adjuvant (Figure 3B). Yet, CRMA-RBD combined with the FH-002C-Ac adjuvant induced more than 2-fold higher neutralizing antibody titers than it did when combined with the Alum adjuvant, implying a potent immunostimulatory effect of the FH-002C-Ac adjuvant. The control group showed only background-level antibody responses, with neither the IgG nor the neutralizing antibody. Together, recombinant CRMA-RBD protein combined with FH-002C-Ac adjuvant could enhance the induction of antibodies with a higher level of specific antibodies at a lower immunization dosage.



T Cell Response Induced by CRMA-RBD

Although it is important to establish humoral immunity against SARS-CoV-2 to prevent COVID-19 disease, an early and robust T cell response elicited by the vaccine is also critically important, it may benefit for lasting protection duration as well (Altmann and Boyton, 2020). Thus, we next sought to determine the RBD-specific T cell responses induced by our potential vaccine candidates in immunized mice. Splenocytes collected 7 days after the third immunization were stimulated with SARS-CoV-2 RBD overlapping peptides, and then assessed by flow cytometry analysis for the secretion of IFN-γ+ and IL-2+ CD4+ T cells, as well as IFN-γ+ and IL-2+ CD8+ T cells. CRMA-RBD formulated with either Alum or FH-002C-Ac adjuvant could induce higher frequencies of RBD-specific IFN-γ+ CD4+ or CD8+ T cells, and IL-2+ CD8+ T cells (Figures 4A,C,D). Similarly, RBD (Bac) generated an increased frequency of IFN-γ–producing CD4+ or CD8+ T cells (Figures 4A,C). Therefore, CRMA-RBD combined with the Alum adjuvant or the FH-002C-Ac adjuvant can effectively elicit RBD-specific CD4+ and CD8+ T cell responses.
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FIGURE 4. T cell immune responses in BALB/c mice vaccinated with CRMA-RBD vaccine candidate. BALB/c mice (n = 6) were immunized with CRMA-RBD, RBD, or RBD (Bac) vaccine candidates at two doses (1 and 5 μg per dose) administered with Freund’s adjuvant, Alum adjuvant, or FH-002C-Ac adjuvant. Splenocytes were collected 7 days after the 3rd immunization and stained for fluorescence activated cell sorting (FACS). The frequencies of IFN-γ+CD4+ T cells (A), IL-2+CD4+ T cells (B), IFN-γ+CD8+ T cells (C), and IL-2+CD4+ T cells (D) are plotted as median ± IQR. The statistical significance was determined by a Kruskal–Wallis test with Dunn’s multiple comparisons test. p values: *p < 0.05. RBD (B): RBD (Bac).




Persistence of CRMA-RBD-Induced Immune Response in Mice

Finally, we sought to estimate the degree of persistence of the CRMA-RBD-induced immune response in mice by monitoring RBD-specific antibody titers over 16 weeks (Figure 5A). This test was carried out for CRMA-RBD in head-to-head manner with RBD as control, both of which were prepared from E. coli. In terms of the results of the first immunization test, the saline group and RBD (Bac) group were omitted.
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FIGURE 5. The persistence of recombinant CRMA-RBD-induced humoral immunity in mice. (A) IgG titers of anti-RBD in immunized mice were monitored for up to 16 weeks. Mice (n = 5) were vaccinated with three doses of CRMA-RBD and RBD antigen formulations. Black arrows indicate the immunization time points. Serum samples were collected at appropriate intervals (weeks 0, 1, 2, 3, 4, 5, 6, 7, 8, 12, and 16) after immunization. (B–D) RBD-specific and neutralizing antibody titers measured at weeks 6, 8, and 12 post-vaccination. Data were plotted as median ± IQR. The statistical significance was determined by a Kruskal–Wallis test with Dunn’s multiple comparisons test. p values: *p < 0.05 and **p < 0.01.


All of the tested candidate-induced antibody titers rapidly increased after each of the two booster immunizations given at weeks 2 and 4. When formulated with Freund’s adjuvant, the IgG titers for CRMA-RBD were dose-dependent, with up to 5.8-log and 3.3-log for the 5 and 1 μg doses, respectively, at week 6 (Figures 5A,B, left panel); the corresponding neutralizing antibody titers were about 3.7-log and with a consistent trend in the response for the detection limit (Figures 5B–D). Of note, 5 μg CRMA-RBD and RBD induced comparable IgG titers, whereas, at the 1 μg dose, CRMA-RBD elicited a higher IgG titer than RBD over time thereafter (Figure 5A, left panel). In addition, anti-RBD antibodies were also observed at comparable titers in mice immunized with 1 μg CRMA-RBD and 5 μg RBD combined with the Alum adjuvant (Figure 5A, middle panel). In terms of the persistence of antibody response, CRMA-RBD formulated with Freund’s and Alum adjuvants could maintain slightly higher antibody levels over time as compared with RBD.

However, compared with Freund’s and Alum adjuvants, FH-002C-Ac-adjuvanted CRMA-RBD and FH-002C-Ac-adjuvanted RBD stimulated more rapid antibody responses in mice, reaching peak levels (~5.5-log) at week 5, which were maintained through to week 8 (Figure 5A, right panel). Following week 8, the titers slightly decreased to about 4.5-log until week 16. Notably, IgG titers for mice administered with CRMA-RBD–FH-002C-Ac and RBD–FH-002C-Ac were comparable at either dosage. However, mice that received a high dosage (5 μg) of CRMA-RBD–FH-002C-Ac were afforded much higher neutralization titers than those that received the low dose; indeed, some mice in the low-dose group failed to produce neutralizing antibodies, likely due to individual differences. In addition, neutralization antibody titers in the CRMA-RBD high-dose group were maintained at higher levels at week 12 relative to that of RBD protein (Figure 5D, bottom panel). The persistence in the binding and neutralization antibody titer levels over the long-term hints to the considerable longevity of the immunity induced by vaccinating mice with CRMA-RBD combined with the FH-002C-Ac adjuvant.




DISCUSSION

Vaccines are urgently needed to control the ongoing COVID-19 pandemic. The SARS-CoV-2 spike RBD is an attractive target for vaccine design. In this study, we describe a SARS-CoV-2 subunit vaccine candidate containing the RBD fused to the CRM197 A domain (CRMA-RBD) and expressed in E. coli. We show that this fusion CRMA-RBD protein combined with FH-002C-Ac adjuvant can effectively induce neutralizing antibody titers, thus representing a promising pathway for SARS-CoV-2 vaccine development.

Several eukaryotic expression systems, including mammalian cells, baculovirus-insect cells and yeast, have been used to express the recombinant RBD protein (Chen et al., 2020; Dai et al., 2020; Yang et al., 2020; Sinegubova et al., 2021). Yet, the E. coli expression system has otherwise advantages for the expression of exogenous proteins, including efficiency, time–cost saving and yield. These differences are particularly relevant in the current urgent circumstances surrounding SARS-CoV-2. However, proteins expressed with E. coli lack post-translational modifications, such as glycosylation, and suffering from correct disulfide bond formation sometimes, which are often critical for proper protein folding, stability, and/or activity. Previous studies (Lan et al., 2020) have reported that eight of the nine cysteine residues in the RBD form disulfide bond pairs (Cys336-Cys361, Cys379-Cys432, Cys391-Cys525, and Cys480-Cys488) that help to stabilize the structure. In the present study, we systematically optimized the renaturation conditions of the CRMA-RBD protein, and found it to have a strong interaction with the ACE2 protein (Figure 1E, left panel); this may indicate that the E. coli-derived CRMA-RBD maintains overall native conformation. This was further confirmed with ELISA results, as demonstrated good reactivity of CRMA-RBD against several representative nAbs (Figure 2A) and COVID-19 convalescent sera (Figures 2B–G, right panel). Finally, the immunogenicity of CRMA-RBD protein was similar to that of the baculovirus-derived RBD protein, and we found no significant difference in neutralizing antibody titers elicited by these two kinds proteins with FH-002-Ac adjuvant (Figure 3B). Of note, the RBD domain (Arg319-Phe541) contains two N-glycosites (Asn331 and Asn343), which were outside the motifs that are essential for direct interaction with the ACE2 receptor (Zhang et al., 2021b). As expected, the CRMA-RBD and RBD protein produced in E.coli reacted weakly with S309 (target N343 glycan) but well with both REGN10933, 6D6, and 7D6 antibodies despite of the lack of glycosylation (Figure 2A), which indicated the E. coli-derived proteins maintain overall conformational probity of most neutralization epitopes except for some glycan-related one. Thus, to some extent, our results suggest that glycosylation is not critical for inducing protective immunity using the RBD. Collectively, these features provide alternative options for vaccine design and immune recognition.

Previous studies have shown that CRM197 increases the production of Th1- and Th2-secreting T cells during the immune response and subsequently induces the differentiation and maturation of B cells by heterogeneous cytokines. CRM197 has been used as a carrier protein in several licensed conjugated vaccines, including PREVNAR7, PREVNAR13, and HibTITER (Shinefield, 2010). In these vaccines, the polysaccharide is chemically covalently linked to the CRM197 protein. Our previous study had shown that CRMA itself can serve as an intramolecular adjuvant: the truncated HEV capsid protein (E2) fused with CRMA showed 10-times more immunogenicity than the particulate p239 (Wang et al., 2019). As such, we chose to examine the utility of CRMA conjugation to enhance the immunogenicity of RBD. We showed CRMA-RBD combined with the Alum adjuvant induced a lower antibody titer (Figure 3), but a slightly stronger antigen-specific T cell response compared with RBD (Figures 4A,C), suggesting that the elicited T cell responses to CRMA may also enhance responses to the RBD. In the presence of the FH-002C-Ac adjuvant, both CRMA-RBD and RBD stimulated stronger humoral responses, however, we did not find obviously further enhancement by CRMA. Noteworthy, IFN-γ+ CD4+ T cells in animals receiving Alum adjuvant seems slightly higher in 1 μg dose group than that in 5 μg dose (Figure 4A). However, these slightly higher response of CRMA-RBD vs. RBD and 1 μg dose vs. 5 μg dose in CRMA-RBD–Alum group show no significantly statistical difference, which might be due to the measurement variation in dividual animal within a group.

The FH-002C-Ac adjuvant offers obvious advantages in terms of inducing a stronger humoral immune response to the CRMA-RBD protein. High titer-specific IgG antibody levels were detected on 1 week after the third immunization. Immunization with CRMA-RBD combined with FH-002C-Ac at low doses rapidly produce anti-RBD and neutralizing antibodies in mice (Figures 3A,B). For FH-002C-Ac adjuvant, the addition of a drug for osteoporosis nitrogen bisphosphonate (risedronate) and zinc ions to the composite alum adjuvant have showed an enhance immunostimulatory effect in our previous study (Wu et al., 2021). Thus, various antigens combined with FH-002C-Ac adjuvant could enhance the induction of antibodies with a higher level of specific antibodies at a lower immunization dosage. We surmise the 1 and 5 μg dose is too high to show the dose dependence, which might require further test in smaller dose. In comparison, the immune stimulation effect of Alum adjuvant is weak, 5 μg CRMA-RBD and RBD induced comparable IgG titers with 1 μg dose. Nonetheless, our data showed that immunization using CRMA-RBD combined with the FH-002C-Ac adjuvant could elicit RBD-specific CD4+ and CD8+ T cell responses (Figure 4); this would help to establish protective immunity afforded by both arms of the immune response in vaccinated individuals. Overall, the mechanisms of action of many adjuvants, including aluminum salts, FH-002C-Ac adjuvant and CRMA, are still to be fully elucidated.

In summary, we explored a SARS-CoV-2 subunit vaccine candidate based on a recombinant CRMA-RBD expressed in E. coli. The CRMA-RBD protein exhibited good physicochemical properties and produce strong immunogenicity response in BALB/c mice when combined with an FH-002C-Ac adjuvant. Our study outlined the expression, purification and characterization of an E.coli-derived CRMA-RBD protein, and pave an alternative way to produce a SARS-CoV-2 vaccine with potentially high cost-effective.
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Worldwide, hypervirulent Klebsiella pneumoniae (hvKp) is one of the leading causes of multisystem infection. Serotype K54 has also been considered as one of the hvKp-associated capsular types that are rarely reported. In this study, we reported a K54-ST29 hvKp isolated from a 58-year-old male patient with diabetes in a teaching hospital in China. The patient rapidly developed sepsis and brain abscess, with a lethal multiple-organ-system failure due to K54 hvKp infection. This K54 hvKp isolate showed high level of toxicity in a mouse infection model and was susceptible to all the tested antibiotics. The isolate was fully sequenced, and its genome was compared with the available K54 K. pneumoniae genome. We predicted 133 virulence and pathogen-related genes, including those involved in fimbriae synthesis, iron transport, and enterobactin synthesis. Sequence alignment revealed >90% similarity among seven K54 K. pneumoniae strains. Our data suggest that community-acquired infection caused by hypervirulent K54 K. pneumoniae in patients with diabetes is a concern in East Asia.
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INTRODUCTION

Klebsiella pneumoniae (K. pneumoniae) is a common pathogen causing various nosocomial infections, including pneumonia, urinary tract infection, abdominal infection, and bacteremia. K. pneumoniae is now recognized as an urgent threat to human health, because of the emergence of multidrug-resistant strains associated with hospital outbreaks and hypervirulent strains associated with severe community-acquired infections (Shao et al., 2021a). A unique case of K. pneumoniae infection leading to liver abscess along with endophthalmitis was reported for the first time in Taiwan in the 1980s, and the causative organism was designated as hypervirulent K. pneumoniae (hvKp). Hence, hvKp has been recognized as another pathotype in addition to classical K. pneumoniae (cKp), associated with high degree of pathogenicity and mortality due to hypervirulence (Zhu et al., 2021). Currently, hvKp isolates have been reported mainly in Asia, Europe, and North America, and more recently in South America (Morales-León et al., 2021).

After invasive K. pneumoniae infections became a recognized clinical concern in Asia, several studies on the isolates reported the differences between cKp and hvKp. However, there is no specific feature that captures all hvKp strains to date (Russo and Marr, 2019). Clinical manifestations, capsule typing, the hypermucoviscous phenotype, and presence of virulence associated genes could be used to differentiate hvKp from cKp strains (Choby et al., 2020). The capsule polysaccharide of K. pneumoniae has been viewed as an important virulence factor that promotes resistance to phagocytosis and serum bactericidal activity. Currently, more than 100 capsular (K) serotypes of K. pneumoniae have been identified. Notably, many reports have shown that K1 and K2 serotypes are strongly associated with hvKp (Wyres et al., 2016). Nevertheless, capsular type K54, particularly representatives of sequence type (ST) 29, has also been associated with hypervirulence (Turton et al., 2018). In this study, we isolated a K54-ST29 K. pneumoniae from a patient with diabetes suffering multiple system infection in a Chinese Hospital. We characterized the genotypic and phenotypic features of the isolate.



MATERIALS AND METHODS


Bacterial Strains

Three strains of K. pneumoniae were isolated from two blood cultures and a liver abscess puncture fluid of a 58-year-old man admitted to endocrine and immunology ward of a teaching hospital in Shandong Province of China on February 9, 2020. Four days prior to admission, the patient had experienced fatigue, anorexia, fever, and chills, without temperature monitoring and special treatment. He had a history of type 2 diabetes (> 20 years). The patient had no history of traveling abroad. Signed informed consent was obtained from the patient involved in this study. Patient information was obtained from electronic medical records. The methods in this study were approved by the Ethics Committee of Taian City Central Hospital (No. 2021-05-30), and the study was conducted in accordance with the approved guidelines. The isolates were identified as K. pneumoniae using VITEK-2 compact system and confirmed using VITEK-MS system (BioMérieux, France). Two strains of K. pneumoniae isolated from blood samples were designated as TAKPN-1 and TAKPN-3, and the strain isolated from liver abscess was named TAKPN-2.



Determination of Hypermucoviscosity Phenotype and Serotype Analysis

The hypermucoviscosity phenotype was determined by the string test. Samples were cultured on blood agar plates overnight at 37°C. A colony from the plate was then streaked with a bacteriology loop. A viscous string over 5 mm in length was considered as a positive result. As described previously, the isolate was serotyped for K1, K2, K5, K20, K54, and K57 serotypes (Shao et al., 2021b).



Antibiotic Susceptibility Assay

Antimicrobial susceptibility testing was performed using VITEK-2 compact system (BioMérieux, France). The minimum inhibitory concentrations (MICs) of imipenem, meropenem, and ertapenem were determined through an E-test (BioMérieux, France). Escherichia coli ATCC25922 and K. pneumoniae ATCC700603 served as the quality controls. All antibiotics were administered according to the approved standard of the 2021 European Committee on Antimicrobial Susceptibility Testing breakpoint.1



Mouse Lethality Assay

To determine the virulence of three K. pneumoniae isolates, pathogen-free, 6–8 week-old, female C57BL/6 mice [Changzhou Cavion Experimental Animal Co, Ltd. (license number SCXY (Su) 2011-0003)] were used. In the present study, 10 mice were used as a sample population for each bacterial concentration. Klebsiella pneumoniae ATCC 13883 served as the control. C57BL/6 mice were infected intraperitoneally with 0.1 ml of bacterial suspension at a concentration of 105 CFU in 0.9% NaCL. Symptoms and mortality rates were observed for 10 days. Further, we obtained the liver, lung, brain, and blood of dead mice for bacterial culture.



Multilocus Sequence Typing

Multilocus sequence typing (MLST) of K. pneumoniae was performed according to protocols available on the MLST Pasteur website.2 Seven conserved housekeeping genes (gapA, infB, mdh, pgi, phoE, rpoB, and tonB) were amplified, sequenced, and compared with those in the MLST databases.



Pulse-Field Gel Electrophoresis

An overnight grown bacterial culture in LB medium at 37°C was centrifuged and suspended in cell suspension buffer [100 mM EDTA, 100 mM Tris–HCl (pH 8.0)] and adjusted to an optical density (OD) of 4.0 at a wavelength of 600 nm. The suspension was mixed with equal volumes 2% solution of low melting agarose in Tris-EDTA [TE: 1 mM EDTA, 10 mM Tris–HCl (pH 8.0)]. After cooling, the agarose sections were incubated for 4 h at 54°C in cell lysis buffer [50 mM Tris–HCl, 50 mM EDTA (pH 8.0), 0.01 g/ml N-lauroyl-sarcosine, sodium salt, and 0.1 mg/ml proteinase K]. Thereafter, the sections were washed thoroughly with TE buffer and digested overnight with XbaI restriction endonuclease (Takara Bio, Inc., Otsu, Japan). Genomic DNA was separated in 0.5 × Tris/borate/EDTA (TBE) buffer in a Pulse-Field Gel Electrophoresis (PFGE) system (CHEF Mapper; Bio-Rad Laboratories, Inc., Hercules, CA, United States) at 14°C, using a voltage of 6 V/cm, a switch angle of 120°, and a switch ramp of 6–36 s for 21 h.



Genomic Analysis

The draft genome sequence of TAKPN-1 was determined by the Shanghai OE Biotech Co., Ltd. (Shanghai, China). Sequencing was performed on an Illumina HiSeq Xten platform (Illumina Inc., San Diego, CA, United States). An Illumina shotgun library using the Illumina TruSeq Nano DNA LT Sample Prep Kit was reconstructed and sequenced in paired ends using the Illumina HiSeq platform. Raw sequencing data were generated using the Illumina base-calling software CASAVA v1.8.23, according to the manufacturer’s protocol. The sequenced reads were assembled using SOAPdenovo software (Feng et al., 2021).

Contigs with length greater than 500 bp were annotated by the NCBI prokaryotic genome annotation pipeline (PGAP) and Rapid Annotation using Subsystem Technology web server (RAST; http://rast.nmpdr.org/). The genomic sequences were additionally annotated with KEGG databases3 to analyze the metabolic pathway. Bacterial virulence factors (VFDB) and pathogen host interaction (PHI) factors were further predicted by Virulence Factors of Pathogenic Bacteria database4 and PHIs Database5 respectively, considering a ≥ 80% similarity criteria. Additionally, the genome of K1 hvKp (NTUH-K2044), K2 hvKp (SMU18037509), and cKp (ATCC 13883) was retrieved from National Center for Biotechnology Information (NCBI) database. Bacterial virulence factors of TAKPN-1 were compared with that of NTUH-K2044, SMU18037509, and ATCC13883.



Phylogenetic Tree Construction

The genome of K. pneumoniae with Capsular Genotype K54 was retrieved from NCBI database for the query “K54 and K. pneumoniae.” We obtained eight genome of K54 K. pneumoniae. The maximum likelihood method was used to construct the phylogenetic tree, and the software used was PhyML v3.06 with bootstrap as 1,000.




RESULTS


Clinical Characteristics of Patient

The patient was admitted with fever (39.5°C) and normal blood pressure. Laboratory exams showed increased leukocytosis with neutrophilia (18.92 × 106 cells per liter with 88.5% neutrophils) and procalcitonin (7.21 mg/L). Abdominal ultrasound detected intrahepatic abscess (Figure 1A). A computed tomography (CT) scan revealed an abscess of right lung and bilateral pleural effusion (Figures 1B,C). Moreover, the nuclear MRI showed multiple brain abscess (Figure 1D). On February 15, 2020, two strains of K. pneumoniae were isolated from blood cultures and a liver abscess puncture fluid. On February 20, 2020, lumbar puncture revealed turbid yellow cerebrospinal fluid (CSF) with a cell count of 40,500 cells/μl (normal range, <5 cells/μl). On February 22, 2020, we obtained the bronchoalveolar lavage fluid (BALF) of the patient and conducted culture and gene analysis of pathogenic microorganisms. Unfortunately, we were not successful in obtaining pathogenic bacteria from CSF and BALF. However, gene analysis of BALF revealed the presence of K. pneumoniae.

[image: Figure 1]

FIGURE 1. Image findings in this case. (A) Abdominal ultrasound showed the presence of intrahepatic abscess; (B,C) An computed tomography (CT) scan revealed an abscess of right lung and bilateral pleural effusion. (D) The nuclear MRI showed multiple brain abscess. Yellow circles refer to the abscesses and black circles refer to the presence of pleural effusion.


The patient was treated with intravenous meropenem (1 or 2 g/8 h) from February 9, 2020, to April 4, 2020, and fosfomycin, moxifloxacin, and levofloxacin were used in intermittent combination during this period. During hospitalization, lumbar puncture and ventilator assisted respiration were performed. The specific treatment scheme and process are shown in Figure 2. The patient was discharged on April 7, 2020.

[image: Figure 2]

FIGURE 2. Clinical characteristics and treatment process of the patient.




Drug Sensitivity Results and MLST and PFGE of Three Klebsiella pneumoniae Isolates

Three K. pneumoniae isolates were susceptible to all tested antibiotics, including aztreonam, ampicillin/sulbactam, piperacillin/tazobactam, cephalosporins, carbapenems, quinolones, trimethoprim/sulfamethoxazole, and aminoglycosides (Supplementary Table S1). MLST revealed that the sequence type of three K. pneumoniae isolates was ST29. PFGE showed that three K. pneumoniae isolated from different parts showed 100% genetic similarity (Supplementary Figure S1).



Virulence of Three Klebsiella pneumoniae Isolates

The string test of three isolates showed positive results. PCR amplification determined their K54 serotype. In the mouse infection experiment, the three K. pneumoniae isolates showed similar higher toxicity compared with K. pneumoniae ATCC 13883. The mean mortality of mice on the third and fifth days was 50 and 90%, respectively. On the seventh day, all mice infected with clinical isolates died. However, the mortality of mice infected with K. pneumoniae ATCC 13883 was only 10% (Figure 3). Furthermore, K. pneumoniae were successfully obtained from the blood, lung, liver, and brain tissue of mice infected by TAKPN-1, TAKPN-2, and TAKPN-3. However, no bacteria were obtained from the tissues and blood of mice infected with K. pneumoniae ATCC 13883.

[image: Figure 3]

FIGURE 3. The survival rate of mouse infected by three hypervirulent Klebsiella pneumoniae (hvKP) isolates. Klebsiella pneumoniae ATCC 13883 served as the control.




Genomic Characterization of TAKPN-1

The draft genome size of the TAKPN-1 was determined to be 5,127,042 bp and the GC content was calculated to be 57.64%. A total of 4,714 predicted genes were annotated of which 4,477 were protein-coding genes and 237 were RNA genes (25 rRNAs, 85 tRNAs, and 127 sRNAs). KEGG analyses detected 2,638 genes involved in 22 biological functions in the draft genome of the TAKPN-1. Moreover, TAKPN-1 carried a limited number of antibiotic resistance genes. This also corresponded to the phenotypic results of antibiotics sensitivity test.

The complete sequence of TAKPN-1 was submitted to GenBank under accession number CP091650. The full published sequences of eight K. pneumoniae of K54 were downloaded and compared with that of TAKPN-1. We found that three out of nine isolates were from China, and seven out of nine strains were isolated from Homo sapiens. Sequence alignments revealed more than 90% similarity among the seven isolates, excluding CP042520.1 and CP030172.1 (Figure 4).

[image: Figure 4]

FIGURE 4. A phylogenetic tree of nine K54-hvKP isolates. The numbers on the branch indicate the branch reliability. The closer the value is to 100, the higher the reliability is. The branch length represents the evolutionary distance, which is calculated by the average number of substitutions per nucleotide.




Identification of Virulent Factors and Pathogen Host Interaction Factors

With identity ≥80%, we predicted 57 virulence-related genes and 76 pathogen-related genes via the VFDB and the PHI database, respectively (Figure 5). Among the 57 virulence genes, 14 engaged in fimbriae synthesis, 12 were pullulanase secretion proteins, and 11 were related to iron transport and Enterobactin synthesis. Furthermore, there were five E. coli common pilus (ECPs) structural subunits. The 76 pathogenic factors were related to gastrointestinal infection (27/76), pneumonia (14/76), urinary tract infection (8/76), wound infection (7/76), bacteremia (7/76), and nervous system infection (3/76). We compared the bacterial virulence factors of TAKPN-1 with that of K1 hvKp, K2 hvKp, and cKp. The results showed that most virulence genes existed simultaneously in K1, K2, and K54 hvKp. However, 42 virulence genes exist in K1 or K2 hvKp, but are missing in TAKPN-1. Meanwhile, four virulence factors exist only in TAKPN-1 but not in K1 or K2 hvKp. On the other hand, 93 virulence factors exist in both cKp and hvKp, but 45 genes are missing in cKp (Figure 6).

[image: Figure 5]

FIGURE 5. The genome of isolate TAKPN-1. Bacterial virulence factors and pathogen host interaction (PHI) factors with identity ≥80% were depicted. The identity represents the sequence similarity between the genes of TAKPN-1 and those of the reference genome.
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FIGURE 6. Bacterial virulence factors analysis of TAKPN-1(K54 hvKp), NTUH-K2044 (K1 hvKp), SMU18037509 (K2 hvKp), and ATCC13883 (cKp).





DISCUSSION

The pathogen hvKp typically causes community-acquired pyogenic liver abscesses in patients with no clinical history (Arena et al., 2016). It is one of the leading cause of multisystem infection, involving pneumonia, hepatic and non-hepatic abscesses, endophthalmitis, meningitis, skin and soft tissue infections, and necrotizing fasciitis (Huang et al., 2018; Marr and Russo, 2019). Diabetes mellitus is considered as a significant risk factor for acquiring an hvKp infection, and this bacterial infection predominantly affects 55–60 year-old male individuals. In Taiwan and Singapore, hvKp was the most common cause of deep neck infections in patients with diabetes (Choby et al., 2020; Hirai et al., 2020). In the present case, the patient was a 58-year-old patient with diabetes, with similar clinical features reported previously. The clinical course of this patient revealed typical traits of hvKp infection (Eger et al., 2021). First, the infection was severe, due to the invasion of the pathogen into the bloodstream from liver abscesses. Second, multiple body sites were affected, including the respiratory and nervous systems, which is a hallmark of hvKp infection. The rapid disease progression and the severity of illness in this patient were remarkable.

So far, there are limited case reports on invasive infection caused by K54 hvKp. In order to further understand the evolutionary relationship of hvKp serotype K54, we downloaded the nucleotide sequences of eight K54 hvKp and analyzed their similarity with TAKPN-1. The results showed that seven hvKp were closely related to each other, suggesting parallel evolution of these isolates. A previous study showed that the most prevalent type found in K54 hvKp was ST29 (Turton et al., 2018). Chuang et al. (2013) reported a case of mycotic aneurysm caused by K.pneumoniae serotype K54 with ST29. Iwasaki et al. (2017) also reported a case of bacterial meningitis caused by hvKp capsular genotype K54 with ST 29. The latter case illustrated two significant clinical findings for cerebral focal lesion infected by K54 hvKp. First, it was agranuloma-like, similar to cryptococcoma and tuberculoma, during the subacute phase. Second, the lesion became undetectable during antibacterial therapy. Our case corroborated their clinical features. Unfortunately, we failed to isolate hvKp from CSF. The possible reasons include two aspects: first, the amount of hvKp in CSF was too small, and most bacteria invaded the brain parenchyma; second, antibiotics were used for 11 days before the CSF drainage. However, hvKp was detected in blood, liver abscess, and BALF. Therefore, it was considered that the brain lesion of this patient was caused by hvKp infection.

Except for capsule types, many other factors of hvKp attributed to its virulence and pathogenesis, including up to four siderophore systems for iron acquisition, increased capsule production, the type I and type III fimbriae, and the colibactin toxin (Wang et al., 2020). We compared the bacterial virulence factors of TAKPN-1 with that of K1 hvKp, K2 hvKp, and cKp. The results showed that three hvKp carried similar virulence factors. It is worth noting that four virulence factors exist only in TAKPN-1 but not in K1 or K2 hvKp. They are involved in iron acquisition and type VI secretion system. On the hand, 45 virulence factors only exist hvKp, which are involved in capsule production, iron acquisition and aerobactin, fimbriae related function, mucoid phenotype, and type VI secretion system. However, many virulence factors exist in both cKp and hvKp. It is possible that the different expression levels of virulence factors lead to the diversity of pathogenicity in cKps or hvKps, which needs to be further studied.

In the genome of TAKPN-1, 14 genes participated in fimbriae synthesis. Fimbriae allow bacteria to attach to the host cells to establish infection. A previous report confirmed observations that type III fimbriae contribute to biofilm formation and demonstrated that the expression of type III fimbriae is positively correlated with iron concentration (Shon et al., 2013). The invading pathogen, hvKp, encodes high affinity iron acquisition systems to counteract host nutritional immunity processes. HvKp expresses four siderophores for iron acquisition, and the accumulation of siderophore systems in hvKp suggests iron acquisition is a critical component of the emergence of this pathogen (Choby et al., 2020). Eleven genes related to iron transport and enterobactin synthesis were predicted in TAKPN-1. The definition of hvKp is controversial, however, several recent studies have reported that possessing iutA (aerobactin receptor-encoding gene), in addition to rmpA, is a characteristic hvKp trait (Hirai et al., 2020). Whole-genome sequencing showed the presence of iutA and absence of rmpA in TAKPN-1. Moreover, we did not find any plasmid in TAKPN-1. A previous study has also reported that some of the K54 K. pneumoniae of ST29 isolated from blood lack a virulence plasmid (Turton et al., 2018). We confirmed the high virulence of three clinical isolates by mouse toxicity test, which is a standard test for hvKp infection.

Although initial isolates of hvKp were antimicrobial sensitive, management challenges included rapid initiation of therapy to prevent subsequent spread, detection of occult abscess to enable source control, and appropriate site-specific therapy (for example, meningitis, endophthalmitis, and prostatic abscess; Russo and Marr, 2019). Additional imaging (including CT or MRI) may be helpful and required to recognize the infection and identify certain occult sites of infection, because site-specific antimicrobial regimens that achieve adequate drug concentrations are needed for an optimal outcome (McHardy et al., 2021). In the present case, three hvKp isolates were susceptible to all detected antibiotics, and meropenem was used because of multiple site infections, including the nervous system. This patient gradually recovered via antimicrobial therapy, and the abscesses shrank until disappeared. He was discharged from hospital after 55 days of antimicrobial therapy.



CONCLUSION

In summary, our study described the phenotypic and molecular features of K54-ST29 hvKp causing multi-system infection in a patient with type 2 diabetes. Our study raises the concern of K54 hvKp plausibly becoming a serious health threat, considering its growing prevalence. Further epidemiological studies are warranted to elucidate the virulence factors for K54 hvKp strains, pathophysiology, and clinical features associated with their infection.
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The initial infection by the obligate intracellular bacillus Mycobacterium leprae evolves to leprosy in a small subset of the infected individuals. Transmission is believed to occur mainly by exposure to bacilli present in aerosols expelled by infected individuals with high bacillary load. Mycobacterium leprae-specific DNA has been detected in the blood of asymptomatic household contacts of leprosy patients years before active disease onset, suggesting that, following infection, the bacterium reaches the lymphatic drainage and the blood of at least some individuals. The lower temperature and availability of protected microenvironments may provide the initial conditions for the survival of the bacillus in the airways and skin. A subset of skin-resident macrophages and the Schwann cells of peripheral nerves, two M. leprae permissive cells, may protect M. leprae from effector cells in the initial phase of the infection. The interaction of M. leprae with these cells induces metabolic changes, including the formation of lipid droplets, that are associated with macrophage M2 phenotype and the production of mediators that facilitate the differentiation of specific T cells for M. leprae-expressed antigens to a memory regulatory phenotype. Here, we discuss the possible initials steps of M. leprae infection that may lead to active disease onset, mainly focusing on events prior to the manifestation of the established clinical forms of leprosy. We hypothesize that the progressive differentiation of T cells to the Tregs phenotype inhibits effector function against the bacillus, allowing an increase in the bacillary load and evolution of the infection to active disease. Epigenetic and metabolic mechanisms described in other chronic inflammatory diseases are evaluated for potential application to the understanding of leprosy pathogenesis. A potential role for post-exposure prophylaxis of leprosy in reducing M. leprae-induced anti-inflammatory mediators and, in consequence, Treg/T effector ratios is proposed.

Keywords: leprosy pathogenesis, memory T cells, regulatory T cells, lipid droplets, polyunsaturated fatty acid metabolites, interferon-γ, FOXP-3


INTRODUCTION

Leprosy is a chronic infectious disease that mainly affects the skin and the peripheral nerves. Mycobacterium leprae, an obligate intracellular pathogen with tropism for macrophages and Schwann cells, is the causative agent of the disease (Scollard et al., 2006). Recently, Mycobacterium lepromatosis, a bacterium phylogenetically very close to M. leprae, was identified as the causative agent of diffuse lepromatous leprosy with Lucio’s phenomenon (Rea and Jerskey, 2005; Han et al., 2008; Han and Quintanilla, 2015).

Indeterminate leprosy is an initial manifestation of the disease, and frequently it presents as single or multiple, hypopigmented, or faintly erythematous macules with loss of thermal sensation. The hair growth and sweating are unaffected (Talhari et al., 2015). These early cutaneous lesions are characterized by mild and non-specific inflammatory infiltrates, mainly lymphocytes and macrophages (Sehgal and Srivastava, 1987). Alterations in the peripheral nerves such as dermal nerve infiltration around the perineurium and within nerve bundles, hyperplasia of Schwann cells, and perineural fibrosis are also seen (Liu et al., 1982). At this point of the disease, the host immune responses did not take a defined turn towards granuloma formation or tolerance (Talhari et al., 2015). This indeterminate phase may remain for a long period and spontaneously regress if the infection is efficiently controlled, or M. leprae continues to grow and the disease progresses to pauci (PB) or multibacillary (MB) clinical forms depending on the host immune responses and possibly genetic factors (Sehgal and Srivastava, 1987; Cambri and Mira, 2018). The local innate immune response, including the differentiation of monocytes to classically (M1) or alternatively (M2) activated macrophages, as well as the specific T cell response, may be key determinants in driving the different clinical manifestations of the disease (de Sousa et al., 2017b; Pinheiro et al., 2018).

Leprosy is divided into a wide spectrum of forms. The tuberculoid and lepromatous poles represent the extremes between bacterial control and disseminated infection, respectively. In the tuberculoid pole (TT), there is an almost effective TH1 response, M1 macrophages are predominant, and rare bacilli are seen in the few observed skin lesions (Moura et al., 2012). However, in the lepromatous pole (LL) there is loss of the TH1 response, and M2 macrophages predominate in multiple skin lesions with increased bacillary load (Ridley and Jopling, 1966; Martins et al., 2012; Moura et al., 2012). It has been shown that in tuberculoid skin lesions there is a predominance of pro-inflammatory cytokines, including IFN-γ, IL-2, IL-15, and TNF-α (Modlin et al., 1988; Salgame et al., 1991). Furthermore, CD4+ T cells are distributed throughout the skin lesions and predominantly exhibit a memory phenotype. Although the CD4+ T cells predominate, cytotoxic CD8+ T are also seen in elevated numbers at the periphery in TT lesions (Sieling and Modlin, 1992). In contrast, the lepromatous skin lesions exhibit a predominance of anti-inflammatory cytokines, such as IL-4, IL-10, and IL-5 (Yamamura et al., 1991). CD8+ T cells are distributed throughout the lesion and outnumber CD4+ T cells. CD8+ T cells present in these cutaneous lesions produce high amounts of IL-4, showing an anti-inflammatory and non-cytotoxic functional profile (Modlin et al., 1988; Salgame et al., 1991).

Approximately 10% of the leprosy patients are diagnosed with pure neural leprosy (PNL). This clinical form is characterized by peripheral neuropathy without inflammatory skin lesions (Rabello et al., 1953). The diagnosis is quite delicate, and analysis of clinical features, electroneuromyography, nerve biopsy histopathology and M. leprae-specific DNA investigation in the affected nerves may be necessary for an accurate conclusion (Jardim et al., 2003). Neurological disorders occur mainly in the nerve trunks and may initially evolve silently, but progress to the deterioration of peripheral nerves. Muscle weakness followed by motor deficit, nerve pain or thickening, paresthesia, and sensitivity changes are the most common symptoms. In endemic countries, peripheral neuropathy is most likely observed in leprosy, but it also occurs in other pathologies (Jardim et al., 2003; Antunes et al., 2012). Described as an inflammatory process that affects several compartments of the peripheral nerve in the initial stages, a predominance of neuropathies in the small fibers can be observed in leprosy. The most frequently affected nerves are the ulnar, median, posterior auricular, superficial radial, common fibular, superficial fibular and posterior tibial nerves (Jardim et al., 2003). The nerve thickening may occur due to the inflammatory process, which can occur in the epineurium, perineurium and endoneurium, altering the morphology of myelinated nerves (Garbino et al., 2011, 2013).

Here, we discuss pathways for the initial infection by M. leprae, how the bacillus survives in the host, and how in some individuals this infection evolves to the different forms of leprosy. We hypothesize that a microenvironment that protects the bacillus from the TH1 response in the nasal mucosa and in the skin allows this bacillus to survive and expand despite the TH1 effector mechanisms. Mediators produced by tissue-resident macrophages and Schwann cells (SCs) following infection can inhibit effector function against M. leprae and facilitate the expansion of regulatory T cells (Tregs) specific for M. leprae-expressed antigens. The negative modulation of the effector response against M. leprae will allow the increase in bacillary load and onset of active disease. Epigenetic features already present in the tissue-resident leukocytes or induced by M. leprae might protect the bacillus from effector mechanisms and contribute to microenvironmental changes that will bias the differentiation of memory T cells toward a Treg phenotype.


Transmission of Mycobacterium leprae Infection and the Upper Respiratory Tract Mucosa

Mycobacterium leprae exhibits a slow replication rate, long incubation period and is uncultivable in vitro under axenic conditions (Scollard et al., 2006). Despite several attempts, leprosy transmission pathways have not been completely understood (Bratschi et al., 2015). It is widely accepted that the transmission occurs when a susceptible person inhales M. leprae in aerosols, droplets and nasal secretions expelled by heavily infected individuals (Araujo et al., 2016). This transmission route is supported by the demonstration that lepromatous patients can shed large numbers of viable bacteria through their nasal passages (Davey and Rees, 1974). On the other hand, a growing number of studies indicates that leprosy can also be a zoonosis, transmitted by the armadillos, as observed in the rural south of the United States (Sharma et al., 2015). The number of animals able to act as a reservoir for the disease is continuously growing, from mangabey monkeys to red squirrels, and more recently chimpanzees (Meyers et al., 1985; Schilling et al., 2019; Hockings et al., 2021). The potential of leprosy transmission from these animals to humans by hematophagous arthropods such as kissing bugs and ticks was also demonstrated (Ferreira et al., 2018), being the skin the probable primary site of infection (Job et al., 2008).

The hypothesis of the upper respiratory tract mucosa as the main primary site of M. leprae infection is reinforced by the presence of leprosy histological alterations in these areas before the appearance of skin lesions and nerve damage (Chacko et al., 1979; Suneetha et al., 1998). Furthermore, surface expression of adhesins involved in mycobacterial adherence to epithelial cells such as histone-like protein and heparin-binding hemagglutinin has been shown in M. leprae (de Lima et al., 2009). Most individuals develop an efficient immune response to M. leprae after exposure. However, in a small number of exposed individuals, the infection may not be controlled at the mucosal sites, favoring M. leprae growth in the host cells and spreading (Lázaro et al., 2010; Oliveira et al., 2021). Following an increase in the bacillary load, the pathogen may disseminate via bloodstream to other body parts. Indeed, histopathological analysis of the nasal mucosa from lepromatous patients shows massive numbers of M. leprae, mostly within macrophages adjacent to blood vessels (McDougall et al., 1975; Fokkens et al., 1998). Moreover, the presence of M. leprae DNA in blood samples of household contacts of leprosy patients implies not only that the circulation is likely a migration path during infection, but also indicates a higher risk of progression to disease in these contacts (Reis et al., 2014). In addition, serology of M. leprae-specific molecules such as phenolic glycolipid I (PGL-I) and leprosy IDRI diagnostic-1 (LID-1), as well as lipid mediators (reviewed by Silva and Belisle, 2018), may also be used as tools for detection of people at greater risk of developing the disease (Figure 1; Moura et al., 2008; Amorim et al., 2016).
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FIGURE 1. Evolution of asymptomatic infection to active disease. Following exposure to Mycobacterium leprae, only a few people develop Leprosy. The progression to active disease is accompanied by immunologic and metabolic changes, such as downregulation of TH1 cytokines, production of antibodies (anti-PGL-I and LID-1), and lipid mediators. DNA of M. leprae in blood samples also indicates individuals with an increased risk of disease onset. Leprosy patients may present alterations in upper airways, skin, and peripheral nerves, depending on the host immune cells involved in the response against M. leprae. DNA-ML, DNA of M. leprae; PGL-I, Phenolic Glycolipid I; LID-1, leprosy IDRI diagnostic-1; RvD1, Resolvin D1; PGE2, Prostaglandin E2; PGD2, Prostaglandin D2; LXA4, Lipoxin A4; HLP, Histone-like protein; HBHA, hemagglutinin binding heparin; AgTregs, antigen-specific regulatory T cells; PUFAs, Polyunsaturated fatty acids; Teff, effector T cells; Laminin 2 α-DG, Laminin 2 α Dystroglycan; MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9. Created with smart.servier.com.




Cellular Immunity and Mycobacterium leprae Survival in the Infection Sites

T cell-mediated immunity plays a pivotal role in leprosy pathogenesis, and it is well recognized that the production of proinflammatory cytokines is critical for triggering an efficient response against M. leprae in the nasal mucosa and skin (Modlin et al., 1988). Since leprosy is preceded by a long asymptomatic period, the memory pool may be the main T cell population involved in leprosy pathogenesis (Scollard et al., 2006). Memory T cells are divided into effector memory T cells (TEM) and central memory T cells (TCM). TEM cells display immediate effector function, whereas TCM cells have little or no effector function but exhibit higher proliferative capacity and upon reactivation can rapidly proliferate and develop into effector cells. TEM cells can be discriminated into distinct subsets, including TH1, TH2, TH17, TH9, TH22, and Tregs (Sallusto et al., 2004). TH1 cells and IFN-γ play a pivotal role in the control of the infection by intracellular pathogens such as M. leprae (Salgame et al., 1991). More recently, other T cells such as TH17 and TH9 cells have also been associated with pro-inflammatory responses against this bacillus. These cells are involved in the maintenance of chronic inflammation (Finiasz et al., 2007; Attia et al., 2014; Saini et al., 2016; de Sousa et al., 2017a; Santos et al., 2017). TH22 cells and IL-22 have been linked to inactivation of the lytic response of macrophages, thereby, favoring M. leprae dissemination and evasion. In addition, these cells are also related to tissue remodeling (de Lima et al., 2015). Tregs produce IL-10 and TGF-β and are key players in the suppression of effector T cells to limit tissue damage due exacerbated immune response and are also associated with leprosy in both blood leukocytes and skin lesions (Bobosha et al., 2014).

The lung may be a particularly promising site for the induction of peripheral Tregs specific for M. leprae-expressed antigens (Abbas et al., 2013). This possibility is supported by the recent finding that the inhalation of airborne particles such as house dust mites and fungal spores leads to Treg-mediated tolerance against these aeroantigens (Bacher et al., 2016). Indeed, M. leprae can invade primary human nasal mucosa cells and most notably alveolar epithelial cells and survive for at least 10 days following infection. Moreover, mice challenged intranasally with live bacilli developed lung infection (Silva et al., 2013). Thus, the continuous M. leprae nasal shedding by patients may induce pathogen-specific Tregs in the airways mucosa of healthy individuals, reducing effector T cell responses against M. leprae, and, in consequence, promoting an increase in bacillary loads (Davey and Rees, 1974; Martins et al., 2012). Therefore, the negative modulation of effector T cell function in the mucosa of the airways by Tregs may facilitate the bacillus survival and dissemination from the airways to other permissive areas in the organism.

Mycobacterium leprae requires a temperature range of 30–33°C for growth, thereby, the lower temperature of the skin provides a particularly favorable environment for the bacillus replication (Pinheiro et al., 2018). The blood vessels may participate in the immune response against M. leprae since the pathogen more likely reaches the skin through the circulation. Type 1 cytokines such as IFN-γ can induce the expression of adhesive molecules and production of inflammatory mediators, including proinflammatory cytokines and growth factors by endothelial cells. These mediators secreted by the activated endothelium can also be detected in the blood before clinical manifestations of infectious diseases, thereby, may be targeted as predictive biomarkers (Page and Liles, 2013). The activation of the endothelium facilitates the diapedesis of leukocytes into the infected sites such as skin (Spellberg and Edwards, 2001). In addition, Kibbie et al. (2016) have shown that the unstimulated endothelium can induce M2 macrophages, whereas endothelial cells activated by IFN-γ elicit the M1 differentiation program in monocytes through the expression of the protein JAG1. Therefore, the endothelium can play an important role in the immunopathogenesis of the disease.

Two lineages of tissue-resident macrophages (TRM) with distinct gene expression profiles and phenotypes coexist at specific niches in the skin. A subset expressing low levels of the major histocompatibility complex II (MHC-II) resides near blood vessels and is associated with restraining inflammation and fibrosis. Moreover, MHC-IIlow macrophages highly express CD206, a mannose receptor involved in the recognition and uptake of M. leprae (Díaz Acosta et al., 2018; Chakarov et al., 2019). Thus, MHC-IIlow TRMs may be the first target cell of M. leprae after it reaches the skin via the bloodstream. In addition, a murine model of leishmaniasis shows that TRMs displaying the M2 phenotype are permissive to Leishmania major infection and proliferation even in the presence of a TH1 response (Lee et al., 2018). The association of low temperature and the macrophage-protected niche may provide a suitable microenvironment for the survival and initial growth of M. leprae in the skin even in asymptomatic individuals with strong IFN-γ response (Martins et al., 2012). Following an increase in the bacillary load, M. leprae may infect a second TRM subset that resides subjacent to nerve bundles. This TRM lineage exhibits higher MHC-II expression and efficiently presents antigens to CD4+ T cells in vitro. MHC-IIhigh TRMs may contribute to nerve damage in two ways, either by promoting effector T cells responses and leading to inflammatory infiltrate or by promoting Treg differentiation and favoring M. leprae persistence (Chakarov et al., 2019).

Although M. leprae binds to both myelinated and unmyelinated SCs, the unmyelinated SCs are the ones preferentially susceptible to infection in the peripheral nervous system (PNS). The vascular endothelium is a possible entry route for M. leprae across the blood-neural barrier, and both macrophages and SCs could transport the pathogen to the nerve, an environment that in the absence of inflammation restricts the entry of immune system cells (Scollard et al., 1999).

Likely, M. leprae binds to proteins on the surface of SCs that make connections to the underlying cytoskeleton and initiate a cascade of laminin 2 alpha-dystroglycan complexes, leading to penetration of the bacillus into the cell, thus establishing neural infection (Rambukkana et al., 1998; Brophy, 2002; Scollard et al., 2015). Matrix metalloproteinases 2 and 9 (MMP-2 and MMP-9), enzymes involved in extracellular matrix degradation, are shown in an experimental model of neural damage. Studies suggest that they are involved in changing the permeability of the blood-neural barrier, in demyelination and axonal degeneration, in the presence of fibrosis. In leprosy nerve lesions, an increase in MMPs is also observed, and patients with endoneurial inflammation exhibit the highest levels of these enzymes. Along with MMPs, TNF-α is involved in the pathogenesis of the neural injury in PNL (Pearson and Weddell, 1975; Teles et al., 2007).

In advanced endoneurial lesions, both macrophages and SCs are infected, contributing to demyelination and decreased conduction velocity (Job, 1971). Both demyelination and axonal degeneration are mechanisms of nerve fiber damage in leprosy (Ebenezer and Scollard, 2021). In vitro studies identified the Toll-like-6 receptor (TLR-6) as permissive for the internalization of M. leprae in SCs. These in turn are also able to present antigens and serve as targets for cytotoxic T cells (Scollard et al., 2015; Andrade et al., 2016). However, additional studies are required to elucidate the various factors involved in the neural lesions of leprosy. Investigation of the pattern of immune and inflammatory responses may provide a better understanding of the mechanisms involved in the pathology of peripheral nerve injuries. The prevention of sequelae and physical disabilities resulting from leprosy depends on the implementation of effective methods for the early detection of the infection.



Mycobacterium leprae and the Metabolic Regulation of Immune Response in Infected Individuals

Due to the evolutionary strategy that involved the reduction in its genome to a minimal set of genes, M. leprae became dependent on the host cell metabolism, making it highly susceptible to host-target strategies such as the inhibition of cholesterol synthesis by statins, for example (Cole et al., 2001; Mattos et al., 2011b; Lobato et al., 2014). Medeiros et al. also demonstrated that after infection, M. leprae modulates Schwann cell metabolism to a more glycolytic profile, with increased glucose uptake and consumption followed by a reduction in oxidative phosphorylation, which results in mitophagy induction (Oliveira et al., 2021). All these host cell metabolic changes are crucial to the lipid accumulation and foamy aspect of infected cells, a hallmark that is crucial to M. leprae infection success.

The drastic reduction in mitochondrial membrane potential (Δψ) observed after infection of Schwann cells and macrophages leads to PINK1 deposition, Parkin recruitment and subsequent mitochondrial ubiquitination, resulting in mitophagy, observed so far only in SCs (Oliveira et al., 2021). Mitophagy may be a relevant M. leprae strategy to escape the macrophage-mediated cellular response, acting at three different known levels: (i) elimination of a competitor better adapted to the cytosolic environment, capable of competing with M. leprae for sources of host cell carbon (Borah et al., 2019); (ii) inhibition of autophagic processes, due to the deviation/consumption of its components such as RAB, LC3, Parkin, p62/SQST1, optineurin, NBR1, and TBK1 by mitophagy (Gkikas et al., 2018); (iii) inhibition of the activation of innate immune responses from mitochondrial origin, such as the generation of reactive oxygen species (ROS) and the inflammasome system (Oliveira et al., 2021).

Equally important for the differentiation and activation of macrophages is the control of the carbon flux on central metabolism, leading to toxic intermediates such as itaconate, capable of inhibiting bacterial isocitrate lyase (Rodríguez-Prados et al., 2010; Nagy and Haschemi, 2015; O’Neill and Artyomov, 2019). All these metabolic settings, aiming to meet the energetic and anabolic demands of leukocytes during the response against a pathogen, are modulated by the microenvironment of the infected tissue and are ultimately responsible for its modulation as well. Available data allow us to speculate that M2 macrophages present an active Krebs cycle, generating citrate that is continuously converted to acetyl-CoA through citrate lyase, thus feeding the synthesis of lipids, responsible in part for making them foamy macrophages (Llibre et al., 2021). The acetyl-CoA generated by M2 macrophages is consumed not only by the de novo lipid synthesis, but also by histone acetyltransferases during gene expression epigenetic modulation by histone acetylation, irreversibly committing these macrophages to an anti-inflammatory phenotype (Allis and Jenuwein, 2016). All these metabolic settings are directly related to the lipid-rich foamy aspect of the M. leprae-infected macrophages, a phenotype that is crucial to M. leprae survival inside macrophages and dissemination (Rodrigues et al., 2010; Lobato et al., 2014; Mattos et al., 2014).

The foamy aspect of M. leprae-infected M2 macrophages is an excellent example of the impact of metabolism modulation on the immunological control of leprosy. After infection, macrophages probably increase lipid uptake through the CD36, and other scavenger receptors expressed at high levels in lepromatous skin lesions (Mattos et al., 2014). This phenomenon is largely responsible for the evolutionary success of M. leprae. Part of the captured lipids is responsible for the accumulation of lipid bodies, an important niche for the hiding of the pathogen within the cytosolic space (Mattos et al., 2014; Toledo Pinto et al., 2018). Lipids may also be used directly by the bacillus, either as a carbon source or as a source of reducing potential (Marques et al., 2015). Finally, another part of the lipids will be destined to beta oxidation, thus feeding the Krebs cycle of these cells, generating the necessary intermediates for the upregulation of anti-inflammatory biomarkers through histone acetylation (Allis and Jenuwein, 2016).

Lipids such as fatty acids, phospholipids, oxidized phospholipids, and cholesterol as well as upregulation of the host lipid metabolism are detected at higher levels in the lepromatous than in the tuberculoid skin (Sakurai and Skinsnes, 1970; Cruz et al., 2008; Mattos et al., 2010, 2011a; Amaral et al., 2013; de Macedo et al., 2015). Metabolomic analysis of the tuberculoid and lepromatous skin lesions shows an enhanced presence of omega-3 and omega-6 polyunsaturated fatty acids (PUFAs), which are derived from phospholipase A2 (PLA2) activity. Cytosolic PLA2 is activated upon phagocyte-bacteria interaction, leading to the release of PUFAs from the sn-2 position of phospholipids and consequent production of lipid mediators, and, in the case of free arachidonic acid (AA), facilitating phagocytosis (Dabral and van den Bogaart, 2021). Patient’s serum samples were also analyzed, and levels of arachidonic acid-derived lipid mediators prostaglandin E2 (PGE2) and lipoxin A4 (LXA4); and docosahexaenoic acid-derived pro-resolving lipid mediator resolvin D1 (RvD1) were higher in lepromatous than in tuberculoid patients (Bobosha et al., 2014). LXA4 and RvD1 are known as specialized pro-resolving mediators (SPMs), and it has been observed that M2 macrophages are the main sources of SPMs (Werz et al., 2018; Werner et al., 2019; Jordan and Werz, 2021). These lipid mediators are known to induce the M2 macrophage phenotype, as well as FOXP3 expression, Treg differentiation and proliferation (Baratelli et al., 2005; Schwab et al., 2007; Garg et al., 2008; Chiurchiù et al., 2016).

Unfortunately, there is still a lack of information concerning the metabolic control of lymphocytes in leprosy. Naïve T cells have low metabolic activity and can therefore afford slow and extremely efficient biochemical processes such as oxidative phosphorylation and fatty acid oxidation to produce ATP. After TCR activation, cellular reprogramming takes place aiming at proliferation, differentiation and production of cytokines, anabolic processes that are extremely demanding of energy and carbons. Thus, activated T lymphocytes need to change their source of ATP to a faster and less efficient process, the aerobic glycolysis (Pearce et al., 2013). Although less efficient, glycolysis generates intermediates that are important precursors for anabolism, such as nucleotides and amino acids for example. This shift to glucose fermentative metabolism, despite the availability of oxygen, is associated with an inflammatory phenotype, while the opposite, association between oxidative phosphorylation of lipids and anti-inflammatory phenotype is also true (O’Neill and Hardie, 2013).

As mentioned above, M. leprae can modulate the host cell metabolism, influencing immune responses and progression to leprosy (de Macedo et al., 2020). In addition, recent studies also suggest that pathogens may induce epigenetic changes in chronically infected individuals, leading to changes in the progression of infections and participation in multi-stage development of cancer (Fischer, 2020). Thus, it is possible that M. leprae infection induces changes in the host cell epigenome, favoring its survival and progression of asymptomatic infection to leprosy.



Insights From Other Chronic Inflammatory Diseases With Long Asymptomatic Phases Modulated by Epigenetic Mechanisms

Epigenetic regulation refers to modifications in DNA or DNA-associated components (but not DNA sequence) that are transferred to daughter cells and are frequently involved in the establishment of stable phenotypes, for instance, cell type differentiation, and trained immunity (Bekkering et al., 2021). Moreover, epigenomic reprogramming partially explains dysregulation and sustained immune responses in chronic inflammatory diseases (CID; Tam and Leung, 2021). Histone modification pattern enriched at immune-related genes has also been related to inflammatory gene expression and chronic inflammation (Cribbs et al., 2018). Recent technological advances make it currently possible to analyze epigenetic profiles with single-cell resolution, depicting cell type heterogeneity in an unsupervised way. Such an approach has been used, for instance, to assess the landscape of open chromatin regions of peripheral blood mononuclear cells from patients with ankylosing spondylitis (Yu et al., 2020). Novel and rare cell populations were identified and characterized, providing mechanistic insights into the pathogenesis of the disease.

In pemphigus vulgaris (PV), an autoimmune disorder, miR-338-3p expression was significantly increased in patients with active PV, whereas it remained unchanged in control individuals. miR-338-3p expression was positively correlated with disease severity. miR-338-3p targets Runt-related transcription factor 1 (RUNX1), which activates FOXP3 transcription. Accordingly, blockage of miR-338-3p increases the expression of RUNX1 and FOXP3. Since FOXP3 levels are decreased in patients with PV because of the abnormal expression of miR-338-3p, and FOXP3 is key to the role of Tregs cells in maintaining the immunological tolerance to self-antigens, this miRNA could play an essential role in the pathogenesis of the Tregs dysregulation observed in these patients (Reolid et al., 2021). Considering those results, it is important to evaluate if miR-388-3p has a role in leprosy.

A single-cell transcriptional atlas of inflammatory skin diseases, such as psoriasis and atopic dermatitis, has provided insights into perturbed and co-opted developmental cellular programs. Epigenetic mechanisms found in several non-tumor dermatological pathologies have also been determined (reviewed by Reolid et al., 2021; Reynolds et al., 2021). In psoriasis, many studies assessed epigenetic markers associated with the severity of the disease and response to therapies. The hypomethylation of p16INK4a, hypermethylation of HLA-C promoter, PDCD5 and tissue inhibitor of metalloproteinases 2 (TIMP2) positively correlate with Psoriasis Area and Severity Index (PASI) scores. Moreover, treatment with the 5-azacitidine methyltransferase inhibitor reversed the hypermethylation of genes encoding phosphatidic acid phosphatase type 2 domain containing 3 (PPAPDC3), tumor protein P73 (TP73), and fibronectin type III and Ankyrin Repeat Domains 1 (FANK1). Significantly reduced levels of acetylated H3 and H4 (modifications commonly associated with transcriptional activation) and increased levels of H3K4 methylation compared with controls. Treatment with HDAC inhibitors seems to lower the production of inflammatory cytokines in vitro. Many other studies contributed to advance knowledge on epigenetic regulation in psoriasis pathology. Hopefully, we will soon see comparable advances in the knowledge of leprosy epigenomics.

Despite the expected heterogeneity in the human susceptibility to leprosy, the ability to identify risk-groups/individuals prone to convert upon exposure would help early diagnosis and disease control. A recent study evaluated the DNA methylation profile of pulmonary-resident immune cells in a cohort of medical students with a reported increased risk of Mycobacterium tuberculosis exposure. This study identified an altered DNA methylation profile in the individuals that later developed latent TB infection as compared to those who did not. Notably, alterations in the DNA methylation profile were detected in the immune cells before a latent TB infection could be detected by a positive IGRA test. Such alterations were identified mainly in the pentose phosphate pathway genes in alveolar macrophages, and IFN-γ signaling genes in the alveolar T cells. It is not yet clear whether the DNA methylation profile observed in the IGRA converters is an early result of M. tuberculosis infection or an epigenomic dysregulation predisposing individuals to convert upon exposure. In both cases, one can imagine future applications such as early diagnostic tools for the identification of individuals that are developing latent TB infection or for identifying individuals who are more prone to convert upon exposure (Karlsson et al., 2021).

Indeed, epigenetic changes in tuberculosis may help us to understand factors that lead to asymptomatic infection caused by M. leprae. The pathway to disease may lie in epigenetic mechanisms for evading the host immune response. Both intracellular pathogens can avoid lysosomal fusion by manipulating host signal transduction. Furthermore, M. leprae and M. tuberculosis can evade the microbicidal host response translocating from phagolysosomes into the cytosol (Russell, 2003; van der Wel et al., 2007). Leprosy and tuberculosis bacilli translocation occur through a pore-forming toxin recognized as ESAT-6 (van der Wel et al., 2007). In M. tuberculosis infection, ESAT-6 induces methylation and decreased acetylation levels of histone H3K4 in the CIITA (class II transactivator gene) gene promoter (Kumar et al., 2012). This epigenetic modulation becomes fundamental for the bacillus evasion from the host response, because CIITA transcription is essential for the expression of major histocompatibility class II (MHC-II) molecules on the surface of an antigen-presenting cell (Bobosha et al., 2014). After all, during the ordinary course of an infection, bacteria are phagocytosed by macrophages; their components get processed via the endocytic pathway and are presented to CD4+ T cells in association with MHC-II molecules. Thus, the pathogen silently persists in the host cell. In addition, this epigenetic modulation induces a decrease in inflammatory mediators such as IFN-γ (Casanova and Abel, 2002; Green et al., 2013).

Since only a small fraction of the exposed individuals develops leprosy, it is reasonable to hypothesize that the upper respiratory tract is an efficient barrier to M. leprae infection in most of the cases (Pinheiro et al., 2018). Few studies approach the M. leprae interaction with the nasal epithelium. So far, we do not know whether there are epigenetic modifications that make individuals more/less susceptible to M. leprae infection, nor if M. leprae induces epigenetic modifications to create a microenvironment favorable to its persistence. TLR4 activation in alveolar epithelial lineage cells can promote the expression of H3K9me1/2 demethylase KDM3A. KDM3A binds directly to the FOXP3 promoter, leading to its transcription, thereby inducing the secretion of FOXP3-associated inhibitory cytokines (TGF-β1, IL-35, and HO-1), ultimately facilitating evasion from effector response (Li et al., 2017). Interestingly, M. leprae activates TLR4 in macrophages (Polycarpou et al., 2016), and possibly it also does it in alveolar epithelial cells (Silva et al., 2013). Thus, we hypothesize that epigenetic regulation could contribute to a microenvironment permissive to M. leprae at this stage too.

Epigenetic markers that confer specific phenotypes have a great potential as biomarkers for the diagnosis and progression of diseases (Figure 2; Batista et al., 2020; Fatima et al., 2021). Moreover, epigenetic regulation is also a quick response to changes in the environment and may be reversible. Thus, epigenetic modulation of gene expression has also a substantial promise for new therapies (Allis and Jenuwein, 2016; Tam and Leung, 2021; Zhang and Cao, 2021). Potential epigenetic biomarkers have been identified in several types of cancer, such as breast, colorectal cancers, prostate, pancreatic, gastric, and lung cancers (Dumitrescu, 2018). Some of them have been suggested as useful for early diagnosis and prediction of cancer risk. For instance, in prostate cancer, epigenetic markers show more sensitivity and specificity than serum PSA. Thus, it has been proposed that the inclusion of these markers within current screening tools, may improve early diagnosis and diminish the need for repeated biopsies. It is also noteworthy that if detected in biological fluids, epigenetic markers could play an essential role in the noninvasive early detection of diseases (Chen and Fang, 2014). Hopefully, ongoing and future studies on epigenetics of leprosy will contribute to a better understanding on how microenvironment signals modulate the epiregulome, as well as how the changed epiregulome promotes a signaling and metabolic rewiring of cells involved in the innate and adaptive immunity to M. leprae.
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FIGURE 2. Epigenetic modifications as potential biomarkers. Epigenetic markers, including DNA methylation, histone modifications, and non-coding RNAs, have a great potential as biomarkers for chronic inflammatory diseases. In pemphigus vulgaris (PV), the miR338-3p expression is increased in patients and is positively correlated with disease severity. Changes in the miRNAs profile in tuberculosis (TB), as well as changes in DNA methylation of immune cells genes, may be useful as early diagnostic tools for the disease. In psoriasis (PsO), methylation profile of several genes has been associated with the severity of the disease and response to therapies. In leprosy, hsa-miR-155 and piR-hsa-27283 are upregulated in skin lesions, whereas hsa-miR-1291 is upregulated in the blood of patients. These non-coding RNAs can be tested as biomarkers for the disease. The methylation profile of FOXP3 has been used as a biomarker of prognosis in other diseases and may be used in leprosy as well. However, new studies are required. The levels of FOXP3-HDAC7/9, and FOXP3-HAT complexes in leprosy are associated with functional competence, whereas hypomethylation patterns in FOXP3 promoter support FOXP3 expression. Epigenetic alterations may be useful biomarkers with diagnostic, prognostic, predictive, or therapeutic potential for chronic inflammatory diseases. HDAC, histone deacetylases; HAT, Histone acetyltransferases; PPP, pentose phosphate pathway. Created with smart.servier.com.




Epigenetic Changes in Mycobacterium leprae Infection and Leprosy

FOXP3, the transcriptional factor master regulator of Treg cells, is required for differentiation, maintenance and suppressor function of Tregs, as well as for the inhibition of the expression of genes associated with T helper lymphocytes (Curotto de Lafaille et al., 2004; Kretschmer et al., 2005; Josefowicz et al., 2012). FOXP3 expression is regulated by epigenetic mechanisms, such as histone acetylation and methylation and cytosine residue methylation in CpG dinucleotides (Lal and Bromberg, 2009; Alvarez Salazar et al., 2017). Recent studies have shown that the methylation status of enhancers at the foxp3 gene loci, designated as Conserved Noncoding Sequences (CNSs) 1, 2, and 3, differentially contributes to Treg differentiation and stability. The regulation by the CNS1 region is critical for the induction of FOXP3 in Tregs generated at peripheral sites, primarily in response to the TGF-β signaling pathway (Zheng et al., 2010; Kanamori et al., 2016). The CNS2 hypomethylation, also known as Tregs-specific demethylated region (TSDR), is required for the stability of FOXP3 expression (Zheng et al., 2010; Schreiber et al., 2014; Alvarez Salazar et al., 2017). The CNS3 region appears crucial to facilitate FOXP3 locus opening and potently increases the probability of this gene expression during thymic and peripheral differentiation of Treg cells. Furthermore, this region is related to the expansion of these cells (Zheng et al., 2010; Mohr et al., 2018).

Kumar et al. have shown that high levels of TGF-β increase phosphorylation-mediated-nuclear-import of SMAD3 which leads to an increased generation of Tregs during disease progression. The authors also evaluated the methylation status of 5’CpG islands of FOXP3 promoter using methylation-specific PCR and detected a high degree of demethylation in circulating Tregs from leprosy patients (Kumar et al., 2013). Although the demethylation pattern in the FOXP3 promoter supports the expression of this transcription factor, the pattern of hypomethylation in TSDR is a pivotal feature for the stability of FOXP3 expression. Since human Tregs cells are highly heterogeneous and transient expression of FOXP3 occurs in conventional T cells following activation, the demonstration of the TSDR profile is required to confirm the identity of a Tregs at an epigenetic level (Bacher et al., 2016; de Macedo et al., 2020). Different levels of FOXP3 TSDR methylation in Tregs of different leprosy clinical forms may be a marker for prognosis and disease progression (Schreiber, 2007; Palermo et al., 2012; Campos et al., 2015). The epigenetics behind disease progression in leprosy was also investigated in interactions of FOXP3 with histone deacetylases (HDACs) and histone acetyl transferases (HATs) that activate/inactivate transcription by inducing the transfer of an acetyl group to the histone core. In another work, Kumar et al. determined that FOXP3 acts in a molecular ensemble with HDAC7/9 and HAT to confer functional competence and differentiation to Tregs cells in leprosy (Yang and Seto, 2007; Kumar et al., 2014). These authors hypothesized that FOXP3 may be carrying HDAC7/9 to a gene locus to be repressed under M. leprae-induced conditions. In fact, these relevant works are pioneering studies of epigenetic modulations in T cells during disease progression.

miRNAs are involved in the epigenetic mechanisms of regulation of cell development, proliferation, differentiation, apoptosis and even anti-inflammatory and pro-inflammatory stimuli. MiRNAs promote a dual role in M. tuberculosis infection, persistence, and host immune system modulation (Batista et al., 2020; Fatima et al., 2021). These molecules have great potential as biomarkers for diagnosis of disease and its progression to disease. Wang et al. (2011) investigated the role of miRNAs in the transition from latent to active TB, looking for candidate biomarkers of this transition. Salgado et al. performed the miRNome of leprosy patients and healthy individuals, using both blood and skin lesion samples from leprosy patients. Expression analysis of blood cells revealed 10 differentially expressed miRNAs, with nine down-regulated and one upregulated (hsa-miR-1291). The miRNA hsa-miR-1291 was the only differentially expressed miRNA in both skin tissue and blood samples. It was predicted to regulate the AQP1 gene which influences the hydration, elasticity, and glycerol permeability of skin (Verkman, 2005; Fábrega et al., 2011; Salgado et al., 2018). Soares et al. evaluated miRNAs on leprosy skin lesions, using microarrays. Among the 10 most up or downregulated microRNAs differentially expressed is the hsa-miR-155, already described as associated with the regulation of the immune response in other diseases (Soares et al., 2017). Further understanding the epigenetic control by miRNAs of the genes expressed in leprosy may provide new insights into the different facets of leprosy, from M. leprae–host cell interactions to new therapeutic targets.

Another class of small RNAs involved in epigenetic regulation is the Piwi-interacting RNAs (piRNA). piRNAs are important for gametogenesis, embryogenesis, and stem cell maintenance, among other processes. Pinto et al. (2020), studied the piRNome of human skin lesions of leprosy patients and healthy subjects. A total of 337 differentially expressed piRNAs were identified in leprosy skin lesions. It was demonstrated that, with one exception, all the differentially expressed piRNAs were downregulated in leprosy patients, indicating that targeted genes involved in the regeneration of peripheral nerves infected by M. leprae may be silent or expressed at low levels. The only upregulated piRNA on leprosy skin lesions, piR-hsa-27283, may have approximately 3,000 genes as targets, so it is difficult to predict the functional impact of this upregulated piRNA. On the other hand, piR-has-27283 could be tested as a biomarker for leprosy (Pinto et al., 2020).



Are Tregs Involved in the Pathogenesis of Leprosy?

Both innate and adaptive mechanisms may be involved in the negative modulation of immune response of leprosy. The interaction of PGL-I with complement receptor 3 (CR3) expressed by innate immune cells efficiently enhances bacterial invasion and impairs infection-induced inflammatory responses (Tabouret et al., 2010). Moreover, PGL-I triggers the Syk-calcineurin-NFAT signaling via CR3, increasing the production of cytokines, such as IL-1β, IL-2, and IL-10 by macrophages, dendritic cells and polymorphonuclear neutrophils (PMNs), respectively. Therefore, the pathogen may modulate the cytokine response in host immune cells via PGL-I engagement to CR3. The augmenting production of IL-2 by DCs and IL-10 by PMNs following infection may also sustain and induce Tregs (Doz-Deblauwe et al., 2019).

Progressive reduction and loss of in vivo responsiveness to M. leprae (lepromin skin test) is mirrored by increase in bacillary load in leprosy patients from the tuberculoid to the lepromatous pole (Ridley and Jopling, 1966). In vitro T cell responses, including IFN-γ production, are defective in lepromatous patients (Nogueira et al., 1983). More recently, IFN-γ levels in response to M. leprae-specific synthetic peptides were investigated in asymptomatic individuals with different levels of exposure to the bacilli, including household contacts of paucibacillary (HCPB) and multibacillary (HCMB) patients, as well as leprosy patients. These volunteers displayed a progressively lower level of IFN-γ in response to M. leprae with increase in exposure to this bacillus or bacillary load among patients. In addition, patients were less responsive to M. leprae antigens than the asymptomatic exposed individuals. Taken together, these observations suggest a progressive reduction in TH1 response to M. leprae related to level of exposure to the bacillus/bacillary load (Martins et al., 2012).

The interruption of exposure by treating the index cases can improve T cell responses in HCMB by increasing both CD4+ TEM and TCM frequencies, as well as production of pro-inflammatory cytokines in response to M. leprae antigens (de Carvalho et al., 2017). So, the continuous exposure to live M. leprae may allow the progression of the infection to disease in asymptomatic individuals. Then, the level of negative regulation of the effector response toward M. leprae may dictate the development of active disease, and the evolution to multibacillary or paucibacillary leprosy, respectively (Scollard et al., 2006).

TEM cells stably commit to express specific amounts of cytokines that vary widely between cells, and this intrinsic magnitude is maintained upon immunological rechallenge. In addition, the quantitative production of cytokines such as IFN-γ defines the ability of TH1 cell clones to activate macrophages and bacterial killing (Helmstetter et al., 2015). The exposure to exogenous antigens is a major mechanism influencing the balance between Tregs and effector (Teff) T cells and the ratio change within antigen-specific T cells subsets correlate with the levels of effector response and chronicity of infection (Su et al., 2016). Lastly, the T cell unresponsiveness in lepromatous leprosy is M. leprae-specific, and frequently patients exhibit strong responses to the tuberculin skin test (Bloom and Mehra, 1984).

Thus, it is possible to hypothesize that following M. leprae survival and growth in host cells of the upper airways mucosa and the skin, leprosy may change the balance between Tregs and Teff cells in an antigen-specific manner, leading to suppression of Teff cells or generation of selective pressure to memory T cells expressing low amounts of proinflammatory cytokines (Figure 3). So, healthy individuals from endemic areas and HCPB may have the lowest Tregs/Teff ratio, thereby, a strong protective immune response against M. leprae. The persistent exposure to the bacilli as observed in HCMB may increase the Tregs numbers, leading to a decrease in Teff and a higher Tregs/Teff ratio (Su et al., 2016). Since the balance is still toward Teff, they maintain a protective response. However, if the numbers of Tregs reach an equilibrium or exceed the numbers of Teff, the individuals progress to PB or MB clinical forms, respectively.

[image: Figure 3]

FIGURE 3. Regulatory and effector T cells balance in leprosy pathogenesis. The increased exposure to Mycobacterium leprae in household contacts of leprosy patients, as well as the increased bacillary load in patients, may alter the balance between antigen-specific regulatory T cells (Treg) and effector T cells (Teff). If the ratio within antigen-specific T cells is toward Teff cells, there will be protective cell-mediated immune responses against M. leprae. However, if the number of Treg cells increases and reaches an equilibrium or exceeds the frequency of Teff cells, effector function against M. leprae will be compromised, and the infection will more likely progress to active disease. Teff, effector T cells; Treg, Regulatory T cells; HCPB, household contacts of paucibacillary patients; HCMB, household contacts of multibacillary patients; PB, paucibacillary patients; MB, multibacillary patients. Created with smart.servier.com.


Belkaid et al. (2002) demonstrated that an equilibrium within antigen-specific T cells in sites of chronic infection such as Leishmania major may be an indicative of parasite and host survival strategies. Thus, an expansion of Tregs reaching equilibrium with effector function may be happening in PB patients to prevent tissue damage due to the overactivation of immune responses. A point to be considered is that IL-2 is required for the generation, maintenance, proliferation, and suppressive activity of Tregs (Malek and Bayer, 2004). Almeida et al. reported that il2−/− mice presented lymphoid hyperplasia due to the lack of Tregs. However, when IL-2 producing cells were reintroduced in IL-2− deficient chimeras, CD4+CD25+ T cells became established and restored the peripheral lymphoid compartments to normal size. Thus, IL-2 is required for establishing a sizable population of Tregs cells (Almeida et al., 2002). Treg cells constitutively express high levels of CD25 (IL-2Rα); however, they cannot produce this cytokine; thus, they depend on the IL-2 produced by activated Teff cells (Malek and Bayer, 2004). This dependence on their suppression target for proliferation suggests a feedback loop model of immune regulation (Jung and Seoh, 2009). Since IL-2 is almost absent in lepromatous leprosy cutaneous lesions, this may result in lower numbers of Tregs than in tuberculoid leprosy (Sieling and Modlin, 1992). However, the frequency of M. leprae-specific Tregs may still exceed the frequency of Teff in these patients; thereby, a tolerogenic response is achieved (Tregs/Teff ratio > 1; Bacher et al., 2016).

FOXP3+ T cells have been described in the blood and skin lesions of leprosy patients; however, there is no consensus in the literature on the role of Tregs in the disease. Attia et al. (2010, 2014) have shown higher frequencies of circulating Tregs (CD4+CD25high), expressing FOXP3, as well as Teff (CD4+CD25low) in TT than LL patients, indicating accumulation of both T cells subsets in the peripheral blood. On the other hand, increased numbers of Tregs (CD4+CD25+FOXP3+) in response to M. leprae antigens have been demonstrated in multibacillary patients (Palermo et al., 2012; Bobosha et al., 2014; Saini et al., 2014). A relevant point to be considered in these studies is the absence of Treg identity at the epigenetic level. The evaluation of the hypomethylation pattern in TSDR region is required for the stable expression of FOXP3 and characterization of Tregs (Bacher et al., 2016).

At the site of M. leprae infection, some studies detected higher numbers of Tregs in lepromatous leprosy cutaneous lesions (Palermo et al., 2012; Bobosha et al., 2014; Saini et al., 2014), whereas others did not show any statistical differences in the expression of FOXP3 between the clinical forms (Massone et al., 2010; Parente et al., 2015). It is difficult to compare these studies since the methods for quantification, characterization, and experimental designs are different. In addition, the T cell unresponsiveness observed in lepromatous patients is specific for M. leprae antigens; thereby, the evaluation of M. leprae-specific Tregs is also required (Bloom and Mehra, 1984).

Tregs display multiple immunosuppressive mechanisms, including release of anti-inflammatory cytokines, adenosine nucleosides, perforin and granzymes, as well as co-inhibitory receptors such as CTL-4, LAG-3, and TIGIT (Cools et al., 2007; Lucca and Dominguez-Villar, 2020). Thus, the molecular pathways by which Tregs operate in leprosy should be further elucidated. A recent requirement on the essential markers and gate strategy for the characterization of Tregs in clinical samples by flow cytometry must be considered in leprosy studies. Thus, new standardized approaches may lead us to a better understanding of the role of Tregs in leprosy pathogenesis (Santegoets et al., 2015).




CONCLUSIONS AND PERSPECTIVES

After the introduction of multi-drug therapy (MDT) for leprosy the prevalence of this disease had a major initial reduction, but the number of new cases remains stable around 200,000 cases/year, including children, demonstrating that transmission is not interrupted in leprosy endemic countries (Taal et al., 2021). Another important problem is underdiagnosis of this disease. Active search of new cases in a supposedly low endemicity city and among schoolchildren in high endemicity areas in Brazil allowed the detection of many new previously undiagnosed cases (Bernardes Filho et al., 2017). The COVID-19 pandemic can be predicted to have a major negative impact in the control of leprosy and other diseases. There was a 41.4% reduction in the detection of new cases of leprosy in Brazil in 2020, when compared to mean values for the previous 4 years (da Paz et al., 2022). New approaches are required to improve early detection of leprosy new cases and latent infections at high risk of evolution to active disease.

Leprosy and other important chronic inflammatory diseases are preceded by a silent pathogenesis that can last years to decades for crossing the threshold to symptomatic manifestations and diagnosis. Epigenetic markers, pathogen-specific markers and biomarkers induced during early phases of chronic inflammatory diseases provide many potential tools for diagnosis and, when possible, prevention of active disease and sequelae (Figure 1). Many molecules, metabolic and functional steps are common to pathologies involving chronic inflammation. So, the identification of common mechanisms may indicate points that could be targeted for development of new diagnostic and therapeutic tools (Lobato et al., 2014; Rosa et al., 2021).

The interaction of M. leprae with the host allows the detection of M. leprae-derived as well as host-derived markers of exposure, infection, and disease prognosis. Assessment of antibodies specific for M. leprae antigens is a time-tested approach for detection of infection by M. leprae, but patients and asymptomatic individuals with low bacillary loads are frequently negative for these antibodies. IgM antibodies specific for the M. leprae unique antigen PGL-I reach serum levels that are proportional to the bacillary index in leprosy patients and indicate a higher risk of disease for people living in endemic regions and household contacts of leprosy patients (Meeker et al., 1986; Barreto et al., 2015). Mycobacterium leprae-specific recombinant proteins and M. leprae-specific synthetic peptides can also be used for detection of exposure to M. leprae. These assays are evolving to a point-of-care format combining detection of anti-PGL-I antibodies and cytokine response to M. leprae antigens and are potentially important tools for diagnosis of new leprosy cases (Van Hooij et al., 2018). PCR of M. leprae-specific DNA in earlobe slit skin smears combined to ELISA for anti-PGL-I antibodies detected the highest proportion of double positive cases among newly diagnosed leprosy patients, with marked reduction following treatment, and 15.5% double-positive individuals among household contacts of leprosy patients in the state of Pará, northern Brazil. These observations suggest this approach as a potential method for diagnosing latent M. leprae infection (Da Silva et al., 2021). Mycobacterium leprae induces lipid accumulation in the infected macrophages and Schwann cells, in the form of lipid droplets, that give a foamy aspect to the infected cells. The lipid droplets are sites of synthesis of lipid mediators derived from polyunsaturated fatty acids in the infected cells (Mattos et al., 2011b; de Macedo et al., 2020). The serum levels of some of these mediators (PGE2, LXA4, RvD1) are increased in multibacillary leprosy patients (Amaral et al., 2013). These mediators and others induced by the presence of M. leprae in the infected cells are part of an anti-inflammatory microenvironment, that may be relevant for Treg differentiation in the infected sites (de Macedo et al., 2020). Serum levels of lipid mediators induced by M. leprae infection may also be potential biomarkers of latent infection.

Evaluation of IFN-γ response to M. leprae-specific peptides shows responsiveness to M. leprae only in exposed individuals. However, when groups of volunteers with different levels of exposure to M. leprae are compared, an increase in exposure to M. leprae and in bacillary load among patients is associated with progressively lower levels of IFN-γ response to M. leprae (Martins et al., 2012). A model for changes in Treg/Teff ratios with increase in bacillary load is shown in Figure 3. The likely requirement of M. leprae for this inhibition of effector response suggests that improvement of effector response against M. leprae is a likely benefit for post-exposure prophylaxis of leprosy (Taal et al., 2021).
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Salmonella enterica serovars are invasive gram-negative bacteria, causing a wide range of diseases from gastroenteritis to typhoid fever, representing a public health threat around the world. Salmonella gains access to the intestinal lumen after oral ingestion of contaminated food or water. The crucial initial step to establish infection is the interaction with the intestinal epithelium. Human-adapted serovars such as S. Typhi or S. Paratyphi disseminate to systemic organs and induce life-threatening disease known as typhoid fever, whereas broad-host serovars such as S. Typhimurium usually are limited to the intestine and responsible for gastroenteritis in humans. To overcome intestinal epithelial barrier, Salmonella developed mechanisms to induce cellular invasion, intracellular replication and to face host defence mechanisms. Depending on the serovar and the respective host organism, disease symptoms differ and are linked to the ability of the bacteria to manipulate the epithelial barrier for its own profit and cross the intestinal epithelium.

This review will focus on S. Typhimurium (STm). To better understand STm pathogenesis, it is crucial to characterize the crosstalk between STm and the intestinal epithelium and decipher the mechanisms and epithelial cell types involved. Thus, the purpose of this review is to summarize our current knowledge on the molecular dialogue between STm and the various cell types constituting the intestinal epithelium with a focus on the mechanisms developed by STm to cross the intestinal epithelium and access to subepithelial or systemic sites and survive host defense mechanisms.

Keywords: gastrointestinal tract, bacteria, invasion, survival, host defense


INTRODUCTION

Salmonella enterica serovars are prevalent human and animal pathogens responsible for gastroenteritis and typhoid disease. The typhoid fever is mainly caused by S. enterica serovar Typhi (S. Typhi), while non-typhoidal Salmonella strains such as the broad-host serovars Typhimurium (S. Typhimurium; STm), normally cause salmonellosis, known as gastroenteritis. STm is one of the most common bacterial pathogens worldwide, causing 109.9 Million cases of food poisoning per year (Stanaway et al., 2016) and this serovar is the object of this study. In immunocompetent persons salmonellosis is usually self-limiting but immune-depressed persons, the elderly and young children may develop severe complications leading to sepsis and death (Feasey et al., 2012).

STm is mainly spread by contaminated animal-derived food products such as egg and chicken, or fresh produce and water contaminated with feces from infected hosts (Velge et al., 2012). Following oral ingestion, STm reaches the gastrointestinal tract in mammals, where the bacterium is able to attach and invade the intestinal epithelium allowing intracellular bacterial replication and colonization. In addition, STm can spread systemically, leading to bloodstream infection and dissemination to deep organs such as the spleen and the liver. The interaction with the intestinal epithelium is thus a crucial step for the establishment of STm infection. However, no clear data are available to identify if STm target a specific intestinal epithelial cell (IEC) type. Indeed, even though numerous studies performed in intestinal epithelial cell lines (enterocytes) provided data on molecular mechanisms regarding entrance of STm on IECs, they are limited to one epithelial cell type and their relevance in vivo is still under debate. Organoid models represent an interesting tool to fill those gap, but studies are still scarce and limitations have been described.

In this review, we aimed to summarize and discuss the knowledge regarding interactions between STm with each intestinal epithelial cell in available models in vitro and in vivo. The review is structured as follow: (i) description of epithelial cells and associated functions present in the intestine; (ii) the role of barrier of intestine; (iii), the listing of mouse model available for STm infection; (iv) the knowledge on STm entrance in each cell type of the intestinal epithelium; (v) description of the defence responses of the intestinal epithelium toward STm; (vi) the interest of organoid models to study STm interaction with IECs. This review draws an overview of the knowledge on STm interaction with every IECs based on in vitro and in vivo human and mouse models.



COMPOSITION OF THE INTESTINAL EPITHELIUM

The intestinal tract fulfils the dual function of nutrient absorption and defence against pathogens. Indeed, the intestine has to absorb nutrients from food chime and prevent pathogen entrance (bacteria, virus, and parasites). To achieve those goals, the intestine is regionalized and composed of specialized cell types. The intestinal tract is composed of the small and large intestine mainly devoted to nutrient and water absorption, respectively. The small intestine is then divided, from proximal to distal part, in duodenum, jejunum and ileum and the large intestine is composed of caecum and colon (Figure 1). Human and mice present similarities in intestinal architecture despite the appendix in human representing a vestige of the caecum much more developed in mice. Thanks to various levels of folds and invaginations, the intestinal epithelium is the largest surface in contact with the outside.

[image: Figure 1]

FIGURE 1. The composition of the intestinal epithelium according to the segment. Model describing (A) ileum (B) caecum (C) colon.


The intestinal barrier is composed of epithelial stem cells, transit amplifying cells and highly specialized epithelial cells including absorptive cells (enterocytes, Microfold-M cells) and secretory cells (enteroendocrine, goblet, tuft and paneth cells; Elmentaite et al., 2021). All these cell types are generated from intestinal stem cells (ISC) located near the bottom of the crypts. ISCs continually proliferate, and newly formed cells migrate along the crypt-villus axis where they differentiate and acquire specialized functions. After 3–5 days of upward migration, differentiated cells reach the top of the villi, where they are shed into the gut lumen and die by anoïkis (Figure 1).


Enterocytes

Enterocytes are polarized cells which are more numerous in the small intestine than in the caecum and colon and represent more than 80% of all epithelial cells. Their function is to absorb molecules from the lumen and transport them to the bloodstream. The enterocytes of the small intestine absorb most of the nutrients, whereas the absorption of water mainly occurs through the large intestinal enterocytes called colonocytes (Han et al., 2021; Aguirre Garcia et al., 2022).



Goblet Cells

Goblet cells produce mucus-filled granules that are secreted into the lumen to protect the mucosa. The mucus is mainly composed of glycosylated proteins called mucins. It forms a gelatinous hydrogel, blocking the contact between the epithelium and microorganisms such as bacteria. The architecture of the mucus differs according to the intestinal segment, and the thickness of this mucus layer depends on several variables including the composition of the microbiota, the host species and diet (Jakobsson et al., 2015). The mucus in the distal colon is constantly renewed by goblet cells (Johansson, 2012) and is composed of a mostly sterile inner layer and an outer layer, colonized by bacteria (Johansson et al., 2008; Li et al., 2015). In the ileum, a continuous very thin and easily detachable mucus layer has been described. In the caecum, a continuous mucus layer is missing. Only the bottom of the intestinal crypts is filled by dense mucus, leaving the cells between crypts accessible to microorganisms (Atuma et al., 2001; Ermund et al., 2013; Furter et al., 2019). However, a new organization of colonic mucus has been proposed recently, demonstrating that mucus layer in distal colon covers colonic content but not colonic epithelium when the lumen is empty (Kamphuis et al., 2017).



Enteroendocrine Cells

Enteroendocrine cells have a tall and columnar appearance. Microvilli are present at their apical surface and the cytoplasm contain granules, containing peptide hormones that are secreted from the basal side of the epithelium and act in a paracrine or endocrine manner (Yen and Wright, 2006). They are found scattered throughout the entire length of the intestine in both crypts and villi, which corresponds to about 1% of the intestinal cell population (Sternini et al., 2008; Lee and Mezoff, 2021). They play a sensor role by detecting change in the luminal environment such as the presence of bacterial metabolites leading to the production and secretion of peptide hormones to regulate intestinal motility (by acting on the nervous system) or to regulate the metabolism and absorption of nutrients (Beutler et al., 2017).



Tuft Cells

Tuft cells are secretory and chemosensory cells. The name “tuft” refers to the brush-like microvilli projecting from the cells observed by scanning electron microscopy. They contain abundant vesicles at the apical side that constitute a tubulovesicular system. They act as danger sensors and activate the production and secretion of mediators such as IL-33, TSLP and IL-25 and thus play a role in the initiation of type 2 immune responses to fight parasitic helminths (Gerbe and Jay, 2016).



M Cells

M cells represent intestinal cells found in a small proportion of follicular-associated epithelium covering mucosal lymphoid tissues, such as large aggregates of B lymphocyte follicles called colonic patches, caecal patches or Peyer’s patches (PPs) in the small intestine. Their cell structure differs from the other intestinal cells. Indeed, microvilli characteristics of enterocytes are missing at the apical surface of M cells, resulting in a « microfold » morphology, hence the name of microfold or M cells (Dillon and Lo, 2019). In addition, the mucus layer that covers other epithelial cells is absent from the apical surface of M cells (Frey et al., 1996). At the basolateral side, the M cells have a pocket containing dendritic cells, macrophages, and T and B cells allowing the initiation of an appropriate mucosal immune response (Neutra et al., 2001). A direct interaction of the B cells with M cells is an essential step required for the acquisition of M cell function (Hsieh et al., 2010). These features promote the role of the M cells in the capture of luminal particles and antigens, the transport through the epithelium and the release to submucosal tissues (Tam et al., 2008). This trait of M cells provides occasions for enteropathogens to promote cellular invasion using this transcytotic pathway (Kraehenbuhl and Neutra, 2000). M cell-like cells have also been described at the tips of intestinal villi and are thus called “villous M cells” (Dillon and Lo, 2019). They show morphological similarity to PP M cells with the characteristic absence of apical microvilli and they can be stained by the lectin Ulex Europaeus Agglutinin-1 which binds to fucosylated molecules. Their origin would come from a trans-differentiation rather than from crypt stem cells like other epithelial cells. The cellular signals or cytokines that are responsible for this trans-differentiation are still undefined. As classical M cells, they presumably provide an ability to capture luminal microparticles and respond to microbial invasion but their location at the tips of the villi suggest a short life span.




BARRIER FUNCTION AND REGULATION OF THE INTESTINAL EPITHELIUM

The single layer of the intestinal epithelium represents a barrier between luminal antigens and the underlying immune system. Intestinal passage occurs via para- or trans-cellular permeability. Paracellular permeability is a passive transport allowing passage of small molecules and ions and is dependent on the highly regulated network of tight and adherens junctions and desmosomes (Galipeau and Verdu, 2016). Transcellular permeability is an active transport occurring for large molecules, antigens and bacteria and involves endocytosis and receptor-mediated transport (Ménard et al., 2010). Intestinal permeability is highly regulated and can be influenced by many factors including stress, food, inflammation, proteases, etc.

Proteases are produced by all cell types and exert intra- and/or extra-cellular functions. They can affect intestinal permeability directly by their proteolytic action on tight junctions and extracellular matrix proteins and indirectly through activation of proteinase-(in)activated receptors and mediators (Giuffrida et al., 2014; Marshall et al., 2017). Proteolysis represents an effective posttranslational and irreversible regulatory mechanism for modifying the biological activity of proteins and for protein degradation. Therefore, protease activity is tightly regulated by (1) transcription, (2) (narrow) substrate specificity, (3) expression as inactive pro-form that needs to be cleaved for activation (zymogen), (4) compartmentalization, and (5) endogenous inhibition of protease activity (Parks et al., 2004; Marshall et al., 2017). Based on the structure of the active site, which determines the chemical mechanism for the hydrolysis of the peptide bonds, mammalian proteases are classified as serine, cysteine, aspartic, metallo- and threonine proteases. Proteases can be secreted, membrane-bound or remain intracellular.

The gastrointestinal tract is exposed to high levels of endogenous and exogenous proteases, both in the lumen and in the mucosa. Dysregulation of the protease/protease inhibitor balance in the gut contributes to epithelial damage and increased permeability. Excessive proteolysis leads to direct cleavage of intercellular junction proteins, or to the opening of the junction proteins via activation of protease-activated receptors. In addition, proteases regulate the activity and availability of cytokines and growth factors, which are also known modulators of intestinal permeability (Gitter et al., 2000).



SALMONELLA TYPHIMURIUM INFECTION MODELS

Various models have been used to study STm-host interactions especially at the epithelial interface. Studies based on intestinal epithelial organoid models are beginning to extend our knowledge of STm interaction with several intestinal epithelial cell types. The use of this approach to investigate STm infection will be discussed below as potential perspectives. In vitro models of intestinal epithelial cell monolayers have been largely used to described STm interaction with IECs but for most of them, their in vivo relevance still needs to be demonstrated. To study the interplay between STm with the intestinal epithelium and more particularly with each cell type in their environment, in vivo infections are still the best model available. Among in vivo STm infection models, mice are attractive models to better understand the mechanism of STm pathogenesis. In addition, mice can be genetically manipulated and are easy to work with. However, depending on mouse background, mouse can be considered as “resistant” (Santos et al., 2001), or as “susceptible” models (Tsolis et al., 1999). Indeed, susceptible mouse such as C57BL/6 or BALB/c carries mutation in macrophage-encoded nramp1 (natural resistance-associated macrophage 1) or also named Slc11a1, which allows to transport iron out of STm-containing phagosomes, leading to the inhibition STm metalloenzymes necessary for bacterial survival. Thus, susceptible mice infected with STm develop a typhoid like disease mimicking human infection with S. Typhi. At the opposite, resistant mice such as CBA/J or 129×1/SvJ expressing a functional Nramp1 do not show symptoms and develop an asymptomatic carriage (Lawley et al., 2008). Pre-treatment of susceptible adult mice with streptomycin and subsequent infection with STm results in an intestinal inflammatory response mimicking gastroenteritis and no longer typhoid fever. This phenotype is explained by reducing intestinal microbiota consequently allowing increased intestinal colonization of STm and thus provides a STm colitis model (Barthel et al., 2003). Another model is the infection of neonatal mice (Zhang et al., 2014a). This model presents the advantage of rapid STm entry into the intestinal epithelium and is characterized by the presence of intraepithelial microcolonies, allowing colonization of both small and large intestine. However, the neonate intestinal epithelium is largely immature and different from the adult epithelium (Renz and Skevaki, 2021).



PREFERENTIAL CELL TYPE TARGETED FOR SALMONELLA TYPHIMURIUM ENTRANCE

The intestinal epithelial barrier is the first line of defense between STm and the host. In this section we address the cell type-dependent interaction of STm with the intestinal epithelium and question the relevance of in vitro observed mechanisms. STm has the possibility to interact with each cell type of the intestinal epithelium and to use several routes of transports, to escape epithelial defence mechanisms, colonize the epithelium and access to lamina propria.


Enterocytes

Molecular details of STm invasion mechanisms were mainly described in in vitro intestinal epithelial cell lines (enterocytes; Han et al., 2021; Aguirre Garcia et al., 2022).

STm internalization depends on several invasion factors. Until now, the type three secretion system called T3SS-1, two invasin proteins called Rck (Resistance to complement killing) and PagN (PhoP activated gene N) have been identified. The T3SS-1, encoded by the Salmonella pathogenicity island 1 (SPI1), allows the injection of bacterial effectors directly into the target cell, characteristic of a “trigger entry mechanism” (Pati et al., 2013). This leads to stimulate Rho GTPase signaling pathways, inducing a massive actin polymerization and membrane remodeling allowing bacterial entry (Figure 2). The second invasion mechanism used by STm is a “zipper mechanism,” which requires a host membrane receptor. The interaction of the outer membrane proteins Rck and PagN with EGFR and proteoglycans/β1 integrin respectively, activates signaling pathways, involving GTPases and actin polymerization (Lambert and Smith, 2008; Hume et al., 2017; Mambu et al., 2017; Barilleau et al., 2021). This mechanism is accompanied by a weaker remodeling of the membrane which is characteristic of a “zipper mechanism” (Figure 2; Rosselin et al., 2010; Barilleau et al., 2021). Furthermore, studies using a STm mutant strain, which does not express Rck, PagN and a functional T3SS-1, reveal the existence of hitherto unidentified invasion factors causing weak or massive membrane rearrangements at distinct entry sites (Rosselin et al., 2011; Roche et al., 2018). These entry mechanisms are more specifically reviewed in (Fattinger et al., 2021c).
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FIGURE 2. Mechanisms used by STm to invade, survive and replicate inside cell. STm can invade cells using two different ways: the trigger and zipper mechanism. The Trigger mechanism requires the T3SS-1 to directly translocate bacterial effectors into host cells, leading to a massive reorganization of the actin cytoskeleton. Following the invasion, STm is contained in the SCV, where it can replicate. This bacterial replication is accompanied by Sif formation from the SCV, allowing the transport of nutrients to SCV. When the SCV is damaged, the fusion of SCV-Lysosome or the autophagy response could destroy the bacteria. A subset of bacteria is able to escape the SCV into the cytosol. The cytosolic niche is associated with Salmonella hyper-replication. The zipper mechanism requires the direct interaction of Salmonella outer membrane proteins (Rck or PagN) with a specific receptor (EGFR for Rck or proteoglycan/β1 integrin for PagN) on the membrane surface of the target cell, leading to actin polymerization, weak membrane rearrangement and internalization of the bacteria inside a vacuole. However, the intracellular behavior of Salmonella following this invasion process remains unclear.


Following bacterial invasion, STm is contained within a membrane-bound vacuole called SCV (Salmonella-containing vacuole). The SCV relocates to the perinuclear area allowing Salmonella to interfere with the host endocytic pathway towards the Golgi apparatus (Figure 2; LaRock et al., 2015; Tuli and Sharma, 2019). This SCV includes an acidified pH environment and acquires membrane markers of endosomal vesicles. The conditions inside the SCV allow the expression by STm of another type 3 secretion system (T3SS-2) encoded by the SPI2. This allows the injection of effectors across the SCV membrane into the host cytosol (Vishwakarma et al., 2014). Briefly, this leads to the manipulation of the host cell vesicle transport to acquire late endosomal markers such as Lamp1 and Rab7. In addition, T3SS-1 effectors (SopB, SopE and SopA) are required for this step of SCV maturation and trafficking. It has been shown that the SCV maturation avoids fusion of the phagosome with the lysosome by a Rab14-dependent mechanism controlled by the T3SS-1 effector SopB. Thus, the environmental conditions inside the SCV are favorable for Salmonella proliferation and the bacteria begin to replicate (Kehl et al., 2020). Moreover, this replication phase is accompanied by the formation of tubulovesicular SCV structures called Salmonella-induced filaments (Sifs) in addition to actin accumulation underneath the SCV (Figure 2). T3SS-1 (SipA, SopB and SptP) and T3SS-2 (SseF, SseJ, SpvC, SifA, SseG, PipB2, and SpvB) effectors are required for this step of replication/SCV positioning (Kehl et al., 2020).

A subset of STm is able to rupture the SCV and escape into the cytosol of epithelial cells. These cytoplasmic bacteria have the characteristic to hyper-replicate while most STm, which remain within the SCV, replicate at moderate rates (Knodler, 2015). Intriguingly, this cytosolic stage can be considered as a critical step for the bacterial escape into the extracellular environment by damaging the host cell. Dissemination of STm into the environment is thus facilitated, involving apoptosis and pyroptosis of the host cell (Knodler et al., 2010; Watson and Holden, 2010; Flieger et al., 2018). It is currently unclear whether intracellular behavior of STm is affected by the route of cellular internalization.

In streptomycin pre-treated mice infected with STm, the enterocytes constitute the initial target for STm invasion (Müller et al., 2012; Sellin et al., 2014; Zhang et al., 2014a; Fattinger et al., 2021c). But what are the invasion factors required to invade the intestinal epithelial cells in vivo? To our knowledge, the molecular details of Rck and PagN mediated invasion mechanism of epithelial cells in vivo remains unclear. Until now, a role of Rck in STm fitness has been demonstrated in a resistant murine model (Dyszel et al., 2010). Concerning PagN, a role in bacterial survival and pathological changes in the caecum of streptomycin pre-treated mice has been revealed (Yang et al., 2013). Further investigations are currently in progress to clarify these points. Regarding the T3SS-1, the requirement of T3SS-1 effectors for colonization of the caecum and the small intestine colonization has been shown in the STm colitis and neonate susceptible murine model, respectively (Hapfelmeier et al., 2004; Hapfelmeier and Hardt, 2005). Surprisingly, in streptomycin pre-treated murine caecum, strong membrane rearrangement representative of the in vitro T3SS-1 dependent entry mechanism is not observed. STm infection leads to elongation of the microvilli at the luminal surface of enterocytes forming a weak membrane rearrangement. This leads to the bacterial invasion into a vacuolar compartment preferentially near intercellular junctions. However, this mechanism requires the T3SS-1 SipA effector and not the effectors involved in GTPases activation (Fattinger et al., 2020). This study questions on the mechanism used by STm to invade enterocytes in vivo according to the STm pathogenesis and the relevance of the data obtained with IEC monolayer cell line.



M Cells

Using ligated-loop model of susceptible mice, it has been pointed out that STm exploits M cells as a route of invasion and colonize PPs (Jensen et al., 1998). In addition, using in vivo mouse and in vitro primary rectal epithelial cells infection models, it has been demonstrated that the T3SS-1 SopB effector of STm induces the trans-differentiation of follicular-associated epithelium enterocytes into M cells. Thus, during infection, the number of M cells increases to promote host invasion and colonization (Tahoun et al., 2012). M cell invasion seems to occur through both T3SS-1-dependent and -independent mechanisms. Indeed, STm strains defective for T3SS-1 are still able to invade M cells but less than wild-type STm strain (Clark et al., 1998; Martinez-Argudo and Jepson, 2008). On the other hand, the use of mouse strains lacking organized gut-associated lymphatic tissues and lymph nodes, allowed to demonstrate that mesenteric lymph nodes and PP are dispensable for the colitis induction in streptomycin pre-treated mice (Barthel et al., 2003). The role of M cells as a privileged entry site for STm remains under discussion but recent studies in mice and in humans uncovered two distinct mechanisms of STm entry into M cells, involving IgA/STm/dectin1-Siglec5 and FimH/Glycoprotein 2 (GP2; Figure 3).

[image: Figure 3]

FIGURE 3. Transcytosis mechanisms used by STm. (A) Glycoprotein 2 (GP2), specifically expressed on the apical membrane of M cells recognizes FimH, a component of type I pili on the STm outer membrane. This interaction allows STm transcytosis. (B) In physiological condition NOD2 WT is associated with inhibition of both Siglec5 and Dectin1 as represented in the figure. NOD2 polymorphisms R702W, FS1007insC, or R702W/G908R in human Crohn’s disease patients and Nod2 deficiency in mice are associated with overexpression of both Siglec5 and Dectin1 in M cells. Upregulation of Siglec5 and Dectin1 allows retrograde transport of pIgA (polymeric IgA)/STm immune complexes from the apical to basolateral side of M cell.


Secretory IgA (SIgA) produced by B cells in the lamina propria and delivered into the gut lumen via transcytosis through polymeric immunoglobulin receptor (pIgR) is the dominant immunoglobulin at mucosal surfaces and is known to be an important player in defence mechanisms against enteric pathogens (Wijburg et al., 2006; Bioley et al., 2017). However, retro/reverse-transcytosis (from the lumen to lamina propria) of IgA/pathogens immune complexes can act as a Trojan horse and worsen infection as observed in human Crohn’s disease (Rochereau et al., 2021). Crohn’s disease is an inflammatory bowel disease with multiple origins, i.e., genetic and environmental. Interestingly, STm-mediated human gastroenteritis increases the risk to develop Crohn’s disease (Schultz et al., 2017). Among genetic factors associated with Crohn’s disease, NOD2 mutation affects intestinal barrier functions resulting in increase of intestinal permeability (Al Nabhani et al., 2016). Interestingly, NOD2 mutation (loss of function) increases expression of Dectin1 and Siglec5 on M cells leading to an increased entry of IgA/STm immune complexes (Rochereau et al., 2021) in human PP and susceptible mouse models. Another uptake mechanism involving FimH and GP2 has been described in M cells. GP2 was one of the M cell-specific molecules identified in human and mice (Hase et al., 2009). GP2 recognizes FimH, a major component of the type 1 pilus on the outer membrane of a subset of gram-negative enterobacilli like Salmonella enterica (Hase et al., 2009). GP2-FimH interaction is necessary for efficient uptake of FimH+ STm by M cells and subsequent bacteria-specific mucosal immune responses as demonstrated in “susceptible” C57BL/6 mice.



Goblet Cells

To avoid its elimination from the intestine, STm has to adhere to and penetrate the protective mucosal layer and there is evidence showing STm binding to mucus through flagellar motility and chemotaxis in streptomycin pre-treated mice (Nevola et al., 1987; McCormick et al., 1988; Vimal et al., 2000; Stecher et al., 2004). More particularly, it has been pointed out that STm expresses Std fimbriae in gastrointestinal tract of streptomycin pre-treated mice, allowing the bacterial binding to fucosylated structures in the mucus (Chessa et al., 2009; Suwandi et al., 2019). Mucus represents a physical and chemical (presence of anti-microbial peptides (AMP) and IgA) barrier preventing STm’s direct access to intestinal epithelial cells. Indeed, using explant of susceptible C57BL/6 mice pre-treated with streptomycin, Furter et al. demonstrated that mucus is necessary to prevent STm adherence to the intestinal epithelium (Furter et al., 2019). Using live microscopy, the authors showed that STm has direct access to IECs in the caecum where the epithelium between crypts is unshielded. However, this direct access is prevented in the colon by a dense inner mucus layer covering the epithelium and/or luminal content. This study provides an explanation for the caecum being a primary site of STm infection in the streptomycin-treated mouse model (Furter et al., 2019). Until now, there is no evidence of Salmonella invasion into goblet cells. However, the lack of continuous mucus layer in the caecum segment may explain why in the streptomycin mouse model, the caecum is the highly permissive and the intestinal segment preferentially infected by STm.

Goblet cells are responsible for goblet Cell Associated Antigen Passages known to participate in oral tolerance by facilitating antigen passage and recognition by immune cells (Knoop and Newberry, 2018). In addition, tight junctions associated with goblet cells display structural variability such as paracellular space, which is not found between villus absorptive cell tight junctions in rat ileal mucosa. This suggests focal sites of high permeability between villus goblet cells, contributing to the relatively low resistance to ionic flow (Madara and Trier, 1982). This is coherent with the observations of Fattinger et al. showing that STm are enriched in the neighborhood of goblet cells in the caecum of mice infected with STm (Fattinger et al., 2020b). Thus, it is not excluded that STm takes advantage of the paracellular spaces next to goblet cells to translocate into the intestinal epithelium.



Stem Cells

In streptomycin pre-treated mice, the presence of mucus in caecal crypts prevents the attachment of STm, whereas the upper parts of the crypt epithelium are devoid of mucus and thus allows attachment of STm (Furter et al., 2019). In 1970s, using scanning electron microscopy, bacteria were already visualized attaching to mouse intestinal crypts via long filamentous extensions (Nelson and Mata, 1970; Savage and Blumershine, 1974; Palestrant et al., 2004; Donaldson et al., 2016). Thanks to the development of fixation methods preserving microbial biofilm, microbial populations that are based within intestinal crypt were visualized and subsequently identified using 16S rRNA sequencing (Peck et al., 2017). Recent studies suggest the caecum and the colon as intestinal segments containing crypt-based microbiota, which is coherent with the microbial density found within the intestine (Swidsinski et al., 2005; Pédron et al., 2012). Not surprisingly, enteropathogens have developed strategies to gain access to intestinal crypts. For example, this is the case for C. jejuni and V. cholerae, which were found associated within crypts in the caecum and small intestine of C57BL/6 mice, respectively (Yang and Ottemann, 2019). In STm-infected intestine, STm were found within crypts and an alteration of the expression of lgr5+ (Leu-rich repeat containing G protein-coupled receptor 5) gene, a stem cell marker, localization and number of stem cells within the crypts were also observed in susceptible and resistant mice pre-treated or not with streptomycin (Liu et al., 2010; Lu et al., 2012; Martinez Rodriguez et al., 2012; Rossi et al., 2012; Santos et al., 2016). However, STm invasion into stem cells has not been reported until now, probably due to the absence of antibodies available to specifically identify stem cells.



Other Cell Types

Paneth cells belong to the secretory lineage but they have also been identified as facilitating entry for luminal antigens. In the small intestine of STm-infected susceptible mice, secretory cells hyperplasia is observed. More particularly, an increase of the number of goblet, paneth, and tuft cells per crypt has been demonstrated (Lu et al., 2020). STm invasion into tuft cells, paneth cells or enteroendocrine cells has not been reported.




DEFENCE RESPONSES OF THE INTESTINAL EPITHELIUM TO STM INFECTION

Following STm infection, the intestinal epithelium develops strategies to fight back and clear the pathogen. In the following paragraphs, the global responses of the intestine, following by the specific responses of the differentiated secretory epithelial cells, will be described.


Diarrhea

In mice with STm-induced colitis, SCV internalized STm secretes a heat-labile enterotoxin responsible for efflux of water and electrolytes into the intestinal lumen aiming to flush the pathogen (Finlay and Falkow, 1988). This diarrheagenic enterotoxin is released into the cytoplasm of invaded cells and into the intestinal lumen. The diarrhea is caused by a higher secretion of chloride ions in the crypt region and decreased absorption of Na+ in intestinal villi (Fromm et al., 1974; Khurana et al., 1992). In addition, STm infection increases cell proliferation, affecting absorptive function in caecum and colon of antibiotic pre-treated mouse model, which has also been shown to drive diarrhea and increases fecal water content dependent on the T3SS-1 (Fierer et al., 2012; Marchelletta et al., 2013). Therefore, a therapeutic strategy to re-establish absorptive transport would be beneficial for patients suffering from STm induced diarrhea.



Epithelial Chemokines and Retinoic Acid Response

Infections with STm induced acute intestinal inflammation in human and animal hosts, as a result of the bacterium invading the mucosa. The intestinal epithelial cells sensors the bacteria and initiate intestinal innate immune responses.

STm attachment to polarized IEC human cells induces basolateral secretion of interleukin-8 (IL-8). In Caco2 human cell lines, IL-8 secretion is induced by STm flagellin recognition by TLR5 and potentiated by activation of NOD2 by muramyl dipeptide (Huang, 2012). Flagellin-induced IL-8 secretion also involved SopE2, a Salmonella guanine nucleotide exchange factor (Huang et al., 2004). Interestingly, when STm invades transformed human colonic epithelial cell line, a cholesterol accumulation in SCVs lipid rafts is induced. This activates the PI3K/Akt pathway contributing to dampen IL-8 secretion and reducing ERK signalling pathways (Huang, 2011). Once intracellular, STm therefore favors its colonization by decreasing IL-8 production in human intestine-407 cells by a mechanism involving the translocation of the effector proteins SspH1 and SptP (Haraga and Miller, 2003). Neutrophil recruitment is generally attributed to IL-8 secretion. But transmigration of neutrophils toward the apical side of epithelial cells is also dependent on apical release of pathogen-elicited epithelial chemoattractant bioactivity by IEC (T84; McCormick et al., 1993, 1998). IL-8 and pathogen-elicited epithelial chemoattractant secretions induced by STm were suggested to involve distinct signalling pathways (Gewirtz et al., 1999). STm also triggers CCL20 basolateral secretion by IECs and subsequent recruitment of dendritic cells initiating adaptive immune response in the gut (Sierro et al., 2001; Caco-2 and T84 cells). This process is dependent on flagellin.

Furthermore, STm interaction with IEC modulates intestinal immune response including AMP, IL-17 and IgA secretion by metabolizing vitamin A into retinoic acid resulting in control or exacerbation of infections (Peterson and Artis, 2014). In susceptible mice depleted in IEC for (Rdh7) involved in vitamin A metabolism in retinoic acid, the STm load in feces and systemic dissemination are significantly reduced after oral infection. This effect is reversed by exogenous retinoic acid, showing a deleterious role of retinoic acid in STm infection (Grizotte-Lake et al., 2018). Retinoic acid production in vivo by IEC of streptomycin pre-treated mouse leads to IL-22 expression in immune cells then AMP secretion and microbiota dysbiosis favoring STm colonization (Behnsen et al., 2014; Miki et al., 2017; Grizotte-Lake et al., 2018). Recently, the same group described opposite results on a streptomycin pre-treated mouse model expressing dominant negative of retinoic acid receptor in their IEC. Susceptibility to luminal and systemic colonization by STm is higher in those mice due to a weaker induction of protective IL-18 by epithelial cells. These two studies highlight the autocrine and paracrine functions of IEC-produced retinoic acid during STm infection (Iyer et al., 2020).

The canonical inflammasome (Caspase 1) represents an important pathway for IL-18 release and restriction of STm replication in the mouse caecum in vivo. In vitro studies comparing transformed and untransformed IEC (enteroids derived monolayers) derived from mice and human showed that Caspase-1 is important for restricting intracellular STm replication and IL-18 secretion in mouse IECs but is dispensable in human IECs. This study highlights species differences. However, in both transformed and untransformed human IECs, Caspase-4 is mandatory for restriction of intracellular STm and production of IL-18. Importantly, cytosolic replication is lower in untransformed cells compared to transformed cells in both species highlighting bias in in vitro cells experiments (Holly et al., 2020).



Epithelial Host Proteases

STm infection of the epithelium leads to changes of host protease expression by direct (infection of the cell) and indirect mechanisms (induction by cytokines/chemokines). Host cell proteases are involved in every step of the infection process from invasion, intracellular trafficking, survival and exit of the cell. Thus, proteases play a key role in the defence against invading pathogens by attacking STm in the different segments of the intestine using intracellular and extracellular functions. However, STm also manipulates proteases to modulate host tissues for invasion or evasion from the host immune system (Marshall et al., 2017).


Intracellular Functions

In intestinal Henle-407 cell line, it has been demonstrated that STm utilizes the proteasome-dependent protein degradation pathway to temporally regulate virulence effector functions. The secretion and translocation domain determines the kinetics of degradation leading to a short half-life of SopE, which regulates cytoskeleton rearrangement for invasion, whereas SptP, which is needed to reverse these effects afterward, is more stable in the host cell cytoplasm (Kubori and Galán, 2003).

In addition, the process of autophagy targets cellular macromolecules or cytosolic pathogens (xenophagy) for proteolytic degradation in newly formed vesicles (autophagosomes) which fuses with lysosomes to form autophagolysosomes. In autophagolysosomes, degradation is catalyzed by various cathepsins. Furthermore, autophagy is negatively regulated by cysteine proteases, such as caspases, that can cleave autophagy-related proteins (Kaminskyy and Zhivotovsky, 2012). In human intestinal cell line, it has been shown that the autophagy process acts transiently at early time points of STm infection (Knodler, 2015). Autophagy is initiated by damaged SCVs or by STm that escaped into the cytoplasm (Wu et al., 2020). A few studies found that autophagy can also facilitate cytosolic STm replication (Wu et al., 2020). STm inhibits autophagy by several mechanisms (Knodler and Celli 2011; Sharma et al., 2018; Wu et al., 2020), but the direct impact of STm on the regulation of these cathepsins has not yet been investigated.



Extracellular Functions

Besides intracellular functions, some cathepsins are also secreted into the gastrointestinal tract and play a role in homeostasis (extracellular matrix remodeling, barrier function) or inflammation (cytokine/chemokine processing; Vidak et al., 2019). Colonic mucus samples containing cathepsin K from wild type mice impaired in vitro growth of STm (and certain commensals) in contrast to mucus from cathepsin K deficient mice (Sina et al., 2013) suggesting a direct antimicrobial activity of cathepsin K.

Dependent on the context, matrix metalloproteinases (MMPs) can have anti- or pro-inflammatory activity. In vivo, STm infections results in transcriptional upregulation of MMPs family genes, Mmp3, Mmp8, and Mmp28 in PPs and mesenteric lymph nodes (mLNs) 2 days post-infection (Handley and Miller, 2007) and further Mmp genes in the inflamed caecum up to 3 weeks post infection. In this context, protein expression of MMP3, MMP7, MMP8 and MMP10 were detected in epithelial cells in the STm-infected caecum (Ehrhardt et al., 2019). MMP3 deficient mice showed a delayed colonization of PPs, mLNs and spleen (Handley and Miller, 2007).

ECM degradation by MMP-9 impairs human intestinal cell line attachment and wound healing (Castaneda et al., 2005) and MMP-9 leads to disruption of tight junctions in a human intestinal epithelial cell line in vitro (Al-Sadi et al., 2021). Mmp9 is not expressed in normal colonic mucosa, whereas Mmp2 is constitutively expressed, but both are up-regulated in intestinal cells in vivo during STm infection (Castaneda et al., 2005; Garg et al., 2006). MMP-9 deficient mice have reduced inflammation and intestinal tissue damage and were protected against STm induced colitis (Castaneda et al., 2005). Epithelial derived MMP-9 is responsible for the increased susceptibility. In this line, MMP-9 does not affect the immune response to systemic infection with STm (Castaneda et al., 2005). In contrast, MMP-2 deficient mice are highly susceptible to STm-induced colitis (Garg et al., 2006). Epithelial derived MMP-2 protects the epithelial barrier integrity and promotes healing, which is compromised in MMP-2 deficient mice and may lead to their increased susceptibility to STm infection. This opposing effects of the two MMPs on the barrier permeability might be explained by interaction with different tight junction proteins and/or non-matrix substrates; MMP-2 associates with claudin, whereas MMP-9 cleaves occludins (Garg et al., 2006). Furthermore MMP-2 degrades MCP-3, fibroblast growth factor receptor-1, and possibly other chemoattractants, while MMP-9 does not (Garg et al., 2009). MMP9 and MMP2 double-deficient susceptible mice are resistant to STm-induced colitis demonstrating that MMP-9 overrides the protective effect of MMP-2 in mediating inflammation and tissue damage (Garg et al., 2009). In resistant mouse infection model, no change in expression of these MMPs in comparison with uninfected controls was detected indicating that they play a role in acute but not chronic infections (Ehrhardt et al., 2019).



Caspase Induced Cell Death

Caspases are intracellular cysteine aspartic proteases involved in the different forms of cell death and activation of the cytokines IL1-β and IL-18 and further inflammatory processes. Distinct caspases are part of a higher protein complex called the inflammasome. Besides the well-studied role of inflammasomes in immune cells like macrophages, their role in immune signalling and restriction of STm growth in epithelial cells becomes more apparent. Caspase activation and inflammasome formation is induced by pathogen sensing via pathogen-associated molecular patterns (PAMPs) or stress sensing via damage-associated molecular patterns (DAMPs). Dependent on the way of activation, canonical and non-canonical inflammasomes are distinguished. Canonical inflammasomes contain Caspase 1, and they are activated via sensing of pathogens via cytosolic pattern recognition receptors (PRR). In contrast, non-canonical inflammasomes composed of human Caspase 4/5 or the mouse homologue Caspase 11 directly bind to cytosolic LPS. STm activates canonical inflammasomes (e.g., NAIP/NLRC4, NLRP3, AIM2) by, e.g., flagella and T3SS-1 components. Furthermore, using both human intestinal cell line and enteroids models derived from mouse and human, it has been demonstrated that the SCV can be damaged or STm can escape the SCV and (hyper-)replicate in the cytoplasm which is sensed and restricted by Caspase 4/11 (Holly et al., 2020). It is suggested that in murine intestinal epithelial cells the NLRC4 inflammasome is induced early followed by Caspase 11 activation at later time points (Fattinger et al., 2021a,b). Engagement of different inflammasomes might be dependent on the cell type, the differentiation status of the cell, and the species (Holly et al., 2020; Fattinger et al., 2021c). Activated caspases process pro-inflammatory pro-IL-1β and/or pro-IL-18, and Gasdermin-D initiating pyroptosis, an inflammatory type of cell death, and epithelial cell extrusion. Cleaved Gasdermin-D forms pores in the plasma membrane leading to pyroptosis and secretion of the mature cytokines. Expulsion of pyroptotic epithelial cells into the intestinal tract of streptomycin pre-treated mice limits bacterial burden in the tissue and dissemination to the mLNs (Sellin et al., 2014; Hausmann et al., 2020; Fattinger et al., 2021a). In case of STm susceptible mouse infection, escape of the cytosolic (invasion primed) bacteria into the gut lumen by pyroptotic cells provides a potential mechanism of dissemination (Knodler et al., 2010).

AIM2 recognizes dsDNA and restricts STm infection by inducing tight junction protein expression and promoting the proliferation/apoptosis homeostasis thereby strengthening the epithelial barrier (shown in susceptible mice and in Caco2 cells; Hu et al., 2016). For details on inflammasome activation and their role in the host defence to STm, see the recent comprehensive reviews (Clare, 2021; Fattinger et al., 2021b).

Activation of multiple other caspases, which are involved in cell death during STm infection, lead to mixed cell death signalling resulting in PANoptosis (Fattinger et al., 2021b). Epithelial Caspase-8 restricts STm murine intestinal colonization and protects the intestinal barrier by shifting the cell death pathways from necroptosis to apoptosis in a streptomycin pre-treated mouse and murine intestinal organoid model (Hefele et al., 2018). Therefore C57Bl/6 mice deficient in epithelial Caspase-8 are highly susceptible to STm infection (Hefele et al., 2018; Stolzer et al., 2022). Besides apoptosis, Caspase-3 also exerts other functions. In infected intestinal epithelial cells, SipA is involved in cell invasion and activates Caspase-3 and promotes its apical secretion. Caspase-3 subsequently cleaves SipA into two functional subunits promoting transepithelial migration of neutrophils in susceptible mouse model (Srikanth et al., 2010). Mutation of the Caspase-3 cleavage site in SipA or infection of Caspase-3 deficient C57Bl/6 mice leads to a reduced caecal inflammation. Caspase-3 cleavage site(s) are found in several STm virulence proteins and inactivation by mutation reduces their pathogenicity of SopA (Srikanth et al., 2010) and SifA (Patel et al., 2019).



Mucus Layer

The mucus layer plays an important role in defence against STm. Indeed, MMP-9 negatively regulates goblet cell differentiation and consequently secretion of mucin-2 (MUC-2), which is a major component of the protective mucus gel layer on the intestinal epithelium. MMP-9 overexpression (e.g., in infection) or silencing in goblet cells, decreases or increases MUC-2 expression and thus increased or decreased STm adherence, respectively (Garg et al., 2007).

It has been described that upon activation of EGFR, goblet cells increase mucin production (Nadel, 2001). This could lead to the formation of a protective layer of mucus by limiting bacterial access to the epithelium as STm expresses Rck which is able to interact with EGFR expressed on epithelial cell line (Wiedemann et al., 2016). However, the impact of the interaction of Rck with EGFR on mucus production has not been clarified.



Antimicrobial Peptides

Antimicrobial peptides (AMPs), including defensins and cathelicidins, are innate small molecules playing a key role in intestinal host defence. They are secreted by different cell types and among intestinal epithelial cells, but mainly by paneth cells. After STm infection of streptomycin-treated-mice, single cell transcriptomic analysis of epithelial cells revealed an increased number of mature paneth cells. In addition, an increase of AMPs gene expression such as DEFA23, DEFA24 and Ang4, and of Pentraxin2 was observed in paneth cells (Haber et al., 2017). In another mouse model of infection with FvB mice (susceptible model), STm was shown to increase the number of paneth cells but inhibit Cryptdin (α-defensin) and lysozyme expression as soon as 1 day after infection by a mechanism involving T3SS-1 (Salzman et al., 2003a; Martinez Rodriguez et al., 2012). This suggests an escape mechanism induced by the bacteria. As STm is not directly in contact with paneth cells, it is conceivable that infected enterocytes release specific mediators which would signal to paneth cells. Another explanation is that STm infection triggers intestinal progenitor cell proliferation and the initiation of a paneth cell differentiation program resulting in increased paneth cell numbers with decreased granule content (Martinez Rodriguez et al., 2012; Haber et al., 2017). Transcriptomic analysis of AMPs have to be handled carefully as AMP are highly regulated after translation. α-defensins are produced as pro-peptides and their activation depends on MMP-7. MMP7−/− C57Bl/6 deficient mice are more susceptible to oral challenge with STm, highlighting the role of paneth cells AMP in STm infection (Wilson et al., 1999). Transgenic mice expressing human α-defensin-5 (DEFA5) in paneth cells, in addition to the mouse AMP repertoire, showed increased resistance to oral STm challenge (Salzman et al., 2003b). Even though direct bactericidal effects of HD5 and α-def have been demonstrated on STm in vitro (Selsted et al., 1992) an indirect role of AMP on STm via modulation of host microbiota needs to be taken into account. Indeed, AMP can shape intestinal microbiota without affecting the total number of bacteria (Salzman et al., 2010). Both mouse models, either complemented with human DEFA5 or deficient for MMP7 (deficient of α-defensins) are characterized by microbiota dysbiosis. Susceptibility to STm can therefore also be a consequence of an altered resident microflora. This was also suggested with AMP such as C-Type lectin Reg3 β/γ that are over-expressed during STm infection of streptomycin-pretreated mice but have no effect in STm-killing. Reg3 β/γ can kill diverse commensal gut bacteria which could favor growth advantage to STm over microbiota (Godinez et al., 2009; Stelter et al., 2011). The AMP repertoire is also dependent on the mouse genetic background (Gulati et al., 2012) and could explain that - in addition to Nramp1/Slc11a1 status - some mouse strains are more resistant to STm infection. Indeed, susceptible C57BL/6 mice complemented with Nramp1 remained more susceptible than resistant 129Sv mice (Brown et al., 2013). Goblet cells can also secrete some antimicrobial molecules such as cathepsin K into the mucus and its antimicrobial property was demonstrated in vitro against STm (Sina et al., 2013).

Independently of their environment but according to their virulence, STm are more or less sensitive to AMP. In vitro killing assays demonstrated that neither cryptdin 1 nor cryptdin 2 were able to kill mouse-virulent, phoP+ STm 14028S, despite their ability to kill avirulent, isogenic, phoP congener, STm 7953S (Eisenhauer et al., 1992). These data are in accordance with previous work demonstrating that the sensitivity of STm to defensins and its virulence for mice are associated and dependent on the PhoP-PhoQ regulon which controls the expression of several genes, including pagC (Fields et al., 1989; Groisman et al., 1989; Miller et al., 1989).

STm was shown to inhibit paneth cell AMP expression as soon as 1 day after susceptible mouse infection. This effect is mediated by STm T3SS-1 but does not involve paneth cell apoptosis (Salzman et al., 2003a; Martinez Rodriguez et al., 2012). Cryptdin and lysozyme are the two AMPs for which mRNA expression was reduced after infection suggesting an escape mechanism induced by the bacteria. As STm is not directly in contact with paneth cells, it is conceivable that infected enterocytes release specific mediators which would signal to paneth cells. Another explanation is that STm infection triggers intestinal progenitor cell proliferation and the initiation of a paneth cell differentiation program resulting in increased paneth cell numbers with decreased granule content (Martinez Rodriguez et al., 2012; Haber et al., 2017).



Hormones

Hormones are produced by enteroendocrine cells in response to several stimuli such as nutrients and microbial metabolites to mediate digestion and orchestrate intestinal inflammation. Daly et al. have demonstrated that in STC-1, mouse enteroendocrine cell line, heat-inactivated STm induced cholecystokinin, a satiety hormone, producing contraction of the gall bladder and concomitant release of bile. Even though this mechanism has to be confirmed in vivo, enteroendocrine cell seems to participate in the expulsion of STm (Daly et al., 2020).





RELEVANCE OF INTESTINAL EPITHELIAL ORGANOIDS TO DECIPHER SALMONELLA-EPITHELIAL CELL CROSSTALK

In vitro analysis of Salmonella interaction with the primary intestinal epithelium, has been hampered by the absence of appropriate in vitro culture. Since 2009, starting with a landmark study by the Clevers’ lab (Sato et al., 2009) progress in the research on intestinal epithelial stem cells has allowed the emergence of 3-dimensional (3D) multicellular structures called “intestinal epithelial organoids,” representing the micro-anatomy of a functional intestinal epithelium in vitro. Intestinal organoids are derived from stem cells with self-renewal and pluripotency properties, allowing them to generate all the cells reconstituting the intestinal lineage in vitro. Three types of stem cells are commonly used to derive intestinal organoids: (i) induced pluripotent stem cells, which are somatic cells genetically reprogrammed to make them pluripotent; (ii) embryonic stem cells; (iii) adult stem or progenitor cells isolated from intestinal tissues.

These primary epithelial cells have physical, cellular, molecular and genetic characteristics similar or even identical to those of the tissues in vivo. Specific culture conditions are required such as the use of Matrigel™ (composed of Type IV collagen, laminin and fibronectin) in order to mimic the physiological microenvironment of the extracellular matrix in vivo (Sato et al., 2009), as well as several growth and differentiation factors, playing an essential role in the regulation of epithelial homeostasis (Barker, 2014). During cellular differentiation, this intestinal epithelium becomes polarized and apoptotic cells appear in the central lumen. The polarity of the cells is then identical to that of the cells of the intestine, with an apical pole in the center of the organoid and a basal pole towards the outside of the organoid. The organoids mature and form buds, representing the intestinal crypt. The maintenance of homeostasis and intestinal integrity are based on the existence of an intercellular communication network within the epithelium itself. However, the organization of the 3D intestinal organoid limits the access of pathogens from outside the organoids to the epithelial surface on the side of the intestinal lumen (Yin et al., 2016). To bypass this problem, it is possible (i) to use a microinjection system to directly deliver pathogens into the 3D organoid containing a luminal intestinal structure, thus allowing the access of the apical side. However, it is a time consuming and arduous technique, questioning about reproducibility as the injected volume may vary between each organoid and also leaks may occur at the injection site when withdrawing the needle from the organoid; (ii) “to reverse” the polarity of organoid by removing the extracellular matrix and maintaining the organoid in suspension (Co et al., 2019). However, this technique fails to reverse 100% of the organoids, leading to a heterogeneous phenotype of the organoid population in culture; (iii) to grow organoids as monolayers on Transwell® filter membranes, allowing electrophysiological and permeability studies using Ussing chambers to investigate different functions of the intestinal epithelium. However, generating and maintaining an oxygen gradient across the epithelial monolayer stays a challenging perspective; (iv) to infect dissociated organoid cells and then seed them in Matrigel™ to reform organoids. This infection model allows the analysis of the impact of pathogens on the proliferative progenitor and stem cells and thus on the intestinal renewal, development and differentiation. The disadvantage of this technique is the probable loss of cell polarity once the organoid cells are dissociated, which means that the pathogen exposure is not representative of what is going on in vivo.

Thus, the intestinal organoid model represents an interesting experimental model for investigating the interaction of STm with mouse and human intestinal epithelium and visualizing (i) the invasiveness of pathogens either on the basolateral side or on the apical side of the intestine (ii) morphological changes of primary cells such as proliferation of intestinal stem cells as well as their differentiation; (iii) the pathophysiology of pathogen-epithelial cell interactions during infections; (iv) role of certain cell populations such as paneth cells, for which no cell lines are available. Intestinal organoids derived from mouse and human have recently been used to model STm infection and their culture conditions are compatible with STm infections. Moreover, some studies confirm results obtained in several mouse and human intestinal cell lines. Thus, it is a promising STm infection model to investigate the molecular details of the interaction of STm with each cell type present in the intestinal epithelium and more particularly in human. Indeed, after apical microinjection of STm in human intestinal organoids, STm was able to invade epithelium and residing in SCV (Forbester et al., 2015). Furthermore, basolateral STm infection of intestinal organoid in the extracellular environment the organoid has allowed to visualize bacteria inside buds of organoids derived from ileal mouse intestine (Zhang et al., 2014b) as it was observed in small intestine of STm-infected susceptible mice (Santos et al., 2016). Production of functional AMPs in the lumen of organoids derived from susceptible mouse small intestines allow to restrict growth of STm directly microinjected in organoid lumen (Wilson et al., 2015). Moreover, the authors pointed out a decrease of mRNA expression of Lgr5+, a stem cell marker, and disruption of tight junctions. In addition, comparative analysis of gene expression and microscopy has shown similarities between responses obtained in vivo in susceptible mice and in vitro in murine intestinal organoids following STm infection of dissociated organoids. For example, secretory cell hyperplasia (goblet, paneth, and tuft cells), mucus, and AMP production such as Reg3γ and DEFA1 were induced in response to STm infection (Lu et al., 2020). In addition, similar results indicating an inhibition of the cell turnover at the intestinal epithelium and intestinal epithelial secretion induced by STm infection in susceptible mice (Santos et al., 2016) were also observed using human intestinal organoids microinjected with STm to model the bacterial infection at the apical side (Abuaita et al., 2021). Interestingly, organoids from juvenile inflammatory bowel patient failed to control STm growth and highlight the role of IL22 and IL10RB gene in antimicrobial defense against STm (Forbester et al., 2018). Furthermore, as shown in Figure 4, “discreet” and “strong” invasion structures at the apical entry site of STm are also observed near mucus in human organoid monolayers derived from colon (Figure 4). Recent studies on human intestinal organoids showed that STm induced pro-inflammatory gene expression and downregulation of genes associated with cell cycle and DNA repair affecting the host proliferation machinery (Lawrence et al., 2021). Besides the 3D organoid model, 2D organoid monolayer model allow imaging of infection and interaction between IECs and STm as well as the importance of M cells providing an interesting tool to identify STm interaction with specific IEC (Nickerson et al., 2021; van Rijn et al., 2022).
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FIGURE 4. Membrane structures during STm invasion at the apical site of human monolayer organoid derived from colon. Representative image obtained by scanning electron microscopy of discreet (A) and strong (B) membrane rearrangements. Star indicates STm membrane rearrangement at the entry site. M, mucus. Scale bar: (A) 1 μm (B) 400 nm.


Taken together, these studies allow to conclude that the observed effects on the intestinal epithelium were similar to those obtained in murine colitis infections and intestinal cell lines. Thus, it has emerged that the organoids derived from intestine is an appropriate system to model STm interaction with epithelial intestinal cells, even when the STm infection does not only take place at the apical side (Verma et al., 2020; Aguirre Garcia et al., 2022). This system makes possible to respond to a societal demand aimed at reducing the use of animals for research and is part of the 3Rs approach (Replacement, Reduction and Refinement).

However, the advantage of organoid model being restrictive to intestinal epithelium is also its limitation as it does not reflect the complex interaction with microbiota, immune system, enteric nervous system, etc. Recent advances have shown that it is now possible to further modify the intestinal organoid culture to mimic the in vivo environment. The establishment of microfluidics system called organ-on-a-chip allows the addition of environmental element such as microbiota, immune system cells, enteric nervous system. More recently, to mimic the digestive system, intestinal organoids were connected to pancreas and liver organoids in order to investigate the communication between these organs (Koike et al., 2019). However, it is important to understand the challenge of supplementing these elements to a system already quite complex. Each system has its advantages and disadvantages. The choice of the appropriate system is therefore important and dependent on the scientific question to answer.



CONCLUSION

The interaction with the non-phagocytic cells of the intestinal epithelium is a crucial step for STm pathogenesis. Indeed, STm has to invade the intestinal barrier and to overcome the secretory defence mechanisms of the host to establish infection. In this review, we tried to highlight the current knowledge regarding the molecular dialogue between STm and the murine and human IECs. Most of the molecular mechanisms described of STm interaction with IECs have been studied in intestinal epithelial cell lines. In this review, we aimed to remind that intestinal epithelium is complex and made of various cell types. Available data on in vivo experiments mainly in susceptible mice with or without pre-treatment with streptomycin are scarce and inconsequent to provide information regarding specific interaction between STm and different intestinal cells composing the epithelium. We still think that STm entrance in IEC and involvement of specific cells is a crucial step to better understand salmonellosis and propose treatment. Indeed, a clear identification of the epithelial cells interacting with STm for entry and defense will represent of crucial knowledge for development of targeted therapeutic aiming to block STm entrance and/or to enhance the existing defense mechanisms. It will also represent an interesting tool to highlight differences in Salmonella interaction with IECs between mice and human that could contribute to provide explanation for discrepancies in diseases manifestation (typhoid fever in human). The use of organoids derived from livestock animals like chickens (STm host) and non-human primate or pig could be generated to draw an overview of STm interaction with IECs of various species concerned by STm infection. We also propose that it will be an interesting tool to better understand serovar evolution and switch in population like those observed in Africa (Feasey et al., 2012; Bornstein et al., 2019). The organoid technology becoming more sophisticated, the method for quantitative gene expression analysis (RNA-seq) has rapidly been adapted to organoid models and more recently at the single cell level. It is a key approach to high-throughput transcriptome profiling to better understand regulation of pathways involved in Salmonella pathogenesis (Nickerson et al., 2018; Ross et al., 2021). Furthermore, interaction with IECs might commit the resulting immune response toward STm and as such a better understanding of STm interaction with IECs might contribute to the vaccine strategy. However, questions still remained: where does the initial interaction/invasion of STm occur? What are the intestinal segments and the cell types preferentially targeted by STm? According to the in vivo murine model, has STm the same gateway as target? In addition, human and mouse intestine anatomy are different, therefore, is it possible to translate results obtained in mouse to human?

The recent development of human/mouse organoid culture to mimic intestinal epithelium within its cell type diversity represent a unique tool to address specific STm/IEC interaction. But it requires in vivo confirmation including the complex environment present in the intestine. Regarding intestinal organoid culture challenges remain now to establish reproducibility, lower the cost and increase high throughput.
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Mucormycosis is a fungal disease caused by members of the fungal order Mucorales, which are abundantly found in terrestrial environments. The fungi propagate clonally via mitospores, which are transmitted to humans through the air and cause superficial or invasive infections. The disease has emerged in recent years and coincides generally with immunosuppression on the patient side. Mucormycosis is still rarely recognized in the clinical because of its unspecific symptoms which often triggers misdiagnosis with bacterial or viral infections leading to prolonged therapeutic cycles and loss of valuable time to manage mucormycosis properly. Infected patients develop various clinical forms, most notably ranging from rhinocerebral via pulmonary to gastrointestinal forms. Traditional diagnosis is based on culture and histopathologic examinations of the affected tissue. But, the achievement of a precise result is time-consuming, labor-intensive, requires mycological expertise and the finding appears often too late. A rapid and precise diagnosis is mandatory because symptoms are non-specific and the disease is rapidly progressing with often fatal outcome. Mucormycosis was increasingly associated with other infections and underlying conditions and risk factors causing comorbidities, which are difficult to successfully manage. This mini-review summarizes the current knowledge on the epidemiology and causative agents of mucormycosis, transmission, risk factors, clinical presentation, diagnosis, and highlights the lack of appropriate biomarkers on the pathogen and the host sides for rapid pathogen and host susceptibility detection, respectively. Fungal antigens and single nucleotide polymorphisms (SNPs) in human host genes are useful for the assessment of susceptibility. This mini-review addresses possibilities for early prediction of susceptibility to mucormycosis based on forecasting of the risk of infection with fungal pathogens other than Mucorales. The topic of early prediction and diagnosis of mucormycosis represents a current research gap and highlights the importance of potential future developments in the area of risk assessment, susceptibility prognosis in conjunction with early diagnosis to reduce mortality in patients suffering from mucormycosis.

Keywords: fungal infection, immunocompromised patients, COVID-19-associated mucormycosis, host markers, host genetics, assessment, prognosis


HIGHLIGHTS


–Summary of the biomarkers currently available for the diagnosis of mucormycosis.

–Overview of predisposing factors and comorbidities from a medical point of view.

–Encourage the exploration of novel biomarkers for pathogen and host susceptibility detection.





INTRODUCTION

Mucormycosis (formerly: zygomycosis) is a group of diseases affecting various anatomical sites. The infections are caused by filamentous fungi of the order Mucorales, a dominant group among zygosporic fungi which were formerly summarized as zygomycetes. The fungi are ubiquitous and predominate in the decomposition of organic matter. Among the clinically important genera (1) Rhizopus, (2) Lichtheimia, (3) Mucor, (4) Rhizomucor, (5) Thermomucor, (6) Syncephalastrum, (7) Cunninghamella, (8) Cokeromyces, (9) Apophysomyces and (10) Saksenaea, we can predominantly observe the following species: (1) Rhizopus arrhizus (formerly: R. oryzae) and R. microsporus, (2) Lichtheimia corymbifera (formerly: Absidia corymbifera), L. ornata, L. ramosa, (3) Mucor circinelloides, M. lusitanicus, M. ramosissimus, M. racemosus, M. hiemalis, (4) Rhizomucor miehei and Rh. pusillus, (5) Thermomucor indicae-seudaticae, (6) Syncephalastrum monosporum and S. racemosum, (7) Cunninghamella elegans (formerly: C. bertholletiae), (8) Cokeromyces recurvatus, (9) Apophysomyces elegans and A. variabilis, and (10) Saksenaea vasiformis (Ribes et al., 2000; Roden et al., 2005; Spellberg et al., 2005; Petrikkos et al., 2012; Hassan and Voigt, 2019; de et al., 2020; Index Fungorum, 2022).

Although inhalation of spores is the most common route of transmission, the disease can also be acquired cutaneously and gastrointestinally (Figure 1). This life-threatening disease primarily affects immunosuppressed, diabetic and all types of immunocompromised patients, which suffer from a primary bacterial or fungal infection (Choi et al., 2019). Most actually, mucormycosis associated with Coronavirus disease 2019 (COVID-19) became a new threat due to high-dose corticosteroid therapy during the SARS-CoV-2 pandemic [as reviewed by Hoenigl et al. (2022)]. Diagnosis in patients with mucormycosis is complicated and delayed. Treatment is based on surgical debridement of the affected areas and antifungal therapy, which has low penetrance, explained by the large areas of necrosis that these infected patients develop in association with angioinvasion (Farmakiotis and Kontoyiannis, 2016; Patel et al., 2020; Pal et al., 2021).


[image: image]

FIGURE 1. An overview of infection routes of Mucorales from the environment toward the development as pathogens. Mucorales can be found in soil (A), dust (B), and vegetation (C). The spores can infect humans through the respiratory tract via airborne spores (D), injuries (E), pulmonary (F) rhinocerebral (G) or the gastrointestinal tract (H). Cutaneous cases, on the other hand, are associated with vegetal trauma or motor vehicle accidents (I). Any of these local infections can cause vascular spread leading to thrombosis (J). Specimens (F–I) can be obtained for laboratory diagnosis by culture (K) or other methods. Eventually, the fungus returns to the environment where it belongs. This figure was created in BioRender.com.


This mini-review will outline the various fields of research targeting risk assessment, prediction, and prognosis based on human-derived biomarkers and their variants.



RISK ASSESSMENT

In patients with mucormycosis, cellular immunity has been shown to be critical in combating these filamentous fungi. Therefore, comorbidities or diseases that compromise immunity and surface barrier integrity count as risk factors for acquiring the infection. The study by Jeong et al. (2019) showed that the following comorbidities were associated with a higher percentage of mucormycosis: diabetes mellitus, hematologic malignancy, diabetic ketoacidosis, acute myeloid and lymphoblastic leukemia, lymphoma, hematopoietic stem cell transplantation, and others (Ghuman and Voelz, 2017).

On the other hand, in patients without comorbidities, the main risk factors were shown in the population that used voriconazole, suffered injection sites, had a car accident, used corticosteroids, used fluconazole, had neutropenia, among others (Jeong et al., 2019). Increased mortality was observed in patients with diabetes mellitus and immunocompromised states in a follow-up 180 days after their diagnosis (Hong et al., 2013).

COVID-19 patients suffering from mucormycosis have raised the alarm worldwide, with a focus on India. Indeed, it is important to note that India already had a 70-fold higher risk of mucormycosis compared with developed countries. Despite this, an Indian multicenter epidemiologic study reported a two-fold increase in mucormycosis cases in 2019 compared with 2020 (Banerjee et al., 2021; Mathew et al., 2021; Pal et al., 2021; Rocha et al., 2021). The risk factors for COVID-19 associated mucormycosis (CAM) highlighted in the aforementioned studies are: cytokine storm (interleukin 6), islet damage, elevated ferritin, and endotheliitis. It is important to note that it is likely that the sum of cytokine storm, ketoacidosis, and uncontrolled corticosteroid use increases the risk of hyperglycemia and impaired phagocytosis, leaving patients susceptible to CAM (Mathew et al., 2021; Pal et al., 2021). These and other hypotheses are being studied to understand the increase in cases of mucormycosis in patients infected by SARS-CoV-2. A comparison between the risk factors in 3 studies in the general population and in a study in patients with COVID-19 is shown in Table 1.


TABLE 1. Comparison of underlying conditions and predisposing factors for the development of mucormycosis.
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PHYSICAL EXAMINATION

Regarding its anatomical localization, mucormycosis is divided into six forms: (1) rhinocerebral, (2) pulmonary, (3) cutaneous, (4) gastrointestinal, (5) disseminated, and (6) uncommon forms. The appearance and clinical manifestations vary according to this classification and are described below (Jeong et al., 2019).


Rhinocerebral Disease

The patients in whom the rhinocerebral variant occurs are usually diabetics and/or patients with ketoacidosis. This variant is characterized by unilateral involvement accompanied by facial pain, retro-orbital headache, fever, hyposmia, numbness, and nasal congestion. Within a few days, this condition develops into a black discharge. Later, invasion of orbital nerves and vessels may be observed, including diplopia and loss of vision, nasal cavity, palate, and face with black eschar, among others. The neurological presentation may include brain involvement and loss of consciousness, which unfortunately means a poor prognosis (Szalai et al., 2006).



Pulmonary Disease

This pulmonary presentation is common in patients with hematologic malignancies and a history of neutropenia. Concurrent sinusitis and pulmonary disease may be expected. Pulmonary infection presents with non-specific symptoms of cough, fever, dyspnea, and hemoptysis in patients with necrosis. Auscultation reveals rales and a decreased vesicular murmur. The infection may even be so aggressive that it exceeds the values for mortality compared with other infectious agents. Cellulitis of the affected chest wall may occur in these patients (Peng et al., 2019).



Cutaneous Disease

Skin diseases are often associated with trauma and loss of the skin barrier. Cases have even been reported in association with biomedical devices such as catheters, insulin use, etc. Initially, it manifests as cellulitis that progresses to necrosis of the affected tissue with the formation of a black scab. This necrosis, as in other manifestations, is the expression of vascular invasion that clogs blood vessels and leads to tissue damage (Rrapi et al., 2021).



Gastrointestinal Disease

Gastrointestinal infections occur in the severely malnourished patients undergoing organ transplantation. They usually involve mainly the stomach, ileum, colon, and liver. The clinical manifestations are non-specific, characterized by abdominal pain, nausea, vomiting, abdominal distension, and may even present with hematochezia or obstruction. In case of rupture of intestinal integrity, patients present symptoms of peritonitis (Spellberg, 2012; Wotiye et al., 2020).



Disseminated Disease and Uncommon Presentations

To a lesser extent, disseminated forms of the disease may also occur, affecting the kidneys, heart, and other organs. The symptoms are related to the site of infection (Devana et al., 2016; Krishnappa et al., 2019).




DIAGNOSTIC METHODS, PATHOGEN, AND HUMAN-DERIVED BIOMARKERS


Diagnostic Methods

Clinical criteria, risk factors, histopathologic findings, cultures, and imaging studies should be considered in the diagnosis of mucormycosis, especially in health centers treating patients with COVID-19. For direct microscopic, cultural, and histopathologic analysis, it is advisable to obtain a sample of the affected tissue, preferably by biopsy, although fine-needle aspiration is also possible. Histopathological examination of tissue infected with Mucorales shows damage to the tissue and invasion of the blood vessels, accompanied by the presence of hyphae with the following characteristics:


•Broad, pauciseptate hyphae.

•Coenocytic to irregular branching of hyphae.

•Large branching angle, approximately rectangular.



Fungal culture has a variable sensitivity for diagnosis, it is advisable to send a biopsy fragment of the infected tissue. Unfortunately, the yield of mucormycosis pathogens is low, and these microorganisms may also have slow growth. Another disadvantage of biopsy is that more invasive endoscopic procedures may be required to obtain tissue, especially for infections of the lung and gastrointestinal tract, to name a few.

Complementary laboratory tests may be useful and may reveal neutropenia in the white blood count, low blood pH in diabetic ketoacidosis, and positive urinary ketone levels in diabetic ketoacidosis. Imaging studies can aid in diagnosis, although it should be noted that computed tomography (CT) of the sinuses is less sensitive than magnetic resonance imaging (MRI) for detecting soft tissue invasion. CT thoracic examination with intravenous contrast is a sensitive test for detecting abnormalities in pulmonary mucormycosis, and CT of the brain may not be able to distinguish between abscesses and early infarcts (Gamba et al., 1986; McAdams et al., 1997; Kontoyiannis and Lewis, 2006; Turunc et al., 2008).

Laboratory and imaging studies are helpful, but they are not foolproof, as other pathologies may yield similar results. Early diagnosis is critical for treatment and improving prognosis. Biomarkers have been poorly studied and lack clinically approved options. Therefore, early diagnosis and monitoring of mucormycosis by detection of circulating DNA in serum is mandatory to manage the disease. A cohort study of a total 44 patients described the detection of circulating DNA in one patient with mucormycosis, which demonstrated the diagnostic utility and the accurate quantification of the fungal DNA load enabling therapeutic monitoring (Millon et al., 2016).

In 2014, a study was published on serial monitoring of mucoralean DNA load in serum samples from a patient with disseminated mucormycosis. The qPCR assay was used to detect circulating DNA of Mucor/Rhizopus, Lichtheimia, or Rhizomucor, which showed very high variability and was detectable from day 9 of infection, with elevation peaks at days 15 and 38 (Shigemura et al., 2014). These results contrast with the case report of detection of the circulating fungal DNA by polymerase chain reaction in a fatal case of infection with Cunninghamella elegans (synonym: C. bertholletiae), in which detection of Cunninghamella bertholletiae DNA in serum was highest on day 1 at 18.0 copies/ml and on day 4 (101.0 copies/ml) (Hiramoto et al., 2020).

Especially in the context COVID-19 of evaluating hospital trends in mucormycosis and other fungal infections, this may become essential today. An evaluation of trends for all fungal infections should be considered which uses denominator data to calculate incidence and seasonality. It is recommended that hospitals review 12- to 24-month back microbiologic cultures and histopathologic specimens with evidence of tissue invasion by fungal hyphae to obtain an epidemiologic curve and associated hospital services or areas. If mucormycosis outbreaks are suspected, the environment should also be reviewed through a general inspection for mold, leaks, dirty HVAC systems, cleaning of the environment, construction and maintenance areas, indoor air temperature, and humidity records, including any days when humidity exceeded 60%, dates of air filter changes, etc (Hartnett et al., 2019).



Pathogen and Human-Derived Biomarkers

Invasive fungal disease is a challenge for medicine, and a rapid diagnosis can prevent tissue damage and complications and reduce mortality. Currently available biomarkers for rapid detection of fungal infections include carbohydrates derived from the cell wall of fungi, such as galactomannan (Aspergillus, Penicillium, Paracoccidioides, Histoplasma, Fonsecaea, and Cryptococcus). (1→3)-β-D-glucan (Aspergillus spp., Candida spp., Fusarium spp., Trichosporon spp., Saccharomyces cerevisiae, Acremonium spp., Coccidioides immitis, Histoplasma capsulatum, Sporothrix schenckii, and Pneumocystis jirovecii). Candida mannan (C. albicans, C. glabrata, and C. tropicalis) (Huppler et al., 2017).

It is important to remember that the galactomannan levels are low in mucormycosis because Mucorales do not expose gluconic cell wall sugars on the surface of their hyphae (Pickering et al., 2005). It has been used with an approach to aspergillosis that showed sensitivity between 60 and 80% in hematologically neutropenic patients (Pfeiffer et al., 2006; Lamoth, 2016). Detection of dihexasaccharide in serum (MS-DS) was associated with mucormycosis in 9 of 10 patients using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) (Mercier et al., 2018).

In vitro studies of specific T cells in Mucorales-infected patients could be detected only in patients with invasive mucormycosis which represented elevated production of IL-4, IFN-γ, IL-10, and to a lesser extent IL-17 and belonged to CD4+ subsets or CD8+. Nevertheless, CD8 + Mucorales-specific T cells can produce either IL-4 or IL-10, predominantly in the late phase of infection. These studies should be recruited in a larger population to demonstrate their clinical utility in diagnosing patients, especially in early forms of the disease (Potenza et al., 2011).

The presence of the cell wall carbohydrate fucomannan has been studied as a biomarker in invasive mucormycosis in mice (Orne et al., 2018). During infection, this biomarker is secreted in blood, urine, serum, and bronchoalveolar lavage fluid (BALF). A lateral flow assay (LFA) for the detection of fucomannan was developed (mAb 2DA6). BALF, serum, and urine were collected 3–4 days after intratracheal infection of immunosuppressed or DKA mice with spores of various Mucorales, including Rhizopus arrhizus (synonym: R. delemar and R. oryzae), L. corymbifera, M. circinelloides and C. elegans (synonym: C bertholletiae). Samples collected 3 and 4 days post-infection were positive, demonstrating the ability of LFA to provide early positive results. The highest reactivity was observed in urine samples (Orne et al., 2018).

Another recently described possibility is the detection of Rhizopus-specific antigen (RSA). For this purpose, a sandwich enzyme-linked immunosorbent assay (ELISA) was developed to detect RSA levels in the serum of vaccinated mice. This proved to be of interest as RSA levels were higher in mice with mucormycosis (15.1 ng/ml) than in mice with aspergillosis (0.53 ng/ml), the latter having levels close to the negative control (0.49 ng/ml) (Shibata et al., 2020).




CURRENT ASPECTS IN DIAGNOSIS AND PREDICTION OF OTHER FUNGAL DISEASES AND THEIR IMPLICATIONS FOR NOVEL DIAGNOSTIC STRATEGIES FOR MUCORMYCOSIS


From the Pathogen Side: Ligands, Pathogen-Associated Molecular Patterns

Homologs of the spore-coat protein CotH are widespread in Mucorales and absent in non-invasive species (Gebremariam et al., 2014). Thus, CotH is a promising target for the early diagnosis of mucormycosis (Baldin et al., 2018). However, a Mucorales-specific marker may neglect concomitant fungal opportunists, as is the case with pioneering invasive mucormycosis, which usually follows invasive aspergillosis. Patients with aspergilloma and invasive aspergillosis develop an antibody response to Aspergillus fumigatus mannoprotein 1 (AFMP1), suggesting that the protein is a target for host humoral immunity (Yuen et al., 2001). Indeed, clinical evaluation revealed that an enzyme-linked immunosorbent assay-based antibody (ELISA) test using the AFMP1 was 100% sensitive for patients with aspergilloma and 33.3% sensitive for patients with invasive aspergillosis (Chan et al., 2002).

For this reason, it is important to analyze surface proteins and even polysaccharides that can be examined in clinical specimens for early detection of infectious Mucorales.



From the Host Side: Receptors, Pattern Recognition Receptors

The endothelial cell receptor GRP78 is required for the pathogenesis of mucormycosis in diabetic mice (Liu et al., 2010). Another target could be Pentraxin 3 (PTX3), which has been shown to be a promising marker for aspergillosis (Cunha et al., 2014). Mucormycosis frequently co-occurs with aspergillosis (Alfano et al., 2006; Tsikala-Vafea et al., 2020; Johnson et al., 2021; Zayet et al., 2021). SNPs in PRRs like Toll-like receptors (TLRs) have already been associated with increased susceptibility to fungal infections (Bergantim et al., 2013; Wang et al., 2013; Fischer et al., 2016; Zhang et al., 2019; Aqsa et al., 2020). The TLR2 SNP rs5743708 (R753Q, GA/AA genotype, n = 12) is associated with a higher risk of pneumonia and invasive fungal infections in patients with acute myeloid leukemia undergoing chemotherapy (Fischer et al., 2016). TLR with SNP’s have previously been associated with increased susceptibility to fungal infections (Wang et al., 2013; Fischer et al., 2016). TLR2 SNP rs5743708 (R753Q, GA/AA genotype, n = 12) is associated with a higher risk of pneumonia and invasive fungal infections in patients with acute myeloid leukemia receiving chemotherapy (Fischer et al., 2016).

No studies were found analyzing genetic variations that increase host risk for developing mucormycosis. The discovery of these markers in other diseases such as invasive aspergillosis leads us to hypothesize that this may also be the case in these patients, especially since there may be individual susceptibility, as not all patients with diabetic ketoacidosis or hematologic malignancies are infected (Naik et al., 2021).




CONCLUSION

Mucormycosis is a rare disease with a high-mortality potential. Several risk factors for the acquisition of mucoralean infections have been described, including a decrease in cellular immunity and disruption of anatomic barriers. Among the most important are diabetic patients, especially with ketoacidosis, malignancies, trauma, neutropenia, use of voriconazole, fluconazole, and corticosteroids. It is important to discuss the differences in prevalence in different regions, which are likely due to population numbers, environmental conditions, control and prevalence of comorbidities such as diabetes, immunity in oncologic diseases, and even underdiagnosis of patients with mucormycosis in each country, among other factors and underlying comorbidities.

In 2020 and 2021, superinfection by mucormycosis raised alarm in patients with COVID-19, although this association is still under investigation, with a significant prevalence in India that is multifactorial. Cytokine storm (IL-6), islet cell damage, elevated ferritin, and corticosteroid use in mainly patients with diabetes patients have led to a doubling of mucormycosis cases in India compared to 2019 and 2020. There are several clinical presentations in these patients, and the rhinocerebral form clearly predominates, although almost any organ can be affected in patients with risk factors. Diagnosis is complex, and late effects, risk factors, clinical presentation, histologic criteria, culture, molecular evidence, imaging, and laboratory testing must be considered. Currently, isolation of the fungus in an axenic culture and detection of fungal structures in histopathology are used to confirm infection. However, it is important to keep in mind that not all hospitals have staff trained in mycological diagnosis and do not have a budget for molecular detection of associated microorganisms, especially in low-resource countries, so biomarkers may be a more viable option for rapid diagnosis.

In patients infected with Mucorales, time is a valuable commodity to reduce mortality. Therefore, SNPs could be of great help in determining which patients are more susceptible to mucormycosis due to mutations in TLRs. Another option could be the detection of early-emerging antigens, such as CotH or Fucomannan. Both detection of SNPs in TLRs and detection of antigens that could be a predictive factor and/or early diagnosis, especially in patients with hematologic and oncologic diseases, diabetics with ketoacidosis, and other high-risk groups. However, these possibilities should be explored in the future. Finally, epidemiologic surveillance and investigation of suspected outbreaks of mucormycosis in health care settings have again become very important, especially because of the increase in COVID-19 associated mucormycosis.
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Buruli ulcer (BU), a necrotic skin disease caused by Mycobacterium ulcerans, is mainly prevalent in West Africa, but cases have also been reported in other tropical parts of the world. It is the second most common mycobacterial disease after tuberculosis in Ghana and Côte d’Ivoire. Heterogeneity among M. ulcerans from different geographical locations has not been clearly elucidated, and some studies seem to suggest genetic differences between M. ulcerans in humans and in the environment. This study aimed at identifying genetic differences among M. ulcerans strains between two BU endemic countries: Ghana and Côte d’Ivoire. Clinical samples consisting of swabs, fine needle aspirates, and tissue biopsies of suspected BU lesions and environmental samples (e.g., water, biofilms from plants, soil, and detrital material) were analyzed. BU cases were confirmed via acid fast staining and PCR targeting the 16S rRNA, IS2404, IS2606, and ER domain genes present on M. ulcerans. Heterogeneity among M. ulcerans was determined through VNTR profiling targeting 10 loci. Eleven M. ulcerans genotypes were identified within the clinical samples in both Ghana and Côte d’Ivoire, whiles six M. ulcerans genotypes were found among the environmental samples. Clinical M. ulcerans genotypes C, D, F, and G were common in both countries. Genotype E was unique among the Ghanaian samples, whiles genotypes A, Z, J, and K were unique to the Ivorian samples. Environmental isolates were found to be more conserved compared with the clinical isolates. Genotype W was observed only among the Ghanaian environmental samples. Genotype D was found to be prominent in both clinical and environmental samples, suggesting evidence of possible transmission of M. ulcerans from the environment, particularly water bodies and biofilms from aquatic plants, to humans through open lesions on the skin.

Keywords: Mycobacterium ulcerans, variable number tandem repeats, genotypes, Buruli ulcer, mycolactone-producing mycobacteria


INTRODUCTION

The causative agent of Buruli ulcer (BU), Mycobacterium ulcerans, is responsible for the third most common mycobacterial infection in humans. This skin disease is mostly found in the tropical and sub-tropical regions of the world, particularly in Africa and in some regions with temperate climates such as Japan, Papua New Guinea, and Southern Australia (Wagner et al., 2008; Nakanaga et al., 2011; Omansen et al., 2019). Rural areas close to swamps, wetlands, or slow-flowing rivers are the common environmental locales where the disease is endemic although the definite reservoirs remain a mystery (McIntosh et al., 2014). The disease causes extensive necrosis of the skin and underlying tissues which can lead to severe ulceration if treatment is delayed (Johnson et al., 2005). Even though BU is not fatal, the associated lengthy hospital stays during treatment, risk of secondary infections, permanent deformities and joint contractures, cost of surgery, and social stigma often result in a dire social and economic burden on the families of affected individuals (Grietens et al., 2008; Adamba and Owusu, 2011; Gyamfi et al., 2021).

The exact route of disease transmission is not clearly known. This is partly due to inadequate knowledge on the incubation period for human infection, the prolonged duration between BU symptom manifestation, and the treatment-seeking behavior of patients with BU (Williamson et al., 2012; Amoako et al., 2019). Transmission is, however, associated with aquatic environments and areas with disturbed landscapes due to mining activities, deforestation, flooding, and dam construction (Merritt et al., 2010; Williamson et al., 2012). The bacterium has also been found to be more adapted to areas with low oxygen and light (Ramakrishnan et al., 1997; Palomino et al., 1998). Human-to-human transmission of BU has not been demonstrated.

The insertional sequence element IS2404, which is present in over 240 copies in the genome of M. ulcerans (Narh et al., 2015), is the WHO-approved polymerase chain reaction (PCR) target for case confirmation of BU in clinical samples. Unfortunately, this target has been detected in different environmental matrices including water samples, soil, detritus, biofilms from aquatic plants, collected from both BU endemic and non-endemic community-associated water bodies (Johnson et al., 2005; Narh et al., 2015; Tano et al., 2017) and possum feces (Tobias et al., 2016). This insertion sequence has also been identified in other organisms such as aquatic insects (Marsollier et al., 2002; Benbow et al., 2008), and tree-dwelling ringtail and brushtail possums in Australia (Carson et al., 2014; O’Brien, 2017).

Even though IS2404 is excellent in confirming BU in clinical samples due to the high copy number, its usage on environmental samples remains a challenge. Molecular detection of M. ulcerans DNA using primers designed for IS2404 often leads to amplification of non-specific targets due to the likely presence of other mycolactone-producing mycobacteria in environmental samples that may harbor this insertion sequence, such as Mycobacterium liflandii and Mycobacterium pseudoshottsi (Narh et al., 2015). The presence of PCR inhibitors in the environmental samples also contributes to challenges with successful PCR amplification (Nakanaga et al., 2013; Tano et al., 2017). Few studies have determined the relationship between the presence of M. ulcerans and its occurrence in BU endemic areas (Maman et al., 2018). There is also a paucity of information on the ecology of M. ulcerans and how it is distributed in BU endemic areas.

Variable number tandem repeat (VNTR) discrimination of M. ulcerans mostly relies on the four standard loci. However, recent studies have shown a rapid genetic evolution of M. ulcerans and other mycolactone-producing mycobacteria (MPM) (Demangel et al., 2009; Röltgen et al., 2012). Targeting other VNTR loci could help in differentiating M. ulcerans and other MPMs present in both clinical and environmental samples.

This study sought to determine the relationship between the ecology of M. ulcerans and BU endemicity in Ghana and Côte d’Ivoire. This was necessary because some geographical locations reporting BU cases differ physically from historic M. ulcerans-positive locations. Identifying such discordant sites where environmental M. ulcerans is present but no BU cases are reported or areas reporting BU cases but with no local presence of the pathogen will be important in transmission studies and to confirm if seasonality could account for the differences in geographical patterns (Pileggi et al., 2017). The study also sought to identify the genotypes of M. ulcerans circulating in the environment within and between the two countries. Data from this study are essential in determining the link between clinical and environmental M. ulcerans strains circulating in Ghana and Côte d’Ivoire, the 2 countries most affected by BU globally.



MATERIALS AND METHODS


Ethics Approval Statement

Ethical approvals for this study were sought from the Institutional Review Board of Noguchi Memorial Institute for Medical Research (052/17-18), Ghana Health Service Ethical Review Committee (GHS-ERC017/07/17), and the Comité National d’Ethique et de la Recherche (CNER) in Abidjan, Côte d’Ivoire (112-18/MSHP/CNESVS-km). All participants consented to be enrolled in this study. All children below the age of 18 had their parents’ and guardian’s consent before enrollment. BU case diagnosis and treatment were done at no cost to participants. All participants who were positive but were not on treatment were reported to their nearest respective health centers for BU treatment and wound care. Each participant filled a questionnaire that solicited information on the disease, mode of transmission, and treatments administered.



Sites for Both Clinical and Environmental Samples


Clinical Sampling Sites

Clinical samples were obtained from health facilities serving three BU endemic district in Ghana, namely, Amasaman District Hospital in the Ga West District of Greater Accra, St Peter’s Hospital (Jacobu) in the Amansie Central District of Ashanti region, and Pakro Health Center in the Akuapim South District, and eight BU hospitals in Côte d’Ivoire (Figure 1), namely, “Centre Jean Baptiste Vatelot” in Bouaké, “Centre UB de Divo” in Divo, “Santé Notre Dame du Camel” in Sakassou, “Centre de Santé de Djenedoufla” in Sinfra, “Centre Saint Michel de Zoukougbeu” in Zoukougbeu, “Centre UB de Kongouanou” in Kongouanou, “Centre de Sainte-famille” in Yamoussoukro, and “Centre UB de Djekanou’ in Toumoudi (Djekanou).” Active case searches were also undertaken in all the selected areas.
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FIGURE 1. Clinical and environmental sampling sites in Ghana and Côte d’Ivoire. Fifteen communities were selected for environmental sampling from two out of the three districts where clinical sampling was done in Ghana, while 10 BU endemic communities were selected from Côte d’Ivoire. Selection for environmental sampling was done after disease confirmation from BU centers based on areas with a high number of confirmed BU cases and the presence/nearness to a source of water body used by the communities for domestic and commercial purposes based on an administered questionnaire. The environmental sampling sites for Côte d’Ivoire were Zoukougbeu [Gbeulissou-Adjoablassou (Z1) and Grebeu (Z2)], Sinfra [Djenedoufla-Gbalibonou (S), Kongouanou (Djekanou (T2) and Kongouanou (K)], Sakassou [N’zokossou (S1) and Amonlima (S2), Bouake (Adjebretti (B), Toumoudi (Angoda (T1), and Divo (Divo-Sakota (D)]. For Akuapem South District, 5 communities were selected [Pakro (P), Obosono (O), Otukwadwo (K), Alafia (A), and Pokrom (N)], and for Amansie Central, 10 communities were selected [Nkoduase (N), Aboabo (A), Jacobu (J), Homase (H), Mile eleven (M), Fenase No.2 (F), Nyamebekyere (Ny), Gyaman (G), Apaaho (b), and Yaakrakrom (Y)].




Environmental Sampling Sites

Ten BU endemic communities in Amansie Central District, five communities in Akuapim South District, and eight BU endemic towns in Côte d’Ivoire (Bouaké, Divo, Sakassou, Sinfra, Zougougbeu, Kongouanou, Yamoussoukro and Djekanou) were selected for environmental sampling (Figure 1). For Côte d’Ivoire, two sampling sites were selected in Konguoanou and Zougougbeu. Priority was given to villages that had reported high numbers of confirmed BU cases during this study. All the fifteen study sites selected in Ghana are in the southern part of the country, while those in Côte d’Ivoire are located in the southern, western, and central parts of the country. The climate of all selected communities is mostly tropical. Most communities have been disturbed by either mining activities, deforestation, or flooding. Inhabitants of communities in both countries mainly rely on water bodies such as the ponds, streams, and lagoons or boreholes within the communities for both domestic and economic activities such as washing, cooking, farming, and fishing, as well as recreational activities like swimming.




Clinical and Environmental Sample Collection

This cross-sectional study aimed at comparing M. ulcerans genotypes between clinical and environmental samples collected from Ghana and Côte d’Ivoire. There was a passive case identification in all selected health facilities and an active case search in communities for suspected BU cases. A cross-sectional standardized sampling was conducted in both countries to collect environmental samples.


Clinical Sample Collection for Buruli Ulcer Confirmation

Clinical samples were collected between November 2016 and January 2020 in both countries. Sterile cotton swabs (for ulcerative lesions) and fine-needle aspirates (for pre-ulcerative lesions) were collected by medical personnel and other trained health workers in the communities. Three specimens were collected per lesion into sterile 2 ml screw cap tubes: Two in 1 ml each of 1 × phosphate-buffered saline (for staining and PCR) and one in PANTA transport media (for culture). The samples were kept at 4°C in a refrigerator at the respective health centers until ready for transfer to the laboratory. All samples were transported via cold chain.



Environmental Sample Collection for Mycobacterium ulcerans Confirmation

Environmental samples were collected between April and October 2019 in Ghana and July 2019 in Côte d’Ivoire. These collection periods coincided with the rainy season in both countries. Areas for sampling were selected based on a higher number of confirmed BU cases from this study and proximity to a frequently used water body by the inhabitants for domestic (bathing and cooking) or commercial purposes (farming). For water bodies, priority was given to rivers (and slow-moving streams). A pond or borehole was considered in the absence of a river.

Sampling of each water body was conducted following the protocols described by Williamson et al. (2008) and Narh et al. (2015) with some modifications and optimizations. At each water body, four matrices were collected in duplicates (i.e., water residue, biofilms from aquatic plants, detritus, and soil). For water residue, a sterile water bottle was used to scope the surface water covering an area of about 1 m2: one from within the river (inner-I) (Figure 2A) and one from the riparian zone (outer-O) (Figure 2B). A volume of 50 ml of this was poured into a 50 ml falcon tube.
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FIGURE 2. Sampling of environmental matrices used for this study. (A) Collection of soil samples close to a river, (B) water sampled from the surface of a river, (C) aquatic plants sampled from a river, and (D) detritus collected from a river.


For biofilm sampling, the stems and leaves of some dominant aquatic plants such as Pistia stariores and Nymphaea capensis were cut and placed into a Ziploc bag containing 100 ml of double-distilled water (Figure 2C). The bags were sealed airtight, and the biofilms were dislodged by shaking and rubbing the bag vigorously several times. A volume of 50 ml of resulting mixtures was then poured into individual 50 ml falcon tubes for storage.

For soil, a sterile spoon was used to pick about 4,000 mg (2×), one from the water floor (inner) and one from the riparian zone (outer-O). The soil samples were preserved in a 15 ml falcon tube (BD Biosciences) containing 10 ml of absolute ethanol. A method similar was used for detritus sampling, this time using a scalpel, for the collection of 10 cm long or appreciable sizes of detritus (dead plant leaves, stems, and grass blades) (Figure 2D). All matrices were well labeled and preserved on ice packs, in a cooler, in the field. Samples were later transported to the laboratory and preserved at 4°C in a refrigerator until ready for laboratory analyses.




Sample Processing for Laboratory Analyses

The clinical samples were processed according to Gyamfi et al. (2021). The swabs were processed for culture and DNA extraction. Briefly, the PBS solution containing the swab sticks was vortexed to dislodge microbial cells. A volume of 200 μl was then used for DNA extraction using the Quick-RNA/DNA miniprep plus (New England Biolabs). The remaining mixture was preserved at 4°C for later use.

Water samples were concentrated using an optimized protocol. Water collected in each 50 ml falcon tube was spun individually at 5,000 rpm for 15 min in a refrigerated centrifuge at 4°C (Eppendorf), after which 20 ml was slowly decanted, and the remaining volume spun again at 5,000 rpm for 5 min. This step was repeated, and the remaining 10 ml was spun at high speed, after which 8 ml was decanted off. The remaining 2 ml was then preserved at 4°C for further analysis.

Dislodged biofilm was concentrated based on an optimized protocol. Each 50 ml falcon tube containing the dislodged biofilm in 50 ml of water was spun at 5,000 rpm for 5 min in a refrigerated centrifuge at 4°C (Eppendorf). A volume of 20 ml was slowly decanted and the remainder spun again at 5,000 rpm for 5 min. This step was repeated, and the remaining 10 ml was preserved at 4°C for future use. For DNA extraction, the 10 ml was vortexed for 5 min. Each suspension was allowed to settle down for 1 min, and 1 ml of the supernatant was then pipetted into a 1.5 ml Eppendorf tube, which was further centrifuged at high speed for 5 min. A volume of 800 μl of the resulting supernatant was pipetted off and the remaining 200 μl was briefly vortexed to obtain a suspension that was stored at 4°C in a refrigerator for future use.

Detritus and soil samples preserved in 10 ml of ethanol for DNA extraction were vortexed for 5 min. A volume of 1 ml of each resulting supernatant was pipetted into a 1.5 ml Eppendorf tube and further centrifuged at high speed for 5 min. A volume of 800 μl of each supernatant was pipetted off and the remaining 200 μl was briefly vortexed to obtain a suspension.

From each 200 μl solution preserved, 10 μl was used for acid fast staining, and the rest was used for DNA extraction.



Genotyping and Confirmation of Mycobacterium ulcerans DNA in Both Environmental and Clinical Samples

Extraction of DNA was performed using the Quick-DNA Fungal/Bacterial Miniprep Kit (environmental samples) and Quick-DNA/RNA Miniprep Plus (for clinical samples) following the manufacturer’s procedure (New England Biolabs). Samples were first screened for the presence of mycobacteria by the amplification of the 16S hypervariable region of mycobacteria via PCR (Hughes et al., 1993). All positive samples were next screened for the presence of M. ulcerans DNA by targeting the insertion sequences IS2404 and IS2606 and further for the confirmation of MPM by the amplification of the enoyl reductase (ER) domain on the plasmid responsible for making mycolactone using conventional PCR (Narh et al., 2015). Both negative and positive controls were included for each run.

All samples positive for IS2404 for clinical samples or a combination of either IS2404 or IS2606 and ER for environmental samples were then genotyped via amplification of different loci for VNTR typing. The 10 VNTR loci targeted were Locus 6, Locus 19, MIRU 1, ST1, Locus 15, Locus 18, MIRU 9, Locus 16, Locus 33, and Locus 13 for clinical and environmental samples (Table 1). Oligonucleotide VNTR primers that amplify the VNTR region of MPM were synthesized by Sigma-Aldrich and Inqaba Biotech. PCR conditions for VNTR typing were adapted from research that targeted similar loci (Ablordey et al., 2005, 2007; Williamson et al., 2014; Narh et al., 2015; Zeukeng et al., 2021). A nested PCR for the environmental DNA was performed using the same conditions and primers, if no amplicon was initially obtained from the first PCR run. Amplicon sizes of samples and controls were separated on agarose gel and viewed on a Bio-Rad Gel Doc™ XR.


TABLE 1. Primers used for genotyping of M. ulcerans from clinical and environmental samples.
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The expected band sizes were excised and purified using the GeneJet Gel Purification kit (Thermo Fisher Scientific). The concentration and purity of the PCR products were assessed using a Thermo Scientific NanoDrop Spectrophotometer. Purified PCR amplicons that were at or above 20 ng per 100 base pair with purity at or above 1.75 were Sanger sequenced with ABI 3730XL DNA Analyzer with their respective forward primers at the Department of Biochemistry, University of Cambridge, United Kingdom. Nucleotide repeats were identified using the Tandem Repeats Finder program (Benson, 1999). Length polymorphisms at all the VNTR loci were computed based on target loci size and repeat length from published data (Ablordey et al., 2005, 2015; Williamson et al., 2008; Narh et al., 2015). Genotypes were assigned depending on the variable number of tandem repeats found at these standard loci: Locus 6, MIRU 1, ST1, and Locus 19. Isolates that could not be genotyped using the four standard loci (due to no amplification at one of the four standard loci) were further differentiated using 6 other loci, namely, Locus 15, Locus 16, Locus 18, Locus 33, MIRU 9, and Locus 13, to M. ulcerans or other MPMs.



Statistical Analysis of Data Obtained

All data obtained were recorded in Microsoft Excel 2016. All statistical analysis and graphs were analyzed with GraphPad Prism version 8.4.3. Student’s t-test was used for comparison of clinical and environmental samples between Ghana and Côte d’Ivoire, while chi-square test for contingency table was used for comparison of proportion with significant level set at p ≤ 0.05.




RESULTS


Buruli Ulcer Clinical Sample Confirmation

Out of the 382 samples collected from the suspected BU cases, only 11/230 (4.7%) of the samples from Côte d’Ivoire and 5/152 (9.6%) of the samples from Ghana were positive for acid-fast bacilli, whereas 335/382 (87.7%) were positive for a mycobacterial infection via PCR amplification of the 16S rRNA hypervariable region. Overall, 296 (77.5%) cases tested positive for IS2404, 217 (56.8%) cases for IS2606, and 183 (47.9%) cases for the ER domain. Thus, BU positivity for clinical samples were confirmed by the amplification of IS2404 (Gold standard for BU detection). A total of 77.5% of the clinical samples were thus, positive for BU. Table 2A summarizes BU positives identified using different BU confirmatory tools.


TABLE 2A. Proportions of confirmed BU cases using different BU confirmatory tool.
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Sample Selection for Variable Number Tandem Repeat Typing

A total of 243 confirmed BU samples were selected for VNTR typing. Out of the 243 BU cases, 86 were samples from Ghana from Amansie Central District (44), Ga West Municipal District (20), and Akuapim South Municipal District (22). For Côte d’Ivoire, 157 BU samples were selected from Bouaké (11), Divo (5), Kongouanou (27), Sakassou (15), Sinfra (3), Toumoudi (35), Yamoussoukro (28), and Zoukougbeu (33).



Mycobacterium ulcerans DNA Confirmation From the Environment

All environmental samples were first screened for the presence of acid-fast bacilli by microscopy, followed by PCR confirmation of NTM by 16S rRNA, M. ulcerans DNA by IS2404, and IS2606 and a MPM by ER (Table 2B). Generally, a significantly higher proportion of M. ulcerans DNA was identified in the environmental matrices from Côte d’Ivoire compared with Ghana (chi-square for contingency table, p = 0.0031) (Figure 3).


TABLE 2B. M. ulcerans DNA positivity from environmental samples.
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FIGURE 3. Positivity rate of the different detection methods of M. ulcerans, (A) water, (B) biofilm, (C) detritus, and (D) soil samples collected from Ghana and Cote d’Ivoire. I, inner section of the water body; O, riparian zone of the water body.




Confirmation and Comparison of Mycobacterium ulcerans DNA From Environmental Samples in Both Countries


Detection of Mycobacterium ulcerans DNA in Water Samples

Mycobacterium ulcerans DNA detection was higher in water bodies sampled from Côte d’Ivoire (100%) compared to Ghana (41%) with all the targeted genes amplified (p < 0.0001) (chi-square contingency table for independence). Identification using 16S rRNA (100% for Côte d’Ivoire; about 50% for Ghana) for Mycobacteria spp. was higher compared with acid-fast staining (AFS), IS2404, IS2606, and ER (Figure 3A). The lowest positivity rates were observed for MPMs when the ER domain was targeted (less than 40% for Côte d’Ivoire; about 10% for Ghana). Additionally, more M. ulcerans DNAs were detected in water samples collected from the riparian zone (O) compared with those collected from the water floor (I). In water sampled from boreholes, there was a 100% positivity rate of detection of acid-fast bacilli, 16S for mycobacteria, IS2404, and IS2606. However, there was no successful amplification of the ER gene in water samples albeit being positive for mycobacterial DNA using the other gene targets.



Detection of Mycobacterium ulcerans DNA in Biofilm From Aquatic Plants

In total, 50 biofilm samples from plants were collected from Amansie Central District (20), Akuapim South Municipal District (10), and Côte d’Ivoire (20). M. ulcerans DNA detection was higher in aquatic plants sampled from Côte d’Ivoire (96%) compared with that from Ghana (46%) with all the targeted genes amplified (p < 0.0003) (chi-square contingency table for independence). Positive amplification of the 16S rRNA gene and IS2404 was higher compared with acid-fast bacilli detection and amplification of the IS2606 and ER genes (Figure 3B). More M. ulcerans DNAs (based on the amplification of IS2404 and IS2606) were detected among biofilms from the riparian zone (outer-O) compared with those collected from the water floor (inner-I). Amplification of 16Sr RNA and IS2404 was higher in biofilm sampled from Côte d’Ivoire compared with that from Ghana. However, the detection of IS2606 was found to be higher among the aquatic plants sampled from Ghana compared with those from Côte d’Ivoire. The proportion of ER and acid-fast bacilli detected in the riparian zone was higher among those from Ghana compared with those from Côte d’Ivoire. Differences in positivity rates based on sampling points were found to be statistically significant (p < 0.0001) when tested with the chi-square contingency table for independence.



Detection of Mycobacterium ulcerans DNA in Detritus

In total, 50 detritus material samples were obtained along the riparian zone and in the water body from Amansie Central District (20), Akuapim South Municipal District (10), and the communities in Côte d’Ivoire (20). Overall, a low detection rate of mycobacteria DNA was observed among the detritus materials, and M. ulcerans DNA was found to be higher among detritus materials sampled from Côte d’Ivoire (78%) compared with that from Ghana (25%). Again in this study, the highest positivity was found for the 16S rRNA gene for Mycobacteria spp. (about 40% for Côte d’Ivoire and less than 20% for Ghana) (Figure 3C). The lowest positivity was observed for ER for the detection of MPMs. The ER gene was detected in detritus samples from Côte d’Ivoire only (about 5%). Generally, more M. ulcerans DNAs (based on the amplification of IS2404 and IS2606) were detected among samples collected from the riparian zone (outer-O) compared with those collected from the water floor (inner-I). No acid-fast bacilli were detected from microscopy among the detritus sampled.



Detection of Mycobacterium ulcerans DNA From Soil

In total, 50 soil samples were collected from both the riparian zone (outer-O) and in the river (inner-I) from Amansie Central District (20), Akuapim South Municipal District (10), and Côte d’Ivoire (20). Generally, M. ulcerans DNA detected from the soil was higher among samples taken from Côte d’Ivoire (87%) compared with those from Ghana (12%). The highest positivity was observed in the amplification of the 16S rRNA (about 35%). Generally, more M. ulcerans DNAs (based on the amplification of IS2404 and IS2606) were detected among samples collected from the riparian zone (outer-O) compared with those collected from the river (inner-I). ER and IS2606 genes were detected only in soil sampled from Côte d’Ivoire (Figure 3D). Acid-fast bacilli were detected only in the soils sampled from Amansie Central District, Ghana.




Variable Number Tandem Repeat Typing of Clinical and Environmental Samples

A total of 6 MPMs consisting of M. ulcerans 1615, Mycobacterium marinum hybrid 270995, M. marinum DL 180892, Mycobacterium pseudoshottsii, M. marinum CL, and M. marinum SA 2000695 (obtained from Mississippi State University) were genotyped to serve as standards for samples selected for VNTR profiling targeting 9 unique loci. The loci amplified in all DNA samples ranged from 1.1 to 86% with band sizes ranging from 200 to 900 bp. Two out of the ten loci targeted could not be amplified in any of the environmental samples (Locus 13 and Locus 33). There was amplification at Locus 6 and Locus 16 for a majority of the environmental samples, while MIRU 1 and STI 1 were the predominantly amplified loci for clinical samples (Tables 3A,B). Locus 13, Locus 33, and MIRU 9 were only rarely amplified in clinical samples.


TABLE 3A. Frequency distribution of successful amplification at the different loci for the clinical samples.
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TABLE 3B. Frequency distribution of successful amplification at the different loci for the environmental samples.
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Variable Number Tandem Repeat Profiles of Buruli Ulcer Clinical Samples Reveal New Genotypes Among the Two Countries

Out of the 243 BU-positive clinical samples, 127 (52.3%) samples were successfully genotyped using at least the four standard loci, while 116 (47.7%) samples were characterized as indeterminate due to no amplification at one or more of the four standard loci. Genotypes were assigned based on published data from Williamson et al. (2014) and Narh et al. (2015), while samples that were different from already published data were assigned new genotypes. Eleven M. ulcerans VNTR genotypes, designated as A, C, D, E, F, G, Z, J, K, W, and Y (Table 4), were observed (Figure 4), and this was done to tally with previously identified genotypes. The four standard loci used (i.e., Locus 6, MIRU 1, ST1, and Locus 19) mainly gave variable repeats between 1 and 3 after sequencing. Majority of the genotypes observed were Genotype D (25.1%). This was followed by Genotype W (7.4%), Genotype C (5%), Genotype F (4.2%), Genotype Z (3.9%), Genotypes G and J (1.5%), Genotype Y (1.1%), and, finally, Genotype A and Genotype K (0.8% each).


TABLE 4. Designated genotypes identified with reference studies as standard.
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FIGURE 4. Diversity of M. ulcerans genotypes observed in clinical samples from Ghana and Côte d’Ivoire. Proportions were determined by the number of successfully designated VNTR genotypes out of the total number of confirmed BU clinical isolates used for VNTR typing.


In Ghana, 7 M. ulcerans genotypes were observed. Majority were genotype D (37.2%). The rest were Genotypes W (9.6%) and E (3.2%), with the least observed as Genotypes C, F, G, and Y (1.1%) each. Other MPMs were identified in 4.2%, while 41.5% were indeterminate. The least variation among the genotypes was observed in Ga East District (Genotypes D and W), followed by Amansie Central District (Genotypes D, E, and W), with the most diverse genotype observed in Akuapim South District (Genotypes C, D, F, G, W, and Y). In Côte d’Ivoire, more diverse genotypes of M. ulcerans were observed. Nine M. ulcerans genotypes were identified with the majority being Genotype D (18.1%), followed by Genotype C (7.2%), Genotypes F, Z, and W (6.0%), Genotype J (2.4%), Genotype G (1.8%), Genotype K (1.2%), with the least being Genotype A (0.6%). A total of 77 (46.3%) isolates were indeterminate due to no amplification at one or more of the four standard loci. The most diverse genotypes were observed in Zoukougbeu (Genotypes C, D, G, Z, J, W, and Y) and Kongouanou (Genotypes C, D, F, Z, J, and W) with the least in Sinfra (Genotypes D and W). Genotype E was observed only among the Ghanaian samples, while Genotypes A, Z, J, and K were observed only among the Ivorian samples (Figure 4).



Variable Number Tandem Repeat Typing of Environmental Isolates Reveals More Conserved but Similar Genotypes Between the Two Countries

A total of 5 M. ulcerans genotypes, designated as D, F, Z, G, and W, were observed in environmental isolates (Figure 5). The four standard loci used mainly gave variable repeats of 1 and 2. Majority, 161/204 (78.9%), of the DNA from the environmental samples failed to be amplified at any of the loci used for this study. At least one or more loci were amplified in DNA from the other 43 samples. Majority of the genotypes observed were Genotype D (32.5%), followed by Genotype F (13.9%), Genotype Z (7.0%), and finally Genotype G and Genotype W (4.6% each). A total of 37.2% of genotypes were indeterminate as amplification could not be achieved in all the four standard loci.
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FIGURE 5. Diversity of M. ulcerans genotypes observed among the environmental isolates from Ghana and Côte d’Ivoire. Proportions were determined by the number of successfully designated VNTR genotypes out of the total number of confirmed BU environmental isolates used for VNTR typing.


In environmental samples collected from Côte d’Ivoire, Genotype D (26.3%), Genotype F (10.5%), and Genotypes G and Z (5.2%) were observed. Notably, 10 genotypes (52.6%) were indeterminate due to no amplification in one of the four standard loci. Genotype D, Genotype F, and Genotype G were observed among DNA from the water samples, Genotypes F and Z were observed among the biofilms from aquatic plants, and Genotype D was observed from DNA obtained from the soil. None of the isolates obtained from detritus samples could be genotyped due to no amplification in one or more of the standard loci. However, five genotypes were observed in the environmental samples from Ghana, namely, Genotype D (37.5%), Genotype F (16.7%), Genotype Z and Genotype W (8.3% each), and Genotype G (4.1%). A total of 6 genotypes (25.0%) were indeterminate due to no amplification at one or more of the four standard loci. Four genotypes were observed from boreholes (Genotypes D, F, G, and W), three from rivers (Genotypes D, F, and Z), two from soil samples (Genotypes D and W), and one from detritus samples (Genotype D). No genotype was designated for biofilm samples obtained from aquatic plants as there was no amplification in one or more of the standard loci. Comparing environmental isolates from Ghana and Côte d’Ivoire showed that Genotype W was observed only among the Ghana environmental samples.




Clinical and Environmental Genotypes Show Similar Circulating Mycolactone-Producing Mycobacteria Strains

In total, 11 MU genotypes (Genotypes A, C, D, E, F, G, Z, J, K, W, and Y) were identified in this study from human and environmental samples (Table 4). Discrimination using the four VNTR standard markers (i.e., Locus 6, ST1, MIRU 1, and Locus 19) revealed evolving heterogeneity of M. ulcerans between the two countries. Comparing our findings with other published genotypes shows conserved repeats of 1 and 2 for MIRU 1 and ST1, respectively. Locus 6 and Locus 19 had evolved with discriminatory repeats of 3, besides the historical repeats of 1 and 2. This led to the designation of new genotypes, Genotype E, Genotype F, Genotype G, Genotype J, and Genotype K, in this study. Of note, 5 out of the 11 genotypes (Genotypes D, F, G, Z, and W) obtained in the clinical samples were identical to those obtained from the environment. Genotype D was predominant in both the clinical and environmental samples from both Ghana and Côte d’Ivoire. Comparing environmental samples with clinical samples from Ghana, Genotype Z was unique among the environmental samples, while Genotypes C, E, G, and Y were found only in clinical samples. In Côte d’Ivoire, no genotype was found to be unique among the environmental isolates. However, a greater diversity existed in genotypes among the clinical samples compared with the environmental samples with unique genotypes, Genotypes A, C, J, W, and K, identified only in the clinical samples.




DISCUSSION

Buruli ulcer has been found to be prevalent in localized communities in Ghana and in most rural communities in Côte d’Ivoire (Williamson et al., 2008; Ablordey et al., 2015; Dassi et al., 2017). However, there has been less comparison between the epidemiology of MPMs obtained from the environments and clinical sources in these 2 countries. This study is the first to explore and compare clinical and environmental genotypes of M. ulcerans from two BU endemic countries, namely, Ghana and Côte d’Ivoire. It also explored the similarity between M. ulcerans genotypes from the environment and those causing human infections.

Association with an aquatic environment has been reported to be the main environmental risk factor for BU transmission (Williamson et al., 2008). In this study, we explored the distribution of MPMs in BU endemic environments in Ghana and Côte d’Ivoire. A similar study conducted in Benin identified an association between the presence of M. ulcerans DNA in the environment and the number of BU cases (Williamson et al., 2012).

The water (surface water and wells) sampled for this study was mainly used for the purpose of farming, fishing, and recreational activities mainly by children. Generally, a higher detection rate of M. ulcerans DNA was found in water sampled from Côte d’Ivoire compared with that from Ghana. M. ulcerans DNA was found to be equally present in both riparian zone and the water floor. A higher detection was observed in water sampled at the banks (riparian zone) compared with the inner section of the rivers. Frequent usage and exposure to these water bodies, especially at the riparian zones, could be a source of M. ulcerans exposure to individuals in these communities. A higher amplification of the ER domain gene (involved in mycolactone synthesis) in the water sampled from Côte d’Ivoire compared with Ghana could explain the higher prevalence of BU in Côte d’Ivoire compared with Ghana (Williamson et al., 2008, 2012; Narh et al., 2015). The prevalence of mycobacteria in all boreholes sampled is alarming, since borehole water is mainly used for domestic purpose, such as cooking, bathing, and drinking. However, the inability to detect the ER domain gene in borehole water could suggest the absence of M. ulcerans plasmid needed for mycolactone synthesis (Qi et al., 2009; Nakanaga et al., 2018). Further studies on M. ulcerans identification in boreholes in BU endemic communities are recommended.

The prevalence of mycobacteria identified in the biofilm was higher in Côte d’Ivoire compared with Ghana. Even though other studies found a higher prevalence of MU DNA in biofilms from aquatic plants (Williamson et al., 2008; Williamson et al., 2014; Narh et al., 2015), this study comparatively found a higher prevalence in the rivers as found in a similar study conducted in Cameroun (Zeukeng et al., 2021). There was also a higher proportion of the ER domain gene amplification in biofilm from aquatic plants compared with those found in open water in Ghana and Côte d’Ivoire. These findings corroborate aquatic plants as possible reservoirs for M. ulcerans and risk factors in BU transmission in Ghana and the preferred ecological niche for both countries as described in previous studies (Williamson et al., 2012; Narh et al., 2015).

The aquatic environmental matrix with the least prevalence of MPMs was the soil in Ghana and the detritus material in Côte d’Ivoire. Generally, a low amount of MPMs were detected in soil and detritus samples in both countries with a higher proportion at the banks of the water bodies compared with those sampled in the water floor. The ER domain gene could not be detected in both soil and detritus in Ghana, while a low proportion was detected in Côte d’Ivoire. Soil and detritus may thus be unlikely reservoirs for M. ulcerans transmission in Ghana. Detection of the ER domain in soil and detritus samples from Côte d’Ivoire suggests a possible, but low, potential reservoir for M. ulcerans transmission in Côte d’Ivoire. Even though there was low detection of M. ulcerans DNA among the detritus and soil samples in both countries in the riparian zone and in the rivers, a previous study indicated that M. ulcerans DNAs are likely to remain in underwater decaying organic matter (Bratschi et al., 2014).

This study has also confirmed the need for the application of different confirmatory or detection tools for MPM in both clinical and environmental samples (Fyfe et al., 2007; Yeboah-Manu et al., 2018). Even though detection of IS2404 remains the gold standard for M. ulcerans identification in clinical samples, this insertion sequence has been detected in MPMs other than M. ulcerans. Amplification of the ER domain gene and VNTR typing will help to differentiate between M. ulcerans/MPMs and mycobacteria present in the environment and BU wounds. A higher prevalence of IS2404 detection compared with ER in both countries was observed with water sampled from boreholes and may likely reflect the presence of other mycobacterial species harboring the insertion sequences IS2404 and IS2606, which have not yet been confirmed to cause BU in humans (Williamson et al., 2012; Narh et al., 2015; Dassi et al., 2017).

Even though a greater discrimination between M. ulcerans could be achieved by amplification of more than the four standard loci (i.e., MIRU 1, Locus 6, ST1, and Locus 19) for VNTR typing, our finding suggests that determining heterogeneity between MPMs from different countries can still be achieved with the four standard loci. Apart from the four standard loci, majority of the loci amplification were obtained at Locus 18 and Locus 16 for the environmental samples and at Locus 15 for the clinical samples. However, they did not have much discriminatory power to determine heterogeneity between M. ulcerans (two repeats for Locus 18, one repeat for Locus 16 and Locus 15). Nevertheless, Locus 15 and Locus 33 helped in the differentiation of M. ulcerans from other MPMs. These loci could be ideal as another genotypic tool in differentiating M. ulcerans from other MPMs. Repeats of one and two for Locus 6 and ST1 from this study are consistent with previous studies (Ablordey et al., 2005; Hilty et al., 2006; Narh et al., 2015). Repeats of one and three at MIRU 1 have also been reported (Williamson et al., 2014), which was consistent with this study.

In this study, genotyping M. ulcerans samples were done in clinical samples from both countries and then compared with genotypes of environmental samples collected from both countries. This enabled matching common genotypes from clinical and environmental sources from both countries. All samples obtained were classified into 11 M. ulcerans genotypes using already published data as references (Williamson et al., 2014; Narh et al., 2015). However, repeats of two and three at MIRU 1 and Locus 19 helped in the detection of new genotypes circulating both in the environment and in patients in the two countries. Out of the 11 genotypes observed, at least five circulating genotypes (Genotypes C, D, F, G, and W) were common among the clinical samples from both countries. Genotype D was found to be the predominant genotype in circulation in both countries and was found at each sampling site.

Unique genotypes were identified in both countries with Genotypes A, Z, J, and K unique to Côte d’Ivoire and Genotypes E and Y unique to Ghana. Among the three districts in Ghana where clinical samples were taken, the Akuapem South District had the most diverse genotypes. Genotypes F, G, and Y, as well as other MPMs, were identified in this district. This suggests a more diverse heterogeneity among M. ulcerans from this district compared with the others. Genotypes E and W were found only in the Amansie Central District. The least diverse genotype distribution was observed in the Ga-West District (Genotype D and Genotype W). These findings suggest that environmental factors such as geographical location may affect the distribution of M. ulcerans genotypes (Stragier et al., 2005). In Côte d’Ivoire, among the eight sites sampled, Konguouanou and Zoukougbeu had the most diverse genotypes (six genotypes each). Genotype K was identified in only Yamoussoukro, while Genotype Y previously identified in Amansie Central District in Ghana (Narh et al., 2015) was identified in Zoukougbeu. Even though M. ulcerans genotypes were quite similar in the two countries, detection of other unpublished genotypes unique to each country suggests the possibility of genetic differences existing in M. ulcerans in the two countries.

Variations among the environmental samples from both countries were limited. Only 5 genotypes were identified (Genotypes D, F, G, Z, and W). Both countries had the same genotypes for the environmental samples with the exception of Genotype W, which was only identified in Ghana. Genotype D was predominant in both countries at all sampling sites. Studies from 2008 till date (Narh et al., 2015). Williamson et al. (2008), Williamson et al. (2014) show that Genotypes D, C, W, and Y have persisted within the BU environment and in clinical lesions. Nonetheless, Genotype D was found in almost all the clinical and environmental sites used for this study and may possibly suggest the first M. ulcerans genotype in circulation from which other genotypes evolved. Evolutionary studies of M. ulcerans genotype will be needed for this clarification. Further studies are also needed to identify key factors that may play a role in the dominance of Genotype D in both clinical and environmental samples. However, the identification of new strains, particularly in BU lesions, suggests the possibility of M. ulcerans evolving to adapt to their new environments.

Even though the mode of M. ulcerans transmission remains unknown, several postulations have been proposed, which include inoculation into open wounds of exposed skin (Raghunathan et al., 2005). Activities such as swimming and bathing and agricultural activities such as farming and fishing in M. ulcerans-contaminated rivers or ponds may expose an individual to M. ulcerans. Individuals could be inoculated through exposure to biofilms on aquatic plants, the soil, or water bodies where there is a cut or abrasion on the skin (Williamson et al., 2014; Wallace et al., 2017).



CONCLUSION

Based on VNTR genotyping on M. ulcerans isolates, 11 genotypes were identified among the clinical isolates, while 6 were identified from the environmental isolates in both countries. Clinical M. ulcerans Genotypes C, D, F, and G were common in both countries. Diverse genotypes were observed among the clinical isolates in Côte d’Ivoire compared with that in Ghana. For the environmental samples, common genotypes were observed in both countries except Genotype W, which was observed among the Ghanaian environmental samples. Genotype D was found to be prominent in all the sampling locations of both clinical and environmental samples. Common genotypes observed in both environmental and clinical samples suggest possible transmission of M. ulcerans from the environment, particularly water bodies and biofilms from aquatic plants, to human through open lesions on the skin.
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Since the end of 2019, the world has been challenged by the coronavirus disease 2019 (COVID-19) pandemic. With COVID-19 cases rising globally, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to evolve, resulting in the emergence of variants of interest (VOI) and of concern (VOC). Of the hundreds of millions infected, immunodeficient patients are one of the vulnerable cohorts that are most susceptible to this virus. These individuals include those with preexisting health conditions and/or those undergoing immunosuppressive treatment (secondary immunodeficiency). In these cases, several researchers have reported chronic infections in the presence of anti-COVID-19 treatments that may potentially lead to the evolution of the virus within the host. Such variations occurred in a variety of viral proteins, including key structural ones involved in pathogenesis such as spike proteins. Tracking and comparing such mutations with those arisen in the general population may provide information about functional sites within the SARS-CoV-2 genome. In this study, we reviewed the current literature regarding the specific features of SARS-CoV-2 evolution in immunocompromised patients and identified recurrent de novo amino acid changes in virus isolates of these patients that can potentially play an important role in SARS-CoV-2 pathogenesis and evolution.
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INTRODUCTION

In late 2019, a new viral outbreak in Wuhan city, China (World Health Organization [WHO], 2020a), rapidly identified as the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), resulted in the coronavirus disease 2019 (COVID-19) pandemic (World Health Organization [WHO], 2020b), which still continues with the rise of novel variants of concern (VOCs) and of interest (VOIs).

Increased age is perhaps the strongest risk factor for severe COVID-19 (Bonanad et al., 2020); obesity, male gender, and various comorbidities such as hypertension, cardiovascular disease, and diabetes also contribute to an increased odds ratio of severe disease (Hu and Wang, 2021). However, among infected individuals, patients with secondary immunodeficiency, due to preexisting health conditions, and those undergoing immunosuppressive treatment are particularly susceptible to SARS-CoV-2 (Gao et al., 2020a; Liu and Hill, 2020; Hoffmann et al., 2021; Jones et al., 2021). Many research groups have reported chronic infections and the accumulation of viral protein-coding mutations in such individuals in the presence of anti-COVID-19 treatments, with potential relevance at both biological and epidemiological levels. We hypothesized that two main kinds of mutations could be observed in such immunodeficient setting, namely, (1) variations selected by antiviral treatment and (2) variations reflecting the adaptation of the virus to the human host, particularly in the context of an environment with reduced immune responses, allowing niches of selective pressure.

To gain insights into the mutational signatures of secondary immunodeficiency in SARS-CoV-2 genetic profiles, we have queried the literature to review SARS-CoV-2 genome data from 44 patients with secondary immunodeficiency who underwent treatment against COVID-19. We retrieved 148 full genomes from 21 patients and partial genomes for 24 patients. By analyzing the viral genomes detected in these patients in comparison with circulating variants, we identified numerous new protein-coding mutations and inspected their predicted structural or functional impact at the protein level.



SARS-CoV-2

SARS-CoV-2 is a betacoronavirus that shares 96% of its genomic identity with the RaTG13 bat coronavirus and is hypothesized to be of zoonotic origin (Zhou et al., 2020; Banerjee et al., 2021). It is a positive sense ribonucleic acid virus (RNA), with a genome spanning around 30 kilobases in length (Wu et al., 2020; V’kovski et al., 2021). Notably, two-thirds of its genome is composed of overlapping open reading frames (ORF) 1a and 1b, which together encode for an RNA-dependent RNA polymerase (RdRp) and other non-structural proteins important for viral replication and transcription (Figure 1A; Wang Q. et al., 2020; Wang Y. et al., 2020; Yan et al., 2021). The remainder of the viral genome is composed of ORFs 2–10 encoding for structural and accessory proteins (Figure 1A; Davidson et al., 2020; Jiang et al., 2020; Michel et al., 2020; Mohammad et al., 2020; Pancer et al., 2020).
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FIGURE 1. SARS-CoV-2 genome, spike, and virion. (A) The genomic sequence of SARS-CoV-2 with different open reading frames (ORFs) is displayed in different colors. (B) Representation of the SARS-CoV-2 virion structure, spike protein and amino acid sequence of spike protein, and its domains in different colors. The binding of SARS-CoV-2 virion to the ACE2 receptor adjacent to the TMPRSS2 protein is also shown.


Of the structural proteins, the spike is a large accessible homotrimeric protein of great importance in viral tropism and viral entry, making it a great target in therapeutic development (Conceicao et al., 2020). With a molecular weight of around 180 kDa, the spike protein is composed of 2 major subunits per monomer: the S1 (residues 14–685) and S2 (residues 686–1273) (Figure 1B; Huang et al., 2020; Martí et al., 2021). The former is the most variable part of the spike among coronaviruses and contains the amino (N)-terminal domain (NTD) and the receptor-binding domain (RBD) (Figure 1B; Huang et al., 2020; Martí et al., 2021). As for the S2, its domains, which are essential for viral fusion with the host cell membrane, are more conserved in structure and sequence (Figure 1B; Huang et al., 2020; Martí et al., 2021).

The main target of the spike is the angiotensin-converting enzyme (ACE2) (Li et al., 2020). The broad expression of ACE2 explains in part SARS-CoV-2 pathogenesis in a multitude of organs from respiratory, circulatory, urogenital, gastrointestinal, and nervous systems (Lopes-Pacheco et al., 2021).

Following cell entry, the replication of SARS-CoV-2 takes place in the cytoplasm with the help of the host ribosomal machinery, translating the ORF 1a and 1b genes into two large replicase polyproteins, namely, pp1a and pp1ab (V’kovski et al., 2021). Together, both pp1a and pp1ab polyproteins undergo proteolytic cleavages via the viral-encoded proteinases papain-like protease (PL-pro, Nsp3) and 3C-like protease (3CL-pro, Nsp5) to generate 16 mature non-structural proteins, i.e., Nsp1 to Nsp16 (Astuti and Ysrafil, 2020). Proteolysis is an essential step for viral replication, which is why antivirals targeting proteases are of interest (Dampalla et al., 2021; Roe et al., 2021). Later, the RNA-dependent RNA polymerase (RdRp and Nsp12), helicase (Nsp13), and Nsp7 to Nsp9 form the replication/transcription complex (RTC), allowing the synthesis of viral RNA in double-membrane vesicles (DMV) at the periphery of the endoplasmic reticulum (Brant et al., 2021).



MUTATIONS IN EMERGING VARIANTS

Like most RNA viruses, SARS-CoV-2 continues to mutate as it spreads, resulting in different variants, where the Pango numeric system assigns lineages with a number or letter such as B.1 (Oude Munnink et al., 2021). Among the variants circulating as of May 08 2022, five are known VOCs defined by the WHO based on their epidemiology and their association with disease severity or potential to escape available treatments or vaccines (Figure 2; Harvey et al., 2021; World Health Organization [WHO], 2021). Martin et al. (2021) reported that there has been a shift in the mutational landscape of some VOCs with the N501Y spike amino acid substitution (alpha, beta, and gamma) where there have been mutations arising independently and repeatedly in different viral lineages at 29 genome sites from 15 March 2021 to 1 June 2021. Such converging evolution in these sites could likely occur in variants of the same and different lineages (Martin et al., 2021). Variations in spike proteins that define VOCs are highlighted in Figure 2.
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FIGURE 2. Defining spike amino acid changes in SARS-CoV-2 variant of concerns (VOCs) and interest (VOIs). The variants of concern are depicted in purple, blue, dark green, pale green, and pale gray for the alpha(α), beta (β), gamma (γ), delta (δ), and omicron (o) variants, respectively. The variants of interest are depicted in red and dark yellow for the lambda (λ) and mu (μ) variants, respectively. The envelope is shown in blue, and the spike protein is shown in purple. Common amino acid changes in different variants are also depicted. Non-RBD amino acid changes are shown on the left, and RBD amino acid changes are shown on the right. Defining amino acid changes are those appearing at the phylogenetic root of a variant (Hodcroft, 2021). Adapted from “The SARS-CoV-2 Variants of Concern,” by BioRender.com (2021).


As a nidovirus, SARS-CoV-2 encodes a unique proofreading enzyme 3′ to 5′ exonuclease (ExoN) involved in excising faulty nucleotides inserted by RNA polymerases, thus ensuring replication fidelity (Shannon et al., 2020; Gribble et al., 2021). Despite this proofreading mechanism, SARS-CoV-2 has shown a capacity to accumulate a wide range and high number of mutations (Chen et al., 2020). A study of samples from the first wave and second wave of COVID-19 in Japan noted a mutation rate of 1.16–1.87 × 10–3 base substitutions/site/year (Ko et al., 2021). This is relatively low compared with the human immunodeficiency virus (HIV) subtype B, which can have a nucleotide substitution rate ranging from 5.25 × 10–3 to 1.60 × 10–2 substitutions/site/year in gag and env-gp120 genes (Dapp et al., 2017).

However, there are more ways of generating genetic diversity; viral recombination, which is the generation of new progeny from two distinct strains of virus co-infecting a cell, is a way to generate viral genetic variation (Simon-Loriere and Holmes, 2011). In the case of SARS-CoV-2, Pollet et al. (2021) performed a recombination analysis of a variety of coronaviral sequences including 100,000 SARS-CoV-2 sequences. Through this analysis, they showed eight SARS-CoV-2 recombination events, two of them in the spike gene (Pollet et al., 2021). Earlier in 2021, a SARS-CoV-2 co-infection event of a single patient was reported with two strains with distinct lineages, which raises concern for the recombination of SARS-CoV-2 evolution (Francisco et al., 2021).

Furthermore, the genetic variability of viruses is shaped through the selection pressure of their host cell or environment. The host has multiple immune defense mechanisms at cellular, tissue, and systemic levels that can interfere with viral replication and spread. Letko et al. (2018) showed an example of MERS-CoV causing observable cytopathic effect due to the accumulation of amino acid variations in the spike protein after eight viral passages in BHK cells expressing the bat DPP4 receptor. Antiviral treatments that target specific viral proteins are another selective pressure that can result in the development of treatment-resistant mutants. For instance, the emergence of two mutations in the RdRp of murine hepatitis virus (MHV) conferred a 5.6-fold increased resistance to remdesivir (based on EC50 values) (Agostini Maria et al., 2018). The study of virus sequences that emerge in chronically infected patients could reveal regions of the virus genome that will be important as we prepare for and predict future variants.



SECONDARY IMMUNODEFICIENCIES

The most common cause of immunodeficiency is acquired immunodeficiency, meaning impaired immune response secondary to a condition or its treatment. This review will focus on the four main types we have found to be associated with COVID-19, namely, cancer, organ transplantation, HIV infection/AIDS, and autoimmune diseases.

Indeed, it has been documented that immunosuppression leads to poorer prognosis in hospitalized patients (Ponsford et al., 2021), especially in cancer and organ-transplanted patients (Elkrief et al., 2020; Bhogal et al., 2021; Coll et al., 2021), as well as in HIV-infected patients (Suwanwongse and Shabarek, 2020; Kanwugu and Adadi, 2021). In cancer, this impaired immune response can result from the medical condition itself, for example, impaired humoral response in a chronic lymphocytic leukemia or bone marrow infiltration by an acute leukemia preventing the development of normal leukocytes. But immunosuppression can also be induced by the malignancy treatment: hypogammaglobulinemia induced by B cell depletion after rituximab use or by alkylating agent that impairs DNA from replicating cells (including cancer cells and leukocytes). The same kind of treatment-induced immune impairment happens in organ transplantation contexts, with the immunosuppressive regimen used for the prevention of graft rejection.

In HIV-affected patients, with incomplete or without antiretroviral treatment, HIV infection leads to low CD4 + T cells count, and the decrease in these cells gives rise to opportunistic diseases (Chinen and Shearer, 2010).

Autoimmune diseases are a heterogenous group of diseases characterized by loss of tolerance to self-antigens, leading to the development of autoantibodies and activation of the immune system, resulting in immune complex deposits, organ failure, and ultimately death in the most severe cases (Kaul et al., 2016; Denton and Khanna, 2017). Treatment options involve mainly the use of non-specific immunosuppressive agents such as high-dose corticosteroids or cyclophosphamide (alkylating agent), as well as targeted therapies such as rituximab (anti-CD20) and anti-TNFα (infliximab and adalimumab). The increased risk of infectious disease upon immunosuppressive therapies is well documented (Lode and Schmidt-Ioanas, 2005; Barber and Clarke, 2020; Mitratza et al., 2021), but the impact of autoimmune diseases and their therapies on COVID-19 disease course remains debated (Kastritis et al., 2020; Murtas et al., 2020; Pablos et al., 2020; Zen et al., 2020; Zhong et al., 2020; Liu et al., 2021b).



STUDY POPULATION

Our literature review found 44 patients with prolonged SARS-CoV-2 infection affected with secondary immunodeficiency, summarized in Table 1. A more detailed version of Table 1 is attached in Supplementary Table 1. These patients were described in papers found using the two search engines: PubMed and Google Scholar with key phrases “SARS-CoV-2 chronic infection,” “SARS-CoV-2 evolution immunocompromised,” and “SARS-CoV-2 evolution immunodeficiency” queried until May 08 2022.


TABLE 1. Secondary immunodeficient patient population.
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Among this population, 27 patients were affected with cancer, one with cholangiocarcinoma (P27) and 26 with hematopoietic malignancies. These encompass chronic lymphocytic leukemias (P1–6), acute leukemias (P7–12), lymphomas (P13–25), and multiple myeloma (P26). All these patients presented with a humoral deficiency, either due to the initial pathology or received treatments that combine anti-CD20 monoclonal antibodies that deplete B cells. This wide spectrum of antibody and chemotherapy regimens, including, for example, bendamustine or cyclophosphamide, has a broad effect on innate and adaptive immune responses. Four patients (P28–P31) were solid organ recipients with drug-induced immunosuppression designed to prevent graft rejection using a wide spectrum of immunosuppressors, such as mycophenolate mofetil, tacrolimus, cyclosporine, azathioprine, and steroids. Five patients (P32–P36) were HIV-infected individuals with CD4+ T cells impairment due to the viral infection. Two patients (P37 and P38) were affected with autoimmunity: one with antiphospholipid syndrome and one with ANCA-associated vasculitis. Finally, six patients (P39–P44) were immunocompromised by other associated comorbidities such as diabetes, chronic heart, or kidney disease. Of note, two of these patients (P40 and P44) were affected by autoimmune diseases (juvenile idiopathic arthritis and rheumatoid arthritis, respectively). (No information on an eventual immunosuppressive regimen was recorded for those two patients).

Among the 44 patients, 38 received treatment directly targeting the virus (associated or not to treatment for the cytokine storm or host-based therapies for immunomodulation). Notably, twenty-one (21) patients received anti-spike monoclonal antibodies (mAb) that target the receptor-binding domain (RBD) of the S protein (Kumar S. et al., 2021). Three patients (P7, P21, and P37) received an association of 2 mAb, casirivimab–imdevimab (Regeneron/Roche REGEN-COV/Ronapreve®), and 18 patients received bamlanivimab (16 in monotherapy, two in association with etesevimab, both from Lilly).

Of note, 21 patients received direct antiviral treatments; 21 patients were associated with remdesivir (an adenosine analog that directly inhibits the viral RNA polymerase, Gilead), and 3 patients were associated with lopinavir-ritonavir (HIV-1 protease inhibitors that bind to the catalytic site of the protease and impair virion production). Sixteen patients received convalescent plasma (CP), three patients in association with polyvalent immunoglobulins. Eight patients received polyvalent immunoglobulins intravenously [three patients with CP as mentioned, two patients with hyperimmune plasma (HP), and three patients in monotherapies]. Three patients received hyperimmune plasma (HP), two with IV immunoglobulins and one in monotherapy.

All these therapeutic data are summarized in Table 1, and previous immunosuppressive regimen, cytokine storm treatment, and host-based therapies are described in Supplementary Table 1.

Furthermore, viral genomes of patients were analyzed for predicted novel amino acid changes found in the different proteins. We defined novel amino acid changes as those detected as different from the earliest viral sequence obtained from the patient at admission. The underlying variations discussed are based on recurrence and/or structural significance, if reported in other studies. To have a common nomenclature for the corresponding amino acid changes, the ORF1ab polyprotein amino acid changes provided in some papers were converted to the corresponding Nsps. First, the amino acid sequence of the Nsp of interest was aligned with the sequence of polyprotein 1ab using BLAST. Second, the corresponding position of the amino acid change was determined and manually annotated. When only nucleotide sequences were available, the nucleotide changes in the different codons of different genes were manually determined. When our compiled studies showed amino acid changes with respect to the ORF1b gene only, we added nine amino acids to the position of the change to account for the ribosomal slippage in which the first nine amino acids are read in ORF1a and the following amino acids in the ORF1b (Bhatt et al., 2021).

In addition, in all patients examined (Table 1), the number of amino acid changes occurring in each SARS-CoV-2 protein reported by studies that performed full-length genome sequencing of SARS-CoV-2 was aggregated and divided by the number of amino acids per respective protein to generate a variation frequency and allow us to better visualize which proteins are the most changed (Figure 3). The full list of these variations is shown in Supplementary Table 2. To compare with the total number of SARS-CoV-2 sequenced viruses, the percentage of each amino acid change was calculated from the GISAID database as of May 18 2022 (using 10,900,892 as the total number of deposited sequences, and shown in Supplementary Table 3). The subsequent sections focus on the proteins with the most substitutions (in red-dark yellow heat map color on Figure 3) or substitutions with functional significance.
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FIGURE 3. Frequency of amino acid variation in SARS-CoV-2 proteins from the analyzed secondary immunodeficient patients. The SARS-CoV-2 proteins are depicted on top, where the light blue boxes represent non-structural proteins (Nsps) generated from polyprotein 1ab (pp1ab). The NTD and RBM spike domains are shown as pink and green boxes, and other structural proteins are depicted in orange boxes (E, envelope; M, membrane; N, nucleocapsid). The accessory proteins are shown in purple. The total number of amino acids of each protein is depicted below. The heat map scale is shown on the bottom right. The changes shown were isolated from a total of 148 full-length SARS-CoV-2 genomic sequences from 21 patients (shown in S2).


From these data, it could be deduced that most variations occur in the spike protein, more particularly in the receptor-binding motif (RBM) and the NTD. Of note, the E protein has the second highest frequency, followed by Nsp12, Nsp1, Nsp8, ORF7a, and M. Variations in these proteins and others that are either recurrent and/or with functional significance are discussed in the following paragraphs.



SPIKE PROTEIN VARIATIONS

Spike proteins had the highest number of amino acid changes, mainly in the RBM and in the NTD. Interestingly, the emergence of the E484K amino acid substitution (AAS) was observed in 43% of the patients studied (P3, P4, P12, P13, P28, P29, P32, P35, P37, P38, P39, P40, P41, P42, and P43). Secondary immunodeficient patients treated with bamlanivimab showcased a potential example of antiviral-induced selective pressure. Indeed, in April 2021, the emergency authorization use license of bamlanivimab monotherapy was revoked in the United States due to concerns about inefficiencies, as most circulating variants, especially the dominant delta variant, were resistant to neutralization (Gottlieb et al., 2021). Soon after, in January 2022, combined therapy of bamlanivimab and etesivimab, as well as casirivimab and imdevimab, was discouraged in the United States due to less neutralization activity against the now dominant omicron variant (Cavazzoni, 2022). All variations detected in SARS-CoV-2 spike proteins in the 44 patients are shown in Figure 4.


[image: image]

FIGURE 4. Location of novel SARS-CoV-2 amino acid changes in the spike protein emerging in some immunocompromised patients during chronic infection. The variations are shown as black boxes and represent either amino acid substitutions or deletion with their corresponding identity at the bottom. The different colored areas around the boxes are representative of the spike protein domains corresponding to those shown in Figure 1B: the brown area corresponds to the NTD; the dark green corresponds to the RBD; the pale green corresponds to the RBM of the RBD; the cyan corresponds to the S1/2; the yellow corresponds to the FP; the purple corresponds to the HR1, and the pale red corresponds to either HR2, TM, or CT domains. The amino acid change commonly found only in variants of concern (VOC) are in red font; those only in variants of interest (VOI) are in blue and those found in both VOC and VOI are in orange. Patients P5, P8, P16, P23, P30 did not present any novel amino acid changes in the spike protein and thus are not shown. A histogram depicts the occurrence of variations in the number of patients (shown on y-axis as “nb patients”) with the threshold of selection of three patients depicted by a dashed line.




VARIATIONS IN THE RECEPTOR-BINDING MOTIF

The spike RBM is a 69 amino acid motif (aa 438–506) involved in binding to the host cell receptor. From the selected patients, a total of 19 amino acid changes were found, with the most frequent change being the E484K substitution which was noted in 15 out of 44 patients (P3, P4, P12, P13, P28, P29, P32, P35, P37, P38, P39, P40, P41, P42, and P43). From these patients, 13 out of these 15 (29.5% of total patients) had received monoclonal antibody therapy, and of those, 12 (27% of total patients) were treated with bamlanivimab (Table 1). Furthermore, other variations at the same amino acid position (484) have also been reported. This includes the E484G, E484A, and E484Q substitutions that occurred in 1/44 (P31 – 2.3% of total patients), 2/44 (P37 and P40 – 4.5% of total patients), and 5/44 (P4, P6, P10, P36, and P38 – 11.4% of total patients) patients, respectively. For E484Q, 3 of 5 patients (6.8% of total patients) with this substitution received bamlanivimab, and both patients (4.5% of total patients) with E484A had received casirivimab and bamlanivimab, respectively, but P31 did not receive any monoclonal therapy. In recent studies, Jangra et al. (2021) showed that recombinant SARS-CoV-2 virus harboring the E484K AAS reduced in vitro antibody neutralization of human convalescent and post-vaccination sera relative to control virus without this variation. This result was also confirmed by Collier et al. (2021), showing loss of neutralizing activity by vaccine-elicited antibodies and monoclonal antibodies. In silico results by Wang et al. (2021) predicted that this AAS could result in favorable electrostatic interactions and tighter binding with the ACE2 receptor. In combination with another change not found in these patients (L452R), it has also been shown that a pseudotyped virus with the E484Q substitution resulted in a reduced neutralization of immune sera from vaccinated (against RBD) non-human primates, convalescent COVID-19 patients, as well as double-dose vaccinated individuals (also against RBD) (Li G. et al., 2021). This result was also confirmed by Ferreira et al. (2021) who also reported a decreased neutralization of pseudotyped virus with both E484Q and L452R alone or in combination using sera of vaccinated individuals. The AAS E484K is observed in beta, gamma, omicron, and mu variants, and E484A is found in the omicron variant (Hodcroft, 2021). Additionally, the 484 residue is in the proximity of suspected bamlanivimab- and casirivimab-binding sites (Figure 5), suggesting that these antibody therapies may have exerted selection pressure.
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FIGURE 5. Spike RBM amino acid substitutions in patients treated with monoclonal antibodies. The interaction between the RBM and bamlanivimab, etesivimab, and casirivimab/imdevimab (light blue, pink, gray/yellow) is depicted on top from right to left, respectively. Below, a close-up view of the RBM/antibody interaction is shown with substitutions shown in light pink.


Another common variant observed in these secondary immunodeficient patients was the Q493R substitution, present in 6/44 (13.6% of total patients) patients (P4, P12, P25, P27, P28, and P44). All of them, except for P28, received bamlanivimab treatment. In combination with bamlanivimab, P25 and P27 also received etesivimab treatment, which binds the RBM in close proximity to this residue (Q493) (Figure 5). At the same position (493), the Q493K substitution was also reported in P28 as well as P37, where the latter had received casirivimab/imdevimab in combination (Choi et al., 2020). In terms of their abundance in the total number of SARS-CoV-2 sequences in GISAID, Q493R and Q493K have a frequency of 30.9 and 0.0079% respectively, suggesting an increased representation of the variation in secondary immunodeficient patients (Elbe and Buckland-Merrett, 2017). Clark et al. (2021) showed that SARS-CoV-2 spike pseudotyped viruses harboring the Q493K substitutions significantly decreased the neutralization of the REGN10933 (Casirivimab) and C1A-VH3-53 antibodies. This decreased neutralization was also noted in the case of Q493R pseudotyped virus (Clark et al., 2021). Similarly, a study by Starr Tyler et al. (2021) also investigated the potential of antibody escape mutations and demonstrated the escape of Q493K from the REGN10987 (imdevimab). Another nearby AAS is S494P, which has been observed in 4 patients (P11, P12, P37, and P39 – 9.1% of total patients), and is in 0.15% of all SARS-CoV-2 sequences in GISAID. This change has also led to the neutralization reduction in antibodies from convalescent and post-vaccinated sera, especially in combination with E484K and N501Y substitutions (Alenquer et al., 2021). These data suggest that Q493K and Q493R AAS could contribute to SARS-CoV-2 resistance to anti-spike monoclonal antibodies in immunodeficient patients.

Moreover, the N501Y AAS was also identified to emerge de novo in five patients (P4, P7, P22, P35, and P37), three of whom were treated with monoclonals (P4: bamlanivimab; P7 and P37: casirivimab/imdevimab). This AAS seems to be near the casirivimab-binding site to RBM (Figure 5). Furthermore, N501Y has also been determined to be present in alpha, beta, gamma, omicron, and mu variants. Having this AAS increases the binding affinity of spike proteins to human ACE2 as shown by Tian et al. (2021) and Liu et al. (2021a). Moreover, it has been shown that this substitution decreases neutralization by both H00S022 and 10F9 neutralizing monoclonal antibodies and increases the infectivity of pseudotyped virus by 5-fold compared with the 614G variant in HEK293T cells expressing mouse ACE2 (Li Q. et al., 2021). Interestingly, Niu et al. (2021) also noted that pseudotyped virus with the N501Y change effectively infected mouse-ACE2 expressing 293T cells and detected a successful infection of wild-type BALB/c with a SARS-CoV-2 strain bearing the substitution. A recent study by Liu et al. (2021a) reported that in vivo, this substitution enhanced viral fitness in intranasally infected hamsters and intra-cage transmissions. This suggests that N501Y may play a role in a potential viral spillover to mice (Huang et al., 2021).

Besides the aforementioned, other RBM changes were also found in the reviewed population, including the N440K (P10), T478K (P37), and F490S (P2, P34, and P35), which are found in the omicron, delta, and lambda variants, respectively. The N440K variant has been reported to evade the REGN10987 antibody (Starr Tyler et al., 2021), while F490S has been shown to allow resistance to vaccine-elicited sera (Kimura et al., 2021). Furthermore, among millions of GISAID sequences, the frequency of F490S, N440K, and T478K AASs is 0.17, 25.9, and 70.9%, respectively. Other AASs have also been identified in casirivimab/imdevimab receiving patients. In Figure 5, we showed the molecular structures and positions of the monoclonal antibodies and the AASs identified in the RBM of the spike. These findings suggest that either therapy (vaccine or antibody therapy) or convergent evolution explains their emergence.



(N)-TERMINAL DOMAIN AND OTHER SPIKE VARIATIONS

Besides the RBM, spike amino acid changes were identified in other domains, especially in the 292 amino acid NTDs (aa 14–305). Among the NTD variations reported, the most frequent ones occurred in the range of residues between amino acid positions 139 and 146 and this occurred in 13 out of 44 patients (29.5% of the total patients, P1, P2, P9, P10, P11, P19, P24, P26, P28, P29, P31, P36, and P37). The second most common variant was a deletion occurring in a range of residues between amino acid positions 241 and 249 in 6 out of 44 patients (13.6% of total patients, P2, P7, P20, P26, P28, P31). In terms of substitutions, S50L (P17, P19, and P20), T95I (P7, P9, and P35), and R190K (P10, P26, and P35) were identified in 3 patients (6.8%). Moreover, other deletions were also reported at position 69–70 (Δ69–70) for P22, and both patients P19 and P37 had deletions from aa 18 to 30 (Δ18–30) and 12 to 18 (Δ12–18), respectively. Several of these amino acid changes were also present in VOCs and/or VOIs: a spike deletion at position 141 is present in the alpha variant, and the ones spanning from position 142–144 (Δ142–144) are in the omicron variant. Furthermore, the beta variant contains deletions from residue 241 to 243 (Δ241–243), whereas the lambda variant has a deletion from position 246 to 249 (Δ246–249). Both alpha and omicron variants contain the Δ69–70 deletion, and the lambda variant contains the T19I substitution (Hodcroft, 2021). Functionally, Mccarthy et al. (2021) showed that the combination of deletions (Δ69–70 and Δ 144/145), (Δ141–144, Δ144/145, and Δ146), and Δ243–244 all abolished binding to the 4A8 neutralizing antibody, indicating these regions in the NTD to be possible immunodominant epitopes for neutralization. Such an effect was also tested by Graham et al. (2021) where a significant reduction of neutralization by NTD targeting antibodies was also noted in pseudoviruses with the Δ141 spike deletion in combination with the D614G substitution. Furthermore, the researchers studying the chronic infection of P19 showed that double deletion Δ69–70, and another substitution reported in the spike fusion peptide D796H decreased the sensitivity to convalescent plasma in vitro (Kemp et al., 2021). It was also revealed that the Δ69–70 deletion had higher infectivity than a wild-type SARS-CoV-2 and that D796H was the main contributor to escaping neutralization while showing reduced infectivity (Kemp et al., 2021). The mutations seen in the NTD are functional mutations that overlap domains and have been observed in both VOCs and VOIs, and thus are worthy of significant focused interest for surveillance of future variants with altered biology. Besides the NTD and RBD, other amino acid changes occur in the spike such as the recurrent S13I in three patients (7.5% of total patients, P10, P22, and P31), the T859N (P9), and D1118H (P31) substitutions (2.5% of total patients). The T859N is also found in the lambda variant, and the D1118H is found in the alpha variant. The significance of these changes has not yet been determined. In sum, these results encompass the most recurrent amino acid changes observed in the spike protein of secondary immunodeficient patients described in the literature.



VARIATIONS IN NON-SPIKE PROTEINS


Envelope

The SARS-CoV-2 envelope (E) is a 75 amino acid hydrophobic transmembrane protein that is crucial for infecting host cells (Boson et al., 2021). It is composed of three domains including the N-terminal domain (NTD; aa 1–8), transmembrane domain (TM; aa 9–38), and the C-terminal domain (CTD; aa 39–75) (Mandala et al., 2020). In other coronaviruses, it is thought that the TM acts as an ion channel and that the CTD interacts with other proteins like cellular adapters (Schoeman and Fielding, 2019). From our analysis of patients, all five AASs in the E protein were located in the TM and the CTD. From those, 9 out of 44 reviewed patients (20.4% of total patients) presented the T30I AAS (P10, P11, P15, P17, P18, P19, P20, P22, and P37) which is found in the transmembrane domain of this protein. A search of the 10,900,892 SARS-CoV-2 sequences recorded by GISAID, as of May 18 2022, indicated that this very rare variation is only found in 1,156 sequences (0.011%) (Elbe and Buckland-Merrett, 2017). Using FoldX, one study predicted that this change could be a stabilizing substitution (Rahman et al., 2021). To gain more insight on its structural effects, we modeled the T30I AAS into previously determined NMR structures of the SARS-CoV-1 (PDB: 5X29) and SARS-CoV-2 (PDB: 7K3G) envelope protein (Figure 6). Despite sequence similarity, there are notable differences between the structures, among them the positions of residue 30. In the 5X29 structure, Thr30 is in an interhelical position, whereas this residue is in a lipid-facing position in the 7K3G structure. It is unclear if these variations result from differing experimental techniques or simply plasticity of the protein complex. Due to the ambiguous position of Thr30, we additionally generated models using DeepMind AlphaFold 2. However, these models also suffered from inconsistent Thr30 positions, and thus, the precise position of this residue is uncertain. Nonetheless, in both the interhelical and lipid-facing positions, the T30I AAS increases the hydrophobicity of the transmembrane domain. The substitution from threonine, a hydrophilic amino acid, to isoleucine, a hydrophobic amino acid, would likely have a stabilizing effect, as the surrounding residues and lipid environment are also hydrophobic. Although the function of this precise change in SARS-CoV-2 is unknown, Nieto-Torres et al. (2014) have investigated the ion channel activity of the E protein in in vitro and in vivo pathogenesis of SARS-CoV; interestingly, they observed a lesser disease severity in mice infected with viruses lacking ion-channel (IC) activity, as opposed to those infected with viruses lacking IC activity with the T30I AAS, suggesting an impact on the presentation of the SARS-CoV-2 pathogenesis. The E protein can be sensed by TLR2-dependent host cell signaling to produce proinflammatory cytokines (Tasakis et al., 2021), suggesting that variations may have multiple effects on ion conductivity, pathogenesis, and inflammation.
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FIGURE 6. Schematic presentation of hydrophobic regions of T30I mutant E protein. The top row depicts LMPG micelle solution NMR structures of truncated SARS-CoV-1 E protein residues 8–65 in homopentameric channel complex (PDB: 5 × 29). Hydrophobic residues are colored in gray, and hydrophilic residues are colored in cyan. Oxygen atoms are colored in red. (A) Schematic view of the pore formed by the wild-type protein complex showing threonine 30 side chains. (B) Three subunits of the wild-type complex showing threonine 30 side chains. (C) Three subunits of the T30I mutant complex showing isoleucine 30 side chains. The bottom row depicts solid-state NMR structures of SARS-CoV-2 E protein transmembrane domain in homopentameric channel complex (PDB: 7K3G). Hydrophobic residues are colored in gray, and hydrophilic residues are colored in cyan. Oxygen atoms are colored in red. (D) View of the pore formed by the wild-type protein complex showing threonine 30 side chains. (E) Wild-type complex showing threonine 30 side chains. (F) T30I mutant complex showing isoleucine 30 side chains.


Besides T30I, five other AASs in the E protein were reported in the studied population, including the N48D and S50I (P10), T9I (P18), L19I (18), and L21F (P23) but as of yet, none has been reported to have an impact on the TM and CTD domains. Furthermore, as of May 18 2022, the only variation detected in the TM of E is the T9I substitution, with a variation frequency of 33.5% in 10,900,892 GISAID sequences, present in VOCs (Hodcroft, 2021). From our analysis, it could be speculated that the T30I AAS could perhaps be selected in immunodeficient settings, but more research on SARS-CoV-2 E AASs is needed to clarify whether this is the case.



Membrane Protein

The coronaviral membrane (M) is a 222 amino acid protein known to play a role in virion assembly and morphogenesis, among other processes (Liu et al., 2007; Jörrißen et al., 2021). In studied patients, the most common AAS identified was the H125Y, in five patients (11.4% – P10, P17, P20, P22, and P33). In addition, other AASs such as the A2S AAS were identified in 2 patients (4.5% – P1, P37). Yet, no functional impact has been reported from the literature, and the variation frequency of both H125Y and A2S in the total GISAID sequences is 0.11 and 0.24%, respectively. However, some defining AASs in the studied immunodeficient patients have been noted in VOCs, particularly in the delta (A82T) and omicron variants (D3G, Q19E, and 63T) (Hodcroft, 2021).



Nsp1

Nsp1 coronavirus proteins are known to shut down host protein translation to inhibit the expression of key genes involved in viral control (Nakagawa and Makino, 2021). As an 180 amino acid protein, it has been predicted to be made of an NTD (aa 1–128), a linker (aa 129–148), and a CTD domain (aa 149–180) (Schubert et al., 2020). The CTD has been shown to inhibit cellular gene expression by binding to the 40S ribosomal entry channel, whereas the NTD allows SARS-CoV-2 mRNA to escape this inhibition by binding to its leader sequence and stabilizing its interaction with the ribosome (Mendez et al., 2021).

In the analyzed secondary immunodeficient patients, several AASs and deletions were detected in the Nsp1 protein in patient viruses whose genomes were fully sequenced (P1, P2, P9, P10, P16, P17, P19, P21, P22, P28, and P31). From those, there were recurrent changes in the NTD including the amino acid deletion at position 85, which occurred in 2 (4.5%) patients (P1 and P31), and the AASs R124C (P10 and P22) and I114T (P2 and P19), which were also detected in two patients, respectively. The M85 deletion, R124C, and I114T substitutions are, respectively, present in 1.78, 0.14, and 0.05% of total GISAID sequences.

Structurally, the Nsp1 deletion at amino acid 85 has been previously shown to lead to a lower type I interferon response in infected Calu-3 cells, in contrast to wild-type Nsp1 (Lin et al., 2021). In the case of the AAS R124C, Mou et al. (2021) previously predicted in silico that this SNP has a destabilizing effect on the Nsp1 protein structure. Later, an in vitro study by Mendez et al. (2021) found that the R124A amino acid change at the same position along with the K125A AAS promotes host RNA decay, reduces host mRNA translation levels by destabilizing the binding to the 40S ribosomal subunit, and reduces the repression of SARS-CoV-2 leader containing transcripts. Moreover, Kim et al. (2021) also showed that the R124A/K125A changes did not have any effect on the levels of caspase-1 proteins in vitro, in contrast to the wild-type Nsp1, which significantly reduced caspase-1 levels and blocked its cleavage.

In summary, we identified recurrent Nsp1 variations in the NTD domain that could be involved in interfering with the host defenses. It would be of interest to investigate if there is a selection of Nsp1 NTD variations in immunodeficient individuals.



Nsp3

Nsp3 is the largest multi-domain coronaviral protein with a total of 1,945 amino acids (Lei et al., 2018; Gruca et al., 2021). It is involved in the proteolytic cleavage of polyproteins pp1a and pp1ab and the removal of K18-linked polyubiquitin and interferon-stimulated gene 15 (ISG15) from cellular proteins (Lei et al., 2018; Armstrong et al., 2021). From its many domains, its protease activity is conferred by the papain-like protease domain (aa 813–1076) (Armstrong et al., 2021). In this domain, two recurrent AASs were identified in the studied patients including T820I (4.5% of total patients, P11 and P23) and P822L (4.5%, P15 and P23). These occur with a frequency of 0.04 and 3.8% in the total GISAID sequences, and their impact on the role of Nsp3 is not yet studied. Other changes were also identified (S2), with the P1228L AAS (P7) being present in 35.6% of total GISAID sequences. This falls in the α-helical loop (aa 1,177–1,333), which is not yet well characterized. Therefore, it would be of great interest to investigate the role of the identified variations in Nsp3 and their possible impact on its catalytic activity.



Nsp6

Nsp6 is a transmembrane protein that is not very well characterized in SARS-CoV-2 infection (Kumar A. et al., 2021). Sun et al. (2022) showed that this protein can target the ATPase proton pump component involved in lysosomal acidification, ATP6AP1, to trigger NLRP3-dependent pyroptosis in lung epithelial cells. In the reviewed patients, the L37F protein-coding change was noted to emerge de novo in three different cases (11.4% of total patients, P10, P17, P20, P21, P31), and this AAS is part of around 2.0% of GISAID sequences (Lynch et al., 2021; Truong et al., 2021; Weigang et al., 2021). Recently, Benvenuto et al. (2020) predicted that such an amino acid change led to a lower stability of the Nsp6 protein structure and suggested a role of Nsp6 in binding with the ER. This AAS was also studied by Wang R. et al. (2020) who analyzed around 76,000 sequences in GISAID up to 19 October 2020, and correlated it with lower death ratios and transmission rates. Through bioinformatic analysis, it was also shown to be destabilizing and less functional compared with the wild-type (Wang R. et al., 2020). Furthermore, this same AAS has also been observed to weaken the interaction of Nsp6 with ATP6AP1, thus reducing lysosome acidification and pyroptosis induction (Sun et al., 2022). These observations stress the importance of the L37F AAS in both immunodeficient and immunocompetent individuals, given the relatively high variation rate in the reviewed patients and in GISAID, which might suggest an unappreciated fitness benefit conferred by this variation. The study of patients with chronic SARS-CoV-2 infection would be another source of data for predicting the transmissibility and lethality of SARS-CoV-2, especially in the context of immunodeficiency.



RdRp/Nsp12

The RNA-dependent RNA polymerase (RdRp) involved in SARS-CoV-2 genome replication and transcription of genes is composed of a catalytic subunit known as Nsp12 as well as two accessory subunits, Nsp8 and Nsp7 (Gao et al., 2020b). The Nsp12 domain resembles a right hand, comprising the fingers subdomain, which interact with the template strand RNA and direct it into the active site, and the palm domain, which forms the catalytic active center. The RdRp is the target for antiviral drugs such as remdesivir (RDV and GS-5734), which can incorporate itself in the nascent viral RNA chains, causing premature transcriptional termination (Warren et al., 2016). In the study population, many RdRp variations were identified in patients who were treated with remdesivir (nine patients: 20.4%, P2, P5, P9, P14, P16, P21, P22, P23, and P31). From these, a few AASs were identified in the RdRp palm domain including V792I (5%, P16 and P22), E796D (P9), C799R (P14), and E802D, respectively. In the whole GISAID database, these occur at a frequency of less than 0.0025%. Interestingly, an in vitro study by Szemiel et al. (2021) showed that a palm domain substitution in a conserved residue (E802D) of the RdRp decreases the sensitivity to remdesivir and viral fitness in a competition assay; this same amino acid change (E802D) was found in P21, decreased binding to remdesivir, and has a fitness cost (Gandhi et al., 2022). As this substitution was found to be close to residues involved in binding with nascent RNA (aa 813–815), it was suggested that the RdRp could have structural changes that could allow elongation of template RNA, even when remdesivir is incorporated (Szemiel et al., 2021). Indeed, this highlights those substitutions in the RdRp finger, and palm domain should be studied more carefully to determine if these play a role in conferring resistance to antivirals against the RdRp.



Nsp13

The helicase protein (Nsp13) plays a role in unwinding duplex RNA and DNA in a 5′ to 3′ direction (Vazquez et al., 2021). In the patients we studied, the D374E substitution identified in P22 is an AAS that occurs in one of the residues identified in the NTP hydrolysis active site, and its functional effect is yet to be determined (Jia et al., 2019). Although this AAS is very rare (9/10,900,892 GISAID sequences), since this Nsp13 is one of the proteins involved in the RTC formation, it would be of interest to investigate such changes and their role in viral replication.



ORF3a

The SARS-CoV-2 ORF3a is an integral membrane protein that has been shown to play a role in inducing apoptosis (Ren et al., 2020) in infected cells, in promoting lysosomal exocytosis (Chen D. et al., 2021), and in blocking the formation of autolysosomes (Miao et al., 2021; Qu et al., 2021). It has also been shown to inhibit STAT1 phosphorylation in vitro (Xia et al., 2020). In the described patients, nine variations were identified including the S171L (P9, 0.69% GISAID frequency). Chen D. et al. (2021) showed that the SARS-CoV-2 ORF3a S171E AAS abolished the production of trans-soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptor (SNARE) complex proteins involved in fusing the lysosome to plasma membranes; additionally, the amino acid substitution abolished the ability of ORF3a to increase the Ca2+ levels in the cytoplasm. Furthermore, the S171L substitution was predicted in silico to increase protein instability with a turn structure replaced by a coiled coil (Azad and Khan, 2021), suggesting that it could be a functional mutation selected in patients.



ORF7a

The ORF7a accessory protein is believed to play a role in modulating host immune responses (Redondo et al., 2021). In the case of the 44 patients described here, the AASs S81P occurred twice in P14 and P22 (4.5%), and the A105V, which occurred in P9, has been characterized before. In a 62-patient Romanian cohort, Lobiuc et al. (2021) showed that 27.5% were infected with the A105V AAS, and they experienced a twofold higher death rate than others without A105V. The researchers then did a bioinformatic analysis of this change and predicted an increased stability by allosteric effects (Lobiuc et al., 2021).

In summary, we have identified many recurrent SARS-CoV-2 amino acid changes to emerge de novo in immunodeficient patients in a variety of proteins that have previously been identified to have a structural effect. This could be the result of different host selection pressures as some proteins (E, Nsp1, M, and ORF7a) had a relatively higher frequency compared with others (Figure 3). More investigation and a bigger study population are needed to make a definitive conclusion.




DISCUSSION

Prolonged infections resulting from weakened impaired immune responses allow the virus to persist, providing opportunities for increased viral replications and accumulations of mutations, some of which may be novel (Avanzato et al., 2020; Monrad et al., 2021). Thus, as the COVID-19 pandemic continues, it is crucial to track mutations arising in circulating and novel strains that can potentially become VOCs and VOIs to help predict their role in transmission and pathogenesis.

Case studies of chronically infected individuals with immunodeficiency could help gain insights into how the virus evolves in such settings. In this review, we highlighted 44 patients with secondary immunodeficiencies that were chronically infected with SARS-CoV-2 and received a variety of treatments, some of which may exert a selective pressure on the virus (De Vlaminck et al., 2013) (e.g., antiviral drugs targeting a specific protein site). Early studies showed that treatments with monoclonal antibodies should be used with great caution as they have been demonstrated to exert selective pressures on viruses. Focosi et al. (2021a) reviewed case series and reports and observed frequent emergence of single-nucleotide changes in the RBD regions of the spike gene when under the pressure of monoclonal antibodies; additionally, they noted that the mutational pressure from convalescent plasma was different in nature with deletions being more present, presumably due to the polyclonal nature of the antibodies. Alternatively, polyclonal antibodies recognizing different spike epitopes or combination therapy could be used to reduce selection pressure and treatment resistance. Efforts are being made to design broadly neutralizing SARS-CoV-2 and pan-coronavirus antibodies, some relying on the principle of targeting conserved regions that have a high fitness cost if altered (Cameroni et al., 2021; Martinez et al., 2021; Saunders et al., 2021; Shrestha et al., 2021; Tan et al., 2021). Such consideration and strategies when designing new therapies are needed to deliver therapeutics with longevity for the use of the current pandemic and future ones that will inevitably arise.

A careful approach is required in administering future antivirals targeting a specific site of SARS-CoV-2 proteins, especially as novel therapies such as molnupiravir, which targets the RdRp (Fischer et al., 2021), and paxlovid, which targets the SARS-CoV-2 main protease (Nsp5) by reacting reversibly with a cysteine residue at its active site (Pavan et al., 2021), are slated for approval. If these antivirals do not have a high genetic barrier for mutational escape, lengthy efforts and enormous resource commitments could be wasted on therapies that the world has already begun to hail as an end to the pandemic.

Besides the spike protein, it was interesting to find a recurrent AAS T30I in the E protein transmembrane motif in 9 out of 44 different patients (20.4% of total patients) who presented the T30I AAS (P10, P11, P15, P17, P18, P19, P20, P22, and P37). Like the latter, other variations were recurrent in the reviewed patients with a frequency greater than those found in the GISAID database. This was the case of the M protein A2S (4.5% of total patients, 0.24% of GISAID) and H125Y (11.4% of total patients, 0.11% of GISAID) AASs, as well as the Nsp1 R124C (4.5% of total patients, 0.14% of GISAID) and I114T (4.5% of total patients, 0.05% of GISAID), among others. One explanation for this difference could be that these mutations are specific to an immunodeficient environment, where certain immune selective pressures could be different, e.g., weakened. On the contrary, other AASs present in circulating VOCs were noted to emerge in the reviewed patients such as the Nsp3 P1228L (35.6% of GISAID), which could reflect the adaptation of the virus to the human host; however, the functional effect of such variations remains to be elucidated in further studies.

Although of interest, this literature review of SARS-CoV-2 variations in immunocompromised patients has limitations. Previous immunosuppressive regimens were not always known in detail, and this could lead to incomplete evaluation of the extent of immunodeficiency in the studied population. Another confounding factor is the variation in the standard of care for SARS-CoV-2 infection throughout the pandemic. Indeed, variation in treatment regimens over time makes the rise of mutations difficult to interpret, especially considering the variable time from treatment to the moment of infection. Moreover, virus sequencing is often from samples originating from the nasopharynx, which is part of the upper respiratory tract. These samples are not necessarily representative of the virus composition in the lower respiratory tract. Furthermore, the virus replicating in the lower respiratory tract may experience different selection pressures than the upper respiratory tract. In addition, the GISAID frequencies obtained are derived from uploaded consensus sequences in contrast to our patients’ sequencing data that have variable consensus agreement; therefore, the AASs we note may be more noisy and non-selective compared with the GISAID AASs. GISAID frequencies can also include immunocompromised individuals although we expect these to be in the minority. Of note, in the 44 patients that we compiled, all viruses were not sequenced at the beginning of SARS-CoV-2 infection or sequenced at the same timepoint during the disease, once again leading to comparison discrepancies. In addition, some of the papers focus on spike proteins only. Finally, although we chose to focus on secondary immunodeficiencies due to the larger number of patients with analyzed viral genomes, mutations in primary immunodeficient patients (Bucciol et al., 2021; Ciuffreda et al., 2021; Cabañero-Navalon et al., 2022) are slowly being characterized that could add to the topic of viral evolution in the context of immunodeficiencies at large.



CONCLUSION

In this review, several variations were found in the spike or Nsp12 proteins, which are important therapeutic targets. We also identified several recurrent variations in E, Nsp1, M, and ORF7a proteins that may play an important role in SARS-CoV-2 pathogenesis. Determining whether these variations emerged through selection in the immunodeficient patients or resulted from the adaptation of SARS-CoV-2 to the human host will require further study. However, the breadth and impact of mutations characterized in patients with secondary immunodeficiency highlight the relevance of monitoring the evolution of SARS-CoV-2 in immunocompromised individuals, not only to identify potentially adaptive novel mutations but also to mitigate the risk of introducing variants that may pose increased health threats to communities.
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Despite modern therapeutic developments and prophylactic use of antibiotics during birth or in the first few months of life, enteric infections continue to be a major cause of neonatal mortality and morbidity globally. The neonatal period is characterized by initial intestinal colonization with microbiota and concurrent immune system development. It is also a sensitive window during which perturbations to the environment or host can significantly impact colonization by commensal microbes. Extensive research has demonstrated that these early life alterations to the microbiota can lead to enhanced susceptibility to enteric infections and increased systemic dissemination in newborns. Various contributing factors continue to pose challenges in prevention and control of neonatal enteric infections. These include alterations in the gut microbiota composition, impaired immune response, and effects of maternal factors. In addition, there remains limited understanding for how commensal microbes impact host-pathogen interactions in newborns. In this review, we discuss the recent recognition of initial microbiota-epithelial interactions that occur in neonates and can regulate susceptibility to intestinal infection. These studies suggest the development of neonatal prophylactic or therapeutic regimens that include boosting epithelial defense through microbiota-directed interventions.
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Introduction

Despite a steady decline in childhood mortality (Sharrow et al., 2022), enteric infections in infants continue to pose a significant health risk (Kotloff et al., 2013; Bagamian et al., 2020). Indeed, infections remain one of the major causes of mortality in both preterm and term infants (Stoll et al., 2011; Isaac et al., 2016; Troeger et al., 2018). Due to the immaturity of their developing immune system and lack of a diverse intestinal microbiota, trillions of microbes residing in the gut lumen that restrain pathogens, neonates are particularly vulnerable to infection (Miller et al., 2018). Newborns are initially dependent on epithelial defense, transfer of maternal immune factors, innate immune cell activation, and intestinal microbial colonization for protection against intestinal pathogens. Studies have emphasized that the development of the intestinal microbiota is critical for the maturation of the immune system, epithelial barrier, and colonization resistance against invading pathogens (Olszak et al., 2012; Cahenzli et al., 2013; El Aidy et al., 2013; An et al., 2014; Gensollen et al., 2016; Yu et al., 2016; Roubaud-Baudron et al., 2019; Singer et al., 2019; Travier et al., 2021). Infants become rapidly colonized during birth with the intestinal microbiota abundance, composition, and diversity continuing to mature throughout neonatal development. Further, the neonatal immune system coevolves with the intestinal microbiota, and this early window of immune cell education and development is critical for healthy immune responses later in life. Antibiotics (ABX) are commonly used to treat or prevent infections in infancy. However, early life (prenatal, perinatal, and postnatal) exposure to ABX can perturb the developing microbiota, induce epithelial barrier dysfunction and may lead to enhanced neonatal susceptibility to enteric pathogens (Schumann et al., 2005; Greenwood et al., 2014; Rogawski et al., 2015; Schulman et al., 2015; Man et al., 2019). In addition, alterations in the intestinal microbiota by ABX promote short- and long-term immunological effects extending well into adulthood. This review examines the critical role and interplay of commensal bacteria and the epithelial barrier that influence enteric infections in neonates.



Neonatal intestinal infection

Newborns are highly susceptible to enteric pathogens, particularly during the first year of life (Liu et al., 2012; Lanata et al., 2013; Darmstadt et al., 2014; Miller et al., 2016). Most common enteric pathogens linked to neonatal morbidity and mortality include Enteropathogenic Escherichia coli (EPEC), Group B streptococci (GBS), Listeria monocytogenes, Salmonella, Rotavirus, and Cryptosporidium parasites (Abba et al., 2009; Stoll et al., 2011; Pedersen et al., 2014; Bergin et al., 2015; Shane et al., 2017; Reju et al., 2022; Yoon et al., 2022). These pathogens can gain entry orally, invade the gastrointestinal (GI) tract, and lead to further blood or systemic infections in neonates.

Enteropathogenic E. coli (EPEC) is responsible for many diarrhea outbreaks in newborns (Nataro and Kaper, 1998; Abba et al., 2009; Hu and Torres, 2015). EPEC infection is characterized by attaching and effacing (A/E) lesions (Cepeda-Molero et al., 2017). While adult C57BL/6 mice are resistant to human EPEC, neonatal mice exhibit age-dependent susceptibility. Pups up to 7 day-old were found to be highly susceptible, with significantly decreased susceptibility observed in 10–13 day-old (Dupont et al., 2016). The neonatal infection depended on EPEC expression of virulent factors IV bundle forming pili (BFP) and type III secretion system (T3SS), both of which are essential for A/E lesion formation and host cell invasion (Cleary et al., 2004; Iizumi et al., 2007; Galan et al., 2014). This unique susceptibility of neonates was attributed to the neonatal gut microbiota as well as epithelial responses to the pathogen that are unique to neonates, including more exaggerated upregulation of TLR-dependent genes compared to adults (Dupont et al., 2016).

Non-typhoidal Salmonella, Salmonella enterica subsp. enterica, also causes enteric diseases. Salmonella is classified as acid-sensitive and can be killed by the acidity in the adult stomach. However, less acidic stomach contents and faster gastric emptying of neonates favor Salmonella survival and small intestinal colonization (Gorden and Small, 1993; Bula-Rudas et al., 2015). Neonatal mice demonstrate a higher susceptibility to infections than adults (Zhang et al., 2014). Salmonella directly invades enterocytes in neonates in a T3SS dependent manner, instead of utilizing microfold cells (M-cell)-mediated uptake of pathogens observed in adults (Zhang et al., 2014). Unlike in adults, infection of C57BL/6 neonatal mice did not require streptomycin pretreatment, suggesting that characteristics of the neonatal microbiota lead to unique susceptibility (Zhang et al., 2014). A more recent study colonized adult germ-free mice with neonatal or adult cecal contents and found that microbiota from adults, but not neonates, prevented Salmonella colonization (Kim et al., 2017).

Group B Streptococcus (GBS) is an intestinal commensal that causes systemic diseases such as septicemia and meningitis in infants, but not in immunocompetent adults (Raabe and Shane, 2019). GBS gains access to the systemic circulation through invasion of the neonatal intestinal epithelium. A recent study demonstrated that immature epithelial barrier function and microbiota composition attributed neonatal susceptibility to GBS infection (Travier et al., 2021). These enteric infection studies in young mice demonstrate strong links between increased pathogen susceptibility with the neonatal microbiota and developing epithelial cell function, discussed in more detail below.



Neonatal gut microbiota

Colonization by commensal microbes at birth is critical for the development of host immunity and defense against pathogens (Negi et al., 2019; Zheng et al., 2020; Fan and Pedersen, 2021). The microbiota composition of neonates differs from adults. In humans, Firmicutes and Bacteroidetes are the two dominant phyla in adults while Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria predominate in term, vaginally delivered neonates (Arboleya et al., 2015; Backhed et al., 2015; Del Chierico et al., 2015; Radjabzadeh et al., 2020). Microbiota colonization begins at birth and is dominated mainly by facultative anaerobes such as Lactobacillus, Enterococcus, and Streptococcus in the initial days of life (Hansen et al., 2015; Robertson et al., 2019). Further, breastfeeding enriches the Bifidobacterium and Bacteroidetes followed by the prevalence of obligate anaerobes such as Clostridia in the gut. The murine commensal Clostridia has been shown to protect against enteric Salmonella infection. This protective effect was attributed to the production of metabolite succinate, though its mechanisms remain to be elucidated (Kim et al., 2017). In addition, Bifidobacterium-produced acetate has been reported to protect against E. coli infection (Fukuda et al., 2011).

The composition of the neonatal microbiota is significantly shaped by the maternal microbiota and diet (Dominguez-Bello et al., 2010; Chu et al., 2016; Asnicar et al., 2017; Shao et al., 2019; Garcia-Mantrana et al., 2020; Maher et al., 2020). There are also reports that maternal microbiota-derived factors and metabolites such as short-chain fatty acids may be sensed or passed during gestation and influence the offspring’s metabolism (Kimura et al., 2020; Pessa-Morikawa et al., 2022). Transmission of microbiota during birth is followed by early development during the first 2–3 years to ultimately more closely resemble adulthood composition (Donnet-Hughes et al., 2010; Rautava et al., 2012). This dynamic bacterial colonization inversely correlates with the occurrence of infections in neonates (Madan et al., 2012; Mai et al., 2013; Matamoros et al., 2013). Additionally, studies have demonstrated that proper microbiota colonization during this early neonatal period may impact long-term health (Torow and Hornef, 2017; Renz et al., 2018). These include murine models showing the importance of early colonization in immune development as described in the following section (Olszak et al., 2012; Al Nabhani et al., 2019). Further, human longitudinal studies have shown that neonatal microbiota compositions associate with clinical manifestations in allergy, neurodevelopment, and metabolic disorders later in childhood (Galazzo et al., 2020; Roze et al., 2020; Jian et al., 2021).

Recent advancements in metagenomic sequencing have revealed strain-level details of shared bacteria between infants and their mothers, with the mode of delivery affecting microbial exposure in early life (Asnicar et al., 2017; Ferretti et al., 2018; Shao et al., 2019). Vaginally delivered infants are often predominantly colonized by beneficial commensal bacteria such as Bacteroides, Lactobacillus, and Bifidobacterium (Hesla et al., 2014; Chu et al., 2017; Stewart et al., 2018). Interestingly, by 6 months of life, Lactobacillus colonization was found to be the same irrespective of delivery mode in one study (Huurre et al., 2008). In another study, Bacteroides were still found to be high in vaginally born infants (Stinson et al., 2018). Infants delivered via C-section harbor high abundance of opportunistic pathogens such as Enterococcus and Enterobacter (Jakobsson et al., 2014; Shao et al., 2019). They also exhibit delayed colonization with beneficial Bifidobacterium (Reyman et al., 2019).

Breast milk (BM) is often the first diet for newborns and plays a central role in shaping the neonatal microbiota (Turfkruyer and Verhasselt, 2015; Walker and Iyengar, 2015). BM contains high amounts of human milk oligosaccharides (HMOs); thus breastfed infants exhibit increased Bifidobacterium species that are involved in catabolism of HMOs (Backhed et al., 2015; Robertson et al., 2019). Bifidobacterium infantis EVC001 supplementation in term infants positively correlated with abundance of memory Treg, and negatively correlated with Th2/Th17 cytokines in the blood (Henrick et al., 2021). Further, formula-fed newborns possess more Enterobacteriaceae and fewer Bifidobacterium species (Stewart et al., 2018). Secretory IgA (sIgA) in BM also contributes to development of the neonatal microbiota, and neonates lacking sIgA have alterations in commensal communities that persist to adulthood (Rogier et al., 2014). While less characterized, viral communities also colonize the infant gut and are influenced by breastfeeding (Bushman and Liang, 2021). Furthermore, a study shows that breastfed infants harbor more temperate phages of Bifidobacterium or Lactobacillus at 4 months of age, coinciding with higher abundance of these bacteria, in comparison to formula-fed infants. On the other hand, viruses that infect human cells were less abundant in BM-fed infants’ stool, suggestive of the protective roles of BM against viral infection (Liang et al., 2020).

Antibiotics exposure both in utero and early postnatal life alters the gut microbiota composition of both mother and newborn, and therefore can potentially have long-lasting effects (Ohlsson and Shah, 2014; Arboleya et al., 2016; Miller et al., 2018). Exposure to commensal microbes in this early life period is critical in the development of proper immune function. For instance, GF mice harbor elevated numbers of invariant natural killer T (iNKT) cells which predispose them to chemically induced colitis. This abnormal iNKT cell phenotype can only be rescued when GF mice are recolonized on the first day of life but not in adulthood, highlighting the importance of early life immunological imprinting by the microbiota (Olszak et al., 2012). In addition, ABX-inhibition of colonization during the weaning period in mice resulted in decreased RORγt+ regulatory T cells and increased susceptibility to chemically induced colitis (Al Nabhani et al., 2019). Further, another study reported that neonatal mice with transient early life ABX exposure resulted in persistent microbiota alterations and increased susceptibility to enteric bacterial infection as an adult (Roubaud-Baudron et al., 2019). Therefore, these findings suggest that ABX treatment early in life may alter the microbiota in a manner that not only impacts neonatal defense, but may also increase susceptibility later in life. In preterm infants, factors such as gestational age, ABX, reduced BM consumption, environmental microbes of neonatal intensive care unit, and prolonged hospitalization contribute to the colonization with specific microbial strains such as Enterobacter, Enterococcus, Lactobacillus, Photorhabdus, and Tannerella (Ardissone et al., 2014; Collado et al., 2015).



Intestinal epithelial cells

Immune responses in the neonatal intestine are required to be tolerant to newly colonizing commensal bacteria while also protecting against enteric pathogens. Innate immune cells play a central role in protective immunity in the neonatal period, as adaptive immunity is still immature (Kollmann et al., 2012; Lee et al., 2019; Rudd, 2020; Westrom et al., 2020). In addition, intestinal epithelial cells (IECs) are non-hematopoietic cells that serve as the first line of defense and a key barrier to invading pathogens in both mice and humans (Allaire et al., 2018; Eshleman and Alenghat, 2021; Figure 1).
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FIGURE 1
Microbiota-epithelial interactions alter susceptibility to infection. Neonates are highly susceptible to enteric pathogens, relative to older children and adults. In the neonatal intestine, a limited abundance and diversity of commensal microbes correspond with increased epithelial permeability and distinct AMP expression and microbial sensing. This less mature microbiota-epithelial relationship likely increases susceptibility to enteric infection. In contrast, the adult intestine harbors a more complex and stable microbiota that can maintain more effective epithelial defense mechanisms against pathogens. Promoting epithelial defense through microbiota-based interventions may help prevent or combat neonatal enteric infection. AMPs: antimicrobial peptides. PRRs: pattern recognition receptors. CRAMP (cathelin-related antimicrobial peptide) is AMP enriched in neonatal intestine. Line graphs are based on data from animal models. Created with Biorender.com.


The epithelium is organized into villi and crypt structures, with stem cells residing at the base of crypts differentiating into absorptive and secretory lineages (Walthall et al., 2005; Allaire et al., 2018). Humans and pigs exhibit mature crypt-villus axes at birth while in mice, crypts become fully functional 2 weeks after birth (Walthall et al., 2005; Harper et al., 2011). Thereafter, stem cells in crypts differentiate into different lineages of IECs such as absorptive enterocytes and secretory goblet cells, Paneth cells and enteroendocrine cells (EECs) (Barker et al., 2007). The proliferation rate of epithelial stem cells in neonates is lower than in adults, which is at least partly due to elevated expression of B lymphocyte-induced maturation protein-1 (Blimp-1), a transcriptional repressor that inhibits adult-like differentiation and regulates structural and biochemical changes of IECs during the suckling-weaning transition in mice (Harper et al., 2011; Muncan et al., 2011).


Barrier function

Intestinal epithelial cells reside directly at the interface of the developing microbiota and underlying immune system (Allaire et al., 2018; Eshleman and Alenghat, 2021). Many intracellular structures such as adherens junctions (AJ), desmosomes and tight junctions (TJ) maintains barrier integrity in both mice and humans. TJ proteins, such as claudins and occludin, seal the intercellular spaces and strictly regulate the macromolecular transport (Van Itallie et al., 2008; Suzuki et al., 2014; Ronaghan et al., 2016). Zonulin, a signaling molecule that triggers phosphorylation of epidermal growth factor receptor (EGFR) and downstream tight junction disassembly, regulates gut permeability (Sturgeon and Fasano, 2016). Fecal and serum zonulin are used as a biomarker for increased intestinal permeability in neonatal studies (Saleem et al., 2017; Kaczmarczyk et al., 2021; Sochaczewska et al., 2022). The development of intestinal barrier function occurs in utero in humans, with IEC tight junction proteins production observed as early as 10 weeks of gestation, followed by secretion of defensins, lysozyme, and mucin that create additional layers of a chemical and mechanical barrier (Polak-Charcon et al., 1980; Mallow et al., 1996; Buisine et al., 1998; Rumbo and Schiffrin, 2005). Epithelial barrier function is affected by oral ABX administration and alterations in microbiota composition (Schumann et al., 2005; Ma et al., 2018; Garcia et al., 2021; Sochaczewska et al., 2022). Reports differ on whether ABX increase or decrease epithelial barrier function, and this may reflect differences in the types of ABX and microbiota composition (Schumann et al., 2005; Soto et al., 2014; Zhou et al., 2020; Chaaban et al., 2022).

Maturation of barrier function continues postnatally in response to factors present in the neonatal intestine. For example, breast milk (BM) components have been described to improve epithelial barrier function in both rodent and human studies (Weaver et al., 1987; Saleem et al., 2017; Chleilat et al., 2020). Lactoferrin, an iron-binding protein, exhibits protective effects in bacterial endotoxin-induced intestinal barrier damage (Hirotani et al., 2008). Further, BM-derived transforming growth factor-beta (TGF-β) inhibits proinflammatory responses in immature human IECs and is associated with the intestinal microbiota composition in neonates (Rautava et al., 2011; Sitarik et al., 2017). BM has been shown to increase the expression of TJ protein occludin in a pediatric enteroid model (Noel et al., 2021). Furthermore, neonatal supplementation of EGF in mice prevented translocation of pathogenic bacteria by inhibiting goblet cell-associated antigen passages (GAPs) that transport luminal antigens across intestinal epithelium (Knoop et al., 2020). Unlike adults, newborn epithelium is characterized by highly endocytic vacuolated enterocytes in the distal immature small intestine that allows passage of BM immunomodulatory components across the intestine (Baba et al., 2002; Arevalo Sureda et al., 2016; Garcia et al., 2021). Further, increased expression of neonatal Fc receptor (FcRn) on epithelial cells enables transport of maternal antibodies that confer passive immunity against pathogens in neonates (Yoshida et al., 2006; Menard et al., 2010; Ben Suleiman et al., 2012).



Antimicrobial peptides

In addition to serving as a physical barrier, IECs also produce antimicrobial peptides (AMPs), mucins, chemokines, and cytokines that prime and regulate innate and adaptive immunity. Additionally, IECs possess various membrane and cytoplasmic patterns-recognition receptors that can detect microbial stimuli (Figure 1). AMPs can inhibit microbial survival or growth, and are among one of the most evolutionarily ancient immune defense mechanisms. A diverse array of AMPs secreted by IECs provide the first line of defense against pathogens. The enzymatic AMPs such as lysozyme and phospholipase A2 (sPLA2) are mainly secreted by Paneth cells, and damage bacterial cell walls through their catalytic activities (Menard et al., 2008; Clevers and Bevins, 2013; Mukherjee and Hooper, 2015; Bel et al., 2017). Other AMPs, such as cathelicidins, C-type lectins of the regenerating islet-derived protein (reg) 3 gamma family, and defensins disrupt microbial cell walls in a non-enzymatic fashion (Ouellette, 2010; Clevers and Bevins, 2013). Defensins produced in crypts possess bactericidal activity and can promote chloride secretion that may facilitate pathogen flushing from the intestine (Baird and O’malley, 1993; Lencer et al., 1997; Ayabe et al., 2000).

Paneth cells, major AMP producers in the small intestinal crypt, develop prenatally at 13 weeks of gestation in humans and postnatally within 2 weeks in mice (Rumbo and Schiffrin, 2005; Menard et al., 2008; Heida et al., 2016). Accordingly, a murine study showed gradual upregulation of Paneth cell specific AMPs, including defensins and lysozyme, by small intestinal IECs in the first 4 weeks of life (Menard et al., 2008). Interestingly, the same study observed neonate-specific expression of cathelin-related antimicrobial peptide (CRAMP) in IECs that likely regulate antibacterial defense and commensal colonization in early life (Menard et al., 2008). In human fetal intestine, Paneth cells and AMPs such as defensin and lysozyme expression have been reported (Heida et al., 2016). Expression of other AMPs whose expression can be induced by microbiota is postulated to occur postnatally (Kai-Larsen et al., 2007). The unique makeup of AMPs in newborns may permit initial commensal establishment (Darnaud et al., 2018; Fulde et al., 2018; Liang et al., 2022) but may be insufficient for defense against early enteric pathogens (Figure 1).



Epithelial sensing of microbes

Intestinal epithelial cells of neonatal mice exhibit variable expression of the pattern recognition receptors (PRRs) that recognize conserved structures on beneficial commensals and harmful pathogens (Stadnyk, 2002). These PRRs activate signaling cascades in IECs that result in induction of AMPs, as well as epithelial cytokine production (Peterson and Artis, 2014). Immediately after birth, epithelial sensing of lipopolysaccharides (LPS) via Toll-like receptor (TLR)4 triggers establishment of LPS tolerance through dampening of TLR4 signaling through repression of interleukin 1 receptor associated kinase 1 (IRAK1) (Lotz et al., 2006). This LPS tolerance in the intestine is crucial for promoting microbiota colonization and inhibiting inflammatory responses as lack of endotoxin resistance leads to bacterial-induced IEC apoptosis and loss of barrier integrity (Lotz et al., 2006; Chassin et al., 2010). Additionally, TLR2 which senses bacterial lipoproteins is expressed in neonatal IECs. TLR2 and TLR4 overexpression was reported in a premature rat necrotizing enterocolitis model and positively correlated with disease severity (Le Mandat Schultz et al., 2007). Further, neonatal IECs exhibit >100-fold higher expression of TLR5, a PRR that recognizes bacterial flagellin, relative to IECs from adults (Fulde et al., 2018). The high expression of TLR5 in neonates may not contribute to protection against pathogens as neonatal TLR5 knockout mice did not exhibit increased susceptibility to Salmonella infection. Instead, TLR5 was essential in the colonization of symbiotic microbiota, partly through upregulation of the AMP Reg3γ (Fulde et al., 2018). In contrast, expression of TLR3, which detects viral dsRNA, was >20-fold lower in neonatal mice compared to adults. Interestingly, epithelial TLR3 expression inversely correlated to rotavirus infection (Pott et al., 2012), suggesting insufficient epithelial TLR3 expression in neonates may underlie their unique susceptibility to this pathogen.

In summary, dynamic epithelial regulation of barrier function, AMP expression, and microbial sensing in the intestine seem to each be critical factors underlying neonatal susceptibility to enteric infection (Figure 1).




Therapeutic approaches and future directions

Given the strong link between neonatal microbiota and enteric infection, microbiota-based therapies may be effective in reducing neonatal morbidity and mortality caused by enteric infection. Probiotics are live microbial supplements that have the potential to impact the host microbiota and suppress pathogenic outgrowth in the intestine (Gerritsen et al., 2011; Quigley, 2019). Probiotics may be used alone or in combination with prebiotics, which include dietary fibers that can promote expansion of beneficial microbial species (Quigley, 2019). Lactobacillus probiotics have shown therapeutic benefits in infants and young children with enteric infection, although these effects have not been observed universally (Szajewska and Mrukowicz, 2001; Van Niel et al., 2002; Szajewska et al., 2007; Freedman et al., 2018; Schnadower et al., 2018). A combination of Lactobacillus plantarum and a prebiotic fructooligosaccharide may provide defense against sepsis in early- and full-term infants based on a large-scale randomized placebo-controlled study (Panigrahi et al., 2017). However, effects of probiotics for sepsis in preterm infants have varied (Rao et al., 2016; Morgan et al., 2020). Although considered rare, probiotic sepsis associated with live strains, particularly in preterm infants with immature barrier functions, could present potential adverse effects (Chiang et al., 2021; Kulkarni et al., 2022). Thus, there is clear need for further investigation into neonatal host-microbiota interactions to develop efficacious and safe microbiota-based therapeutic approaches.

The neonatal period represents a unique window of opportunity for guiding improved microbiota-based strategies that could have a greater impact on infection prevention. Thus, further taxonomic, and functional characterization of neonatal microbiota in relation to maturity, diet, and age would aid development of such therapeutic and prophylactic approaches. Preventing the disruption of initial microbial colonization while strengthening neonatal intestinal immunity can impart protection against enteric pathogens. Additionally, current studies linking effects of breastfeeding and microbiota warrant continued exploration. Given the inefficiency of neonatal adaptive immunity, microbiota-targeted therapies, including during the prenatal period, may allow induction of epithelial defenses that can boost early innate defense. Further investigation into microbiota-based strategies to enhance basal epithelial antimicrobial and barrier responses may guide improved strategies for reducing neonatal morbidity and mortality to enteric infection.
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Enteric infectious diseases account for more than a billion disease episodes yearly worldwide resulting in approximately 2 million deaths, with children under 5 years old and the elderly being disproportionally affected. Enteric pathogens comprise viruses, parasites, and bacteria; the latter including pathogens such as Salmonella [typhoidal (TS) and non-typhoidal (nTS)], cholera, Shigella and multiple pathotypes of Escherichia coli (E. coli). In addition, multi-drug resistant and extensively drug-resistant (XDR) strains (e.g., S. Typhi H58 strain) of enteric bacteria are emerging; thus, renewed efforts to tackle enteric diseases are required. Many of these entero-pathogens could be controlled by oral or parenteral vaccines; however, development of new, effective vaccines has been hampered by lack of known immunological correlates of protection (CoP) and limited knowledge of the factors contributing to protective responses. To fully comprehend the human response to enteric infections, an invaluable tool that has recently re-emerged is the use of controlled human infection models (CHIMs) in which participants are challenged with virulent wild-type (wt) organisms. CHIMs have the potential to uncover immune mechanisms and identify CoP to enteric pathogens, as well as to evaluate the efficacy of therapeutics and vaccines in humans. CHIMs have been used to provide invaluable insights in the pathogenesis, host-pathogen interaction and evaluation of vaccines. Recently, several Oxford typhoid CHIM studies have been performed to assess the role of multiple cell types (B cells, CD8+ T, Tregs, MAIT, Monocytes and DC) during S. Typhi infection. One of the key messages that emerged from these studies is that baseline antigen-specific responses are important in that they can correlate with clinical outcomes. Additionally, volunteers who develop typhoid disease (TD) exhibit higher levels and more activated cell types (e.g., DC and monocytes) which are nevertheless defective in discrete signaling pathways. Future critical aspects of this research will involve the study of immune responses to enteric infections at the site of entry, i.e., the intestinal mucosa. This review will describe our current knowledge of immunity to enteric fevers caused byS. Typhi and S. Paratyphi A, with emphasis on the contributions of CHIMs to uncover the complex immunological responses to these organisms and provide insights into the determinants of protective immunity.
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Introduction

Vaccination is an effective strategy to prevent infectious diseases. Vaccines effectiveness has been demonstrated in many settings with remarkable success. Notable examples include the eradication of smallpox and the near eradication of polio (Minor, 2015). However, in spite of remarkable advances in our understanding of the mechanisms of immune responses, the development of new vaccines remains somewhat empirical, slow, and is hindered by multiple factors including lack of animal models for human restricted diseases, lack of known immunological correlates of disease protection and lack of understanding of host-pathogen interaction (especially in human hosts) for most infectious diseases including enteric diseases (Levine and Sztein, 2004). These data will be crucial to advance the development of new generation vaccines and to improve on moderately effective vaccines currently in use.

Animal models have been used extensively to elucidate the correlates of protection (CoP) and protective immunity to various infectious enteric pathogens (Cai et al., 2010; Pore et al., 2011; Mayr et al., 2012). While these studies have yielded enormous insights into the pathogen-host interactions and immunity, significant differences in immune responses to challenge have been observed between animal models and humans (Mestas and Hughes, 2004). These differences have been attributed to key differences in leukocyte subsets, pattern recognition receptors [PRR; e.g., Toll like receptors (TLR)] and in the development, activation, and responses of both the innate and adaptive immune system (Mestas and Hughes, 2004). In addition, many pathogens are human restricted (e.g., S. Typhi) and there is no reliable animal model that can faithfully recapitulate the disease. Therefore, to address these issues, we are largely dependent on human studies. Most human studies make use of samples obtained from peripheral blood for obvious reasons (practical and ethical) to probe the immune response following vaccination or infection. Extensive data sets are available on the generated immunity elicited after enteric pathogen infection in the field or following vaccination with candidate enteric vaccines. However, the immunological status before wild-type infection is usually unclear, and its potential role on clinical outcome undefined.

Recently, controlled human infection models (CHIMs) have received increased attention. CHIM involves the intentional infection of healthy, consenting volunteers with a well-characterized strain of an infectious pathogen in order to understand human diseases by attempting to uncover CoP, host-pathogen interactions and to evaluate the efficacy of new vaccines and therapeutics. It is important to point out that CHIM studies are conducted only when the risk to the participants and the community is deemed to be reasonable compared to the study benefits including benefits to the volunteers (if any) and the knowledge gained (Weijer and Miller, 2004). Thus, the risks for CHIM studies should be clearly and accurately defined. Pathogens that are used in bacterial CHIM studies should be extensively characterized to ensure that either they are highly sensitive to antibiotic treatment or are attenuated strains unable to disseminate to other people or cause disease in the participants (Weijer and Miller, 2004). Furthermore, appropriate laboratory and animal studies whenever possible should be performed and completed before human challenges are initiated. These data must have been reported and available in systematic reviews of the literature (Weijer and Miller, 2004). An important safety component of CHIMs to minimize the risk of the volunteers to develop severe complication is the administration of curative treatments at the onset or diagnosis of disease. For example, in malaria CHIM studies, only treatment-sensitive malaria strains are used resulting in the absence of severe or life-threatening malaria in any of the volunteers challenged up to date (Church et al., 1997; Epstein et al., 2007). Additionally, CHIM studies are important in investigating pathogens for which there is no availability of adequate animal models that faithfully reproduce human disease, or in which infections are rare. Also, during emerging epidemics and pandemics, CHIMs, if possible, have the advantage that they may contribute to rapidly collecting data about vaccine candidates. Furthermore, CHIM studies have reduced both the time and costs involved in vaccine development and have helped curb the risks associated with vaccine development.

CHIMs have been carried out for over 20 different pathogens and have been used to understand disease pathogenesis and evaluate candidate vaccines. For example, between 1952 and 1974, Drs. Theodore Woodward and Richard B. Hornick conducted extensive typhoid challenge studies at the University of Maryland which provided key insights into typhoid pathogenesis and the efficacy of the live attenuated typhoid vaccine Ty21a (Hornick et al., 1970, 2007; Gilman et al., 1977). Using the Quailes S. Typhi strain used in the Maryland challenge trials, Dr. Pollard’s Oxford Vaccine Group recently initiated experimental typhoid challenge studies in community participants (Waddington et al., 2014b; Darton et al., 2015). In addition to enteric fevers, CHIMs are currently being used to assess preliminary efficacy of prototype vaccine candidates for several intestinal pathogens, including Shigella, Campylobacter, enterotoxigenic Escherichia coli (ETEC) and norovirus (Kirkpatrick et al., 2013; Brubaker et al., 2021; Talaat et al., 2021). These CHIMs are likely to speed up the selection of promising vaccine candidates and contribute to our knowledge of disease pathogenesis and immunological CoP. In this review, we will focus on the lessons learn from CHIMs using the examples of the typhoid and paratyphoid human challenge models, particularly in terms of the evaluation of vaccine candidates, immunity and the potential CoP emanating from these studies using modern technologies.



Evaluation of typhoid vaccine candidates using CHIM

The evaluation of potential new vaccine candidates is usually a lengthy, laborious and expensive process which is complicated by numerous factors including, among others, human host-restriction, lack of clear immunological CoP, and suboptimal diagnostics leading to uncertainties in evaluating vaccine impact in protection. CHIM can be used for the acceleration of vaccines candidate selection since it can overcome some of these limitations by providing a direct measurement of vaccine efficacy, clear diagnosis of disease in a control environment and provide specimens and data to assist in the identification of immunological CoP. Remarkably, the establishment of a CHIM for typhoid fever was pioneered by Drs. Theodore Woodward and Richard B. Hornick at the University of Maryland in the 1950s, 1960s, and 1970s to assess typhoid vaccines using the Quailes strain (wild type, Vi-expressing S. Typhi) as the challenge organism (Hornick et al., 1970, 2007; Gilman et al., 1977; Woodward, 1980). These studies investigated six different vaccines and contributed a vast amount of information regarding typhoid pathogenesis reviewed in (Gilman et al., 1977; Levine et al., 2001; Hornick et al., 2007; Waddington et al., 2014b). Interestingly, these trials also led to the development of Ty21a, an oral live attenuated typhoid vaccine, which shows around 87% efficacy after multiple doses (Gilman et al., 1977). Subsequently Ty21a underwent large scale field trials based on these promising results and is now one of the licensed vaccines for typhoid fever (Levine et al., 1987). Furthermore, four CHIM studies were performed with streptomycin dependent S. Typhi as an oral attenuated vaccine (Levine et al., 1976). The authors reported that freshly harvested vaccine was highly protective (66–78% efficacy), but not the lyophilized formulation (Levine et al., 1976). Thus, the authors used a CHIM to demonstrate that a streptomycin S. Typhi candidate vaccine retains its protective properties when used fresh, but not when lyophilized, thus limiting the use of this candidate vaccine (Levine et al., 1976). Interestingly, a re-analysis of the clinical data generated in CHIM studies between 1959 and 1970 was conducted by Dr. Hornick at the University of Maryland School of Medicine to examine the relationship between challenge dose and severity of disease (Glynn et al., 1995). The authors found that using a stringent definition of illness, there was no association between dose of challenge and severity of disease. However, when the criteria were relaxed, some association was observed between dose and severity (Glynn et al., 1995). Of note, although these CHIMs were used successfully, the human challenge model was halted due to ethical concerns at the time.

Until recently, licensed typhoid vaccines were moderately efficacious needing multiple doses in the case of Ty21a, and more importantly they were unsuitable for use in children less than 2 years old. In 2014, the Oxford Vaccine Group (University of Oxford) re-established the typhoid CHIM in which immunologically naïve, consenting volunteers ingested wild-type (wt) S. Typhi (Quailes strain) in an ambulatory setting (Darton et al., 2014; Waddington et al., 2014a). Using this CHIM, these investigators evaluated the protective efficacy of a single dose of an oral vaccine candidate, M01ZH09 and compared it to Ty21a (Darton et al., 2016). The authors found that the vaccine efficacy for one dose of M01ZH09 was 13% as compared to 35% for 3 doses of Ty21a in this model using the Oxford typhoid diagnosis definition (either fever 38°C for >12 h, with or without isolation of S. Typhi from blood, or isolation of S. Typhi from blood -bacteremia- even if silent without any clinical signs or symptoms of illness). Thus, one dose of M01ZH09 did not significantly protect volunteers after challenge with wt S. Typhi in this CHIM. As a result, the M01ZH09 vaccine was not further evaluated in clinical studies.

Of importance, S. Typhi conjugate vaccines have long been sought and have been initially generated using the capsular polysaccharide of Salmonella Typhi, Vi, linked to recombinant aeruginosa exotoxin A (rEPA; Lin et al., 2001). This vaccine candidate was evaluated in the field for its safety, immunogenicity and efficacy in children 2–5 years old in Vietnam (Lin et al., 2001). The authors reported that the conjugate typhoid vaccine was safe, immunogenic and has a 90% efficacy in children 2–5 years old (Lin et al., 2001). This study and others paved the way for the new generation of conjugated typhoid vaccine such as Vi-TT (tetanus toxoid). Using the typhoid CHIM, Vi-conjugated vaccine (Vi-TT, tetanus toxoid), as well as the licensed Vi polysaccharide vaccine (Vi-PS) were evaluated for vaccine efficacy (Jin et al., 2017). In this study, the authors demonstrated that Vi-TT had a vaccine efficacy of 54.6% with a seroconversion rate of 100% while Vi-PS has 52% vaccine efficacy with 88.6% seroconversion rate (Jin et al., 2017). They concluded that Vi-TT is a highly immunogenic vaccine that could potentially reduce the burden of typhoid fever. In fact, this CHIM provided key data to support the World Health Organization (WHO) Strategic Advisory Group of Experts on Immunization (SAGE) recommendation to use typhoid conjugate vaccines such as Vi-TT (Typbar-TCV) in children from 6-month-old in typhoid endemic regions. Fields trials have since been underway in countries with high burden of disease and/or high rates of antimicrobial resistance (Neuzil et al., 2020). Recently, the result of an efficacy of Vi-TT vaccine in Nepal was reported (Shakya et al., 2021). The field trial enrolled 20,019 children aged 9 months to 16 years who received a single dose of TCV or capsular group A meningococcal conjugate vaccine (MenA). The group reported a protective efficacy of 79% against blood culture confirmed typhoid fever at 2 years (Shakya et al., 2021). Similar results were observed in children participating in a large field study in Bangladesh (Qadri et al., 2021). Thus, the use of CHIMs have a real-world impact on vaccine evaluation and introduction of vaccines to endemic regions. CHIMs are clearly an invaluable tool in a wider toolkit that includes field trials and studies directed primarily to explore the immunogenicity of novel vaccine candidates (Mohan et al., 2015). Importantly, this, and other CHIM models, are uniquely well suited to study in great detail the immunological responses present before, as well as during acute infection and recovery phases, to enable the identification of immunological CoP.



Evaluation of enteric vaccines other than Salmonella using CHIMs

CHIM studies have been used to evaluate numerous enteric vaccines and to study the pathogenesis of enteric pathogens. In this section, because of space limitations, it is not possible to discuss all the enteric pathogens that have been evaluated using CHIMs. However, we will briefly discuss some of the most important non-Salmonella enteric CHIM studies and the salient findings emanating from these studies. Early Shigella CHIMs were used to evaluate potential Shigella vaccine candidates, but there were limitations in terms of low and variable attack rates because of the use of skim milk as a delivery vehicle. In a pivotal study, Kotloff et al., showed that the use of bicarbonate buffer instead of skim milk in a Shigella CHIM study, allowed for a more reproducible CHIM and higher attack rates (Kotloff et al., 1995). This technique was safe, reproducible and valid for the selection of Shigella vaccines and other agents (Kotloff et al., 1995). This method has since been used in other Shigella and non-Shigella studies. CHIM standardization is necessary in order to compare potential vaccine candidates across institutions and over time. Thus, in November 2017 at the Vaccine Against Shigella and ETEC (VASE), a Shigella CHIM workshop was organized which addressed multiple issues related to the CHIM studies. These issues were discussed, and consensus reports were published on the most critical component of CHIM including (i) Introduction and overview (MacLennan et al., 2019a), (ii) Conduct of Studies (Porter et al., 2017; Talaat et al., 2019), (iii) Clinical endpoints (MacLennan et al., 2019b; Porter et al., 2019), and (iv) Immunological assays (Kaminski et al., 2019). These consensus reports constitute a framework to establish common procedures for the advancement of Shigella vaccine development, licensure, and distribution. One of the improvements of the Shigella CHIM focuses on the standardization of the model through the use of lyophilized Shigella challenge strains rather than plate grown inoculum preparations. Using lyophilized S. sonnei 53G strain, Frenck et al., established a Shigella CHIM and showed that a dose in the range of 1,500 to 2,000 CFU of 53G was adequate for future challenge studies (Frenck et al., 2020). This study is very important in the path forward to standardize Shigella CHIM. The CoP for Shigellosis have yet to be defined and two recent Shigella CHIM studies have examined the immune responses in order to define the CoP (Clarkson et al., 2020, 2021). In the first study, the authors reported that there was an association between higher level of Shigella LPS-specific serum IgA and memory B cell IgA responses at baseline with reduced risk of disease using the lyophilized S. sonnei 2G as challenge strain (Clarkson et al., 2020). In the second study, they used two challenge strains, S. sonnei and S. flexneri 2a and showed that the two different Shigella serotypes induces distinct innate and adaptive immune profiles post-oral challenge (Clarkson et al., 2021). These data demonstrate that the immune mechanisms required for protective immunity may be dependent on the Shigella serotype which would impact significantly on Shigella vaccine development. CHIM studies for another enteric pathogen, V. cholerae, were performed to assess the protective efficacy of a live oral cholera vaccine, CVD103-HgR. Using the cholera CHIM, Tacket et al., demonstrated that CVD103-HgR provided significant protection against classical Inaba strain 569B and El Tor Vibrio Cholerae O1 following vaccination with CVD103-HgR (Tacket et al., 1992). This protection was evident as early as 8 days and persisted for at least 6 months. Vaccine efficacy was 90.3 and 79.5% at 10 days and 3 months post vaccination (Tacket et al., 1992). The findings from this efficacy study combined with immunogenicity and safety data and a more recent cholera CHIM study, played an instrumental role in the licensing of the CVD103-HgR vaccine by the FDA (Tacket et al., 1992; Mosley et al., 2017). Further cholera CHIM studies established: (i) a model of South American cholera used to predict field vaccine efficacy in a population with high prevalence of blood group antigen O (Tacket et al., 1995) and (ii) factors influencing secondary vibriocidal immunes responses (Losonsky et al., 1996). Moreover, CHIM studies were performed to assess the effect of prior enteropathogenic Escherichia coli (EPEC) infections on protective immunity following homologous and heterologous rechallenge (Donnenberg et al., 1998). The authors showed that following homologous challenge, prior EPEC infections can reduced disease severity (Donnenberg et al., 1998). In fact, disease severity was inversely correlated with the level of pre-challenge serum immunoglobulin G against the 0127 LPS (Donnenberg et al., 1998). Furthermore, an E. coli CHIM study was performed to examine the diarrheagenic potential of two new strains of diffusely adherent (DA) Escherichia coli. The authors could not show the pathogenic potential of DA E. coli in their CHIM model (Tacket et al., 1990) demonstrating the potential of CHIM studies to investigate pathogenesis. Recently, at VASE, a workshop was set up to address some of major issues about ETEC CHIM including standardization, volunteer selection and screening and strain selection. The main recommendations were: (i) further standardization of ETEC CHIM, (ii) additional challenge strains to be developed, (iii) volunteer screening and selection to be more stringent (Hanevik et al., 2019). Altogether, these recommendations may maximize the contribution of CHIM to our understanding of ETEC pathogenesis and development of vaccines.

Finally, CHIM studies can also be used to study enteric pathogens other than bacteria, e.g., the Giardia parasite that causes the diarrheal disease giardiasis (Nash et al., 1987). A giardia lamblia CHIM was used to assess the pathogenicity of two distinct human isolates (GS/M and Isr; Nash et al., 1987). The authors showed that the pathogenicity of Giardia infections in humans varies according to the Giardia strain used in the challenge (Nash et al., 1987). All these examples of enteric CHIM demonstrate their use and importance in further our understanding of enteric diseases.



CHIM: Understanding immunity in infectious diseases (e.g., Salmonella)

The ultimate goal of vaccination is to elicit short- and long-term protective immunity against infectious diseases. However, there is no universal guidance regarding protective immunity for individual vaccines. Depending on the characteristics of the infectious disease, the immunological CoP will differ; hence the immunological CoP must be identified individually for each pathogen, even closely related infectious organisms. While the use of animal models has been extensively used for this purpose, it is well known that there are significant differences between the immunity elicited in animals and humans, particularly regarding CoP. Thus, human studies are needed to confirm or identify CoP. CoP usually involve one or more markers that correlates significantly with protection following vaccination. The CoP may be either the mechanistic cause of protection (mCoP) or not be involved directly in protection but nevertheless predicts protection (non-mechanistic—nCoP; Plotkin and Gilbert, 2012). For example, serum IgG antibodies to Shigella LPS have been identified as a mCoP against Shigellosis (Cohen et al., 2019). Human studies utilizing peripheral blood mononuclear cells (PBMC), and more recently mucosal biopsy samples obtained from volunteers immunized with licensed (e.g., Ty21a) vaccines have contributed to our understanding of the immunity elicited by S. Typhi.


Systemic and mucosal cell-mediated immunity to S. Typhi

Salmonella enterica serovar Typhi (S. Typhi) is a facultative, intracellular, human-restricted pathogen that causes typhoid fever, a major global health threat. The burden of S. Typhi infection is an estimated 26.9 million cases of typhoid fever annually resulting in approximately 217,000 deaths worldwide (Crump et al., 2004; Bhutta and Threlfall, 2009; Crump and Mintz, 2010; Levine, 2018). Following ingestion, S. Typhi invades the host intestinal cells (“M” and epithelial cells) and subsequently translocate to the submucosa and disseminate to the liver, spleen and other secondary lymphoid tissues, resulting in systemic illness (Levine, 2018). S. Typhi immunity is very complex and engage all arms of immunity including innate immunity, as well as adaptive (humoral and CMI) immunity. Most of the data generated to understand S. Typhi immunity used PBMC obtained from volunteers immunized with various typhoid licensed (e.g., Ty21a, Vi) and other candidate vaccines. For the last four decades, our group and others have studied extensively S. Typhi CMI immunity and showed that both CD4+ and CD8+ are induced to proliferate and produce a wide array of cytokines and chemokines with propensity to type 1 [T helper 1 (TH1) and T cytotoxic 1 (Tc1)] proinflammatory cytokines, which include, among others, interferon (IFN)-γ, tumor necrosis factor (TNF)-α, and interleukin (IL)-17 following vaccination (Sztein et al., 1994, 2014; Viret et al., 1999; Wyant et al., 1999; Salerno-Goncalves et al., 2002, 2003, 2004, 2010; McArthur and Sztein, 2012). Additionally, we have shown that elicited cytotoxic CD8+ T lymphocytes (CTL) were able to kill S. Typhi-infected autologous targets via a FAS-independent, granule-dependent pathway following vaccination with Ty21a (Sztein et al., 1995; Salerno-Goncalves et al., 2004) and the CVD 909 vaccine candidate (Wahid et al., 2007). Interestingly, multiple mechanisms seem to be involved in the killing of S. Typhi-infected cells and production of S. Typhi-specific cytokines (Salerno-Goncalves et al., 2002, 2003, 2004), including those involving classical Human Leukocyte Antigen (HLA) class-I and non-classical HLA-E molecules (Salerno-Goncalves et al., 2004). Furthermore, the duration of immunity in these vaccinated volunteers have been studied (up to 3 years) and showed that the responses were multiphasic and multifunctional (having more than one function simultaneously) which have been associated with protective immunity in multiple infectious diseases (Betts et al., 2003, 2006; Precopio et al., 2007; Qiu et al., 2012). These responses were mediated mostly by T effector memory (TEM) and CD45RA+ TEM (TEMRA) cells and to a lesser extent by T central memory (TCM; Betts et al., 2003, 2006; Precopio et al., 2007; Qiu et al., 2012). These responses suggest that strong CD8+ T memory responses can be elicited and likely remain an integral feature of long-term immunity. Furthermore, our group have evaluated the antigen specificity of CD4+ and CD8+ T cells and reported 9 novel proteins (e.g., OmpH, OmpR, TviA, and TviE) capable of eliciting T cell responses (Salerno-Goncalves et al., 2020). The functional patterns of CD4+ and CD8+ TM responses were different depending on the protein eliciting the immune response (Salerno-Goncalves et al., 2020). Taken together, these studies provided a wealth of information regarding the functional characteristics of S. Typhi immunity in humans. However, these human T memory (TM) studies have been largely limited to T cells isolated from peripheral blood, which represent only ~3% of TM present in the body. The human gastrointestinal tract, the site of entry of S. Typhi, constitutes a major reservoir of total body lymphocytes (~60%) and represents an area of high antigenic exposure, but our understanding of the mechanisms of protection from bacterial infection is scarce, particularly with respect to immunologic events.

Recently, studies have started to unravel the local immunity in the intestine following vaccination with Ty21a. Our group have reported that human terminal ileum (TI) CD4+ TM (Booth et al., 2019a) and CD8+ TM (Booth et al., 2017) S. Typhi-specific responses were elicited following vaccination with oral Ty21a. These studies demonstrated that TI lamina propria mononuclear cells (LPMC) CD4+ and CD8+ S. Typhi-specific T cell responses were significantly increased, including IFN-γ and IL-17A production, cytotoxic T cells (CTL), and multifunctional (MF) antigen-specific cytokine-producing LPMC following Ty21a immunization. Initial analysis of the cell subsets in the mucosa revealed that Ty21a-immunization induced S. Typhi responsive LPMC CD4+ and CD8+ T cells by all major TM subsets (e.g., IFN-γ and IL-17A in CD4+ TEM; IFN-γ and macrophage inflammatory protein (MIP)-1β in CD4+ TCM; and IL-2 in CD4+ TEMRA; Booth et al., 2017, 2019). In addition, we have compared S. Typhi-specific responses between mucosal and systemic compartments from concurrent samples (Booth et al., 2019b); review in (Booth and Toapanta, 2021) and (Toapanta et al., 2020). Our data indicated that there are important differences (quantity and quality) in the immune responses between the mucosal and systemic compartments following oral Ty21a immunization. Interestingly, studies by Pennington et al. showed that oral Ty21a immunization elicited S. Typhi-responsive CD4+ and CD8+ T cells obtained from human duodenum biopsies but not from T cells isolated from human colon biopsies (Pennington et al., 2016). Together, these data indicate that the mucosal immune responses elicited by oral Ty21a immunization are compartmentalized along the human intestine and that the immune responses in the local gut microenvironments differ from those in the systemic compartment.

Furthermore, we now know that protective immunity relies not only on circulating TM but also on resident (non-circulating) TM, namely tissue resident memory T cells (TRM) which are abundant in peripheral tissues, especially at mucosal sites (Thome and Farber, 2015; Mueller and Mackay, 2016). TRM is a relatively newly defined subset of TM which is phenotypically distinct from circulating TM subsets (e.g., TCM, TEM, and TEMRA). We have examined in detail TRM and reported the effect of Ty21a vaccination on human TI CD4+ and CD8+ TRM S. Typhi-specific responses in both the lamina propria (LP) and intraepithelial (IEL) compartments (Booth et al., 2019c, 2020). Briefly, we have demonstrated that LPMC CD4+ TRM subsets contributed significantly to S. Typhi-specific IFN-γ, IL-17A and IL-2 responses following stimulation with S. Typhi-infected targets (Booth et al., 2020). Moreover, these responses differed in magnitude and characteristics between CD103+ and CD103− CD4+ TRM, suggesting a dichotomy in their contributions and possibly different roles in S. Typhi immunity (Booth et al., 2020). Interestingly, in the epithelial compartment, IEL CD103− CD4+ TRM contributed significantly to S. Typhi specific IFN-γ, IL-17A and TNF-α while IEL CD103+ CD4+ TRM contributed to IL-2 production (Booth et al., 2020). Similarly, we showed that CD8+ TRM responses were primarily in T cytotoxic (Tc) 17 cells in both the lamina propria and epithelial compartments (Booth et al., 2019c). However, LPMC CD8+ CD69+ CD103– T cells subsets contributed significantly to S. Typhi-specific IFN-γ, IL-17A, and IL-2 responses following Ty21a immunization (Booth et al., 2019c). While taken together, these studies have considerably advanced our understanding of the pathogenesis and immunity generated by S. Typhi, we still do not have a clear understanding of the immunological CoP for typhoid fever. Thus, a possible avenue to consider was the use of the typhoid CHIM and new technologies such as mass cytometry to not only assess new vaccine candidates, but also to tease apart the immunity generated following infection and attempt to correlate these responses to protection.



S. Typhi (typhoid) CHIM model

The association between effector immune response and protective immunity is not straightforward and easy to evaluate. CHIM is an alternative and viable method for the evaluation of immunity in infectious diseases (Chakraborty et al., 2016; Chen et al., 2016). Investigation of S. Typhi-specific immunity, particularly CMI, has mostly been limited to studies in endemic areas or following vaccination. There are very limited data showing S. Typhi-specific immune status before infection with wt S. Typhi or on the immunological CoP. Typhoid CHIM allows for the direct examination of correlation between baseline levels of responses directed against S. Typhi and the development of typhoid disease. As discussed above, the CHIM for typhoid fever was developed by Drs. Theodore Woodward and Richard B. Hornick at the University of Maryland in the 1960’s and 1970’s (Hornick et al., 1970; Woodward, 1980) and recently re-established in an ambulatory setting by Dr. Pollard and his team at Oxford University (Darton et al., 2014; Waddington et al., 2014a). In the re-established typhoid CHIM, healthy consenting volunteers ingested two dose levels (103 or 104 colony-forming units (CFU)) of wt S. Typhi (Quailes strain) and were monitored for 2 weeks. Typhoid diagnosis (TD) was defined as volunteers who developed fever (temperature > 38°C sustained for >12 h and/or bacteremia). At day 14, all volunteers, including volunteers who did not meet the definition of typhoid diagnosis (NoTD) received antibiotic treatment. The attack rates in this study were 55% (103 CFU) and 65% (104 CFU) indicating that some of the volunteers developed typhoid disease (TD) and others did not developed disease (NoTD) following ingestion of the bacteria (Waddington et al., 2014a). PBMC were collected at multiple time points from these volunteers as shown in Figure 1, which allowed for the interrogation of these samples using sophisticated technologies to define the immunological CoP. Our group used PBMCs from these participants to perform extensive immunological studies, including the induction of regulatory T cells (Treg), CD8+ TM and memory B cells (BM) responses (McArthur et al., 2015; Fresnay et al., 2016, 2017; Toapanta et al., 2016), as well as to study the effects of challenge with wt S. Typhi on activation of circulating dendritic cells (DC) and macrophages (Toapanta et al., 2015), and mucosal associated invariant T (MAIT) cells (Salerno-Goncalves et al., 2017, 2022) and associate these responses with clinical outcome in an effort to define immunological CoP.
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FIGURE 1
 Schematic of a typhoid control human infection model (CHIM). Volunteers were recruited and challenged on day 0 with wt S. Typhi (Quailes Strain) at either of two doses (low—103 CFU or high—104 CFU). At around day 7, some of volunteers developed typhoid disease (TD) while others did not develop typhoid disease (NoTD). On day 14, all volunteers (TD and NoTD) received antibiotics (Abx). PBMC were collected from multiple time points from baseline up to 360 days after challenge.



Innate immunity

The innate immune system is the host’s first line of defense as these cells produced a plethora of inflammatory and antimicrobial responses which are particularly important to maintain the microbiome and pathogens at bay in the intestine. However, enteric bacteria such as S. Typhi have evolved to invade the intestinal mucosa and enter the submucosa where they first encounter innate cells such as dendritic cells (DC), monocytes and macrophages. Subsequently, S. Typhi enter the secondary lymphoid tissues [e.g., Peyer’s patches, mesenteric lymph nodes (mLN)] and finally disseminate in the systemic circulation. Most of the studies that explored the role of innate cells in Salmonella infection have used S. Typhimurium mouse models. For example, in the early phase of S. Typhimurium infection, the control of the bacterial growth requires reactive oxygen intermediates generated by NADPH oxidase from macrophages (Mastroeni et al., 2000). Additionally, the role of DC in the pathogenesis of S. Typhimurium has been found to contribute to the pathogenesis by transporting the bacteria from the intestine to mLN and other lymphoid tissues (Niess and Reinecker, 2006). Studies in mice have also shown that DC can either directly (upon uptake and processing of Salmonella) or indirectly (by bystander mechanisms) elicit Salmonella-specific CD8+ T-cells (Sundquist et al., 2004). Antigen presenting cells (APC) have a strategic function in the initiation and modulation of the immune responses (Segura and Amigorena, 2014) and can cross-present antigens. Among APC, DC are the most efficient in vivo and hence, the modulation of DC cross-presentation is important for the successful generation of strong CD8+ T cell responses to vaccine antigens. The first direct demonstration of DC function in human S. Typhi immunity was their ability to uptake S. Typhi-infected human cells and secrete IFNγ and IL-12p70 though suicide cross presentation (Salerno-Goncalves and Sztein, 2009). This process led to the presentation of bacterial antigens and the elicitation of mostly effector memory CD8+ (TEM) cells (Salerno-Goncalves and Sztein, 2009). Circulating monocytes have shown plasticity and the ability to differentiate into various types of macrophages and DC depending on the cytokine environment in the tissues to which they migrate. However, in humans, the mechanisms and role of these innate cells in Salmonella immunity is not well defined. Importantly, the role of these cells before and during infection could be very informative. Human specimens obtained immediately after infection with wt S. Typhi in the field is exceedingly rare. Thus, our group used PBMC obtained from volunteers (TD and NoTD) participating in the typhoid CHIM performed by the Oxford group to explore the role of DC and monocytes in S. Typhi infection and their potential to impact the development of typhoid disease (Toapanta et al., 2015). We studied changes in the frequency, activation, and binding ability to S. Typhi-infected cells, as well as signaling induced in monocytes and DC isolated from blood of TD and NoTD volunteers. Briefly, the frequencies of monocytes (CD14+ CD16+/-HLA-DR+ CD56-CD66b-CD3-CD19-) and DC (HLA-DR+ CD11c+/− CD123+/−CD14-CD3-CD19-CD56-CD66b-) were observed to be similar between TD and NoTD participants following challenge with wt S. Typhi, except for a small decrease in monocytes after challenge in TD volunteers. Monocytes and DC in the TD volunteers seem to be activated (upregulation in CD38 and CD40) after challenge (Figure 2). This increased activation was not detected in NoTD volunteers in either monocytes or DC. Thus, it appears that both monocytes and DC play a role in typhoid disease. The site of entry for S. Typhi is the intestine and hence effector cells have to selectively home to this infection site by upregulating the gut homing molecule integrin α4β7. Interestingly, this study examined the expression of integrin α4β7 on circulating monocytes and found an upregulation of integrin α4β7 in TD volunteers after challenge, but not in NoTD volunteers (Figure 2). In contrast, no changes in the expression of integrin α4β7 were observed in DC from challenged volunteers. These data suggest that monocytes and DC perform their effector functions in different target tissues. In addition, this study determined the binding/interaction of monocytes and DC to S. Typhi-infected cells. Remarkably, monocytes and DC from all NoTD volunteers showed an increase in their binding abilities to S. Typhi immediately after challenge. Furthermore, when these NoTD monocytes and DC were stimulated in vitro with S. Typhi-LPS, phosphorylation of NFkB and p38MAPK were detected. In contrast, no phosphorylation events were detected in TD monocytes after challenge (Toapanta et al., 2015). Therefore, using samples from typhoid CHIM, this study was able to demonstrate the characteristics and functions of circulating monocytes and DC throughout S. Typhi infection.
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FIGURE 2
 Characteristics of monocytes and dendritic cells (DC) in a typhoid CHIM. Summary of responses by monocytes and DC reported in Toapanta et al. (2015) and including comparisons between TD and NoTD at baseline (before challenge), early days after challenge (D1-9) and at later time points after challenge (D14-28). ↑: Increase; ↓: Decrease; ↔: No difference.




Adaptive immunity

Enteric bacteria (S. Typhi) engage not only innate immunity but also adaptive immunity which is complex and requires the involvement of both the humoral and cell mediated immunity (CMI) arms to protect from infection. CMI is essential in eliminating intracellular pathogens (e.g., S. Typhi-infected cells) while the humoral arm (antibodies) is usually associated with defense against extracellular bacteria. However, it has now been recognized that both antibodies and CMI can play complementary roles in protection against intracellular and extracellular pathogens (Kirimanjeswara et al., 2008). We and others have studied the relative contribution of serum antibodies, secretory IgA (SIgA), CD4+, CD8+, and other T-cell subsets (e.g., MAITs, TRM), including the interaction between T, B, and APC which together are likely to contribute to an effective immune response against typhoid fever [reviewed in Sztein et al., 2014]. These studies were performed using specimens from volunteers immunized with typhoid vaccines. However, we do not know the role played by each effector arm (humoral and cellular) throughout the infection (e.g., pre-challenge, challenge, and post-challenge). Thus, the use of CHIM is essential in deciphering these effector immune responses and understanding the correlates of protection for each pathogen.


B cells

B cells are critical component of adaptive immunity as their main function is to produce antibodies. However, B cells functions are more complex (e.g., antigen presenting cells and cytokine producers) and involve multiple subsets (e.g., B memory subsets) that contribute differently (Wei et al., 2007; Sanz et al., 2008; Qian et al., 2010). For example, unswitched B memory cells (CD27+ IgD+; Um) appear to play an important role in response to encapsulated pathogens (e.g., S. pneumonia; Kruetzmann et al., 2003, 2012; So et al., 2012). In the case of S. Typhi, there is evidence that the B cell compartment is important for protection, as shown by the ability of Ty21a to elicit serum IgG antibodies against lipopolysaccharide (LPS) O-antigen which in some studies correlated with the level of protection from typhoid disease (Levine et al., 2001). Interestingly, Vi capsular polysaccharides vaccines have been shown to be moderately protective against typhoid fever (Klugman et al., 1987), likely related, at least in part, to the relative inefficiency of T cell independent antigens (polysaccharides) to elicit long-term immunological memory (Weintraub, 2003). Moreover, Vi-PS is not immunogenic in young children (<2 years old; Levine et al., 2001; Hart et al., 2016). However, it has been difficult to replicate and identify the serological CoP in large vaccine efficacy trials. In a clinical study of a Vi conjugate typhoid vaccine, Thiem et al., showed that immunization elicits high levels of Vi IgG in infants (Thiem et al., 2011) while Lin et al. showed similarly that immunization with Vi-rEPA elicits equally high level of Vi IgG in toddlers (aged 2–5 years old; Lin et al., 2001). Interestingly, Kossaczka et al. evaluated the same Vi conjugate vaccine in adults and 5–14 years old children (Kossaczka et al., 1999). The authors found that higher anti-Vi IgG levels were elicited in toddlers (2–5 years old) than in adults and children (5–14 years old) following immunization with Vi-rEPA conjugate vaccines (Kossaczka et al., 1999). Similarly, our group have recently reported differences in S. Typhi-specific cellular immune responses following Ty21a vaccination between adults and children (Rudolph et al., 2019a,b,c). Thus, differences in the immune responses elicited in adults participating in CHIM studies and children, the target population for this vaccine in endemic countries, should be taken into consideration when assessing novel vaccine candidates.

The development of a new generation of conjugated protein-polysaccharide vaccines such as Vi-TT offers great promise to control typhoid fever through immunization. The typhoid CHIM was used to understand the relationship between antibodies to Vi and protection against typhoid disease. Dahora et al. showed that Vi-TT vaccination induces higher fold change in anti-Vi-IgA and anti-Vi IgG1 avidity in protected volunteers (NoTD) than in TD participants (Dahora et al., 2019). They also noted that while Vi-PS and Vi-TT have similar vaccine efficacies, they may protect through different mechanisms (Dahora et al., 2019). To address this further, another typhoid CHIM study was conducted to examine the cellular components involved in response to Vi-TT and Vi-PS immunization using mass cytometry and Vi-ELISPOT (Cross et al., 2020). The authors observed that Vi-specific IgG and IgM were significantly induced in Vi-TT vaccinated volunteers along with modest T follicular helper cells responses (Cross et al., 2020). Interestingly, the authors also observed a significant increase in integrin α4β7+ CCR10+ IgA+ plasma cells in both vaccine groups. The authors concluded that both gut homing and systemic antibodies may be critical for protection following Vi-TT vaccination (Cross et al., 2020). To further address the serological CoP, Jin et al. used the typhoid CHIM and a systems serology approach to identify Vi-specific serological CoP (Jin et al., 2021). Remarkably, the authors observed that protection against S. Typhi infection correlated with the Vi IgA quantity and avidity, while increases in Vi IgG responses were correlated with reduced disease severity. Moreover, using a systems serology approach, it appears that there is a synergy of multiple factors such as polyclonal antibody responses (avidity and innate immune cell functional responses) and Vi IgA and IgG quantity that contribute to protection against typhoid fever (Jin et al., 2021). Taken together, these data support the notion that multiple serological components, rather than a single function (e.g., neutralizing antibodies) are sufficient to prevent S. Typhi infection, complicating the ability to identify serological CoP. Of note, the CoP depend on the vaccine being studied. Ty21a, a Vi-negative strain, provide long-lasting protection against typhoid fever and LPS alone does not appear to correlate with protection following Ty21a immunization. Interestingly, it was only recently that our group provided the first direct evidence of S. Typhi-specific BM cells (IgA and IgG anti-LPS and -Vi) in volunteers immunized with vaccines against S. Typhi (Wahid et al., 2011, 2012). Taken, together, these data suggest that not only antibody responses, but CMI mechanisms as well, are very likely to play major roles in protection against S. Typhi infection.

Until recently, it remained unknown whether a specific B cell subset has a predominant function in typhoid disease. To address this issue, using PBMC samples from the Oxford typhoid CHIM, Toapanta et al. described the contribution of B cells subsets during S. Typhi infection (Toapanta et al., 2016). The authors described the changes in the frequencies, activation, and signaling in memory B subsets including plasmablasts (PB) throughout the typhoid CHIM. They observed that all participants have relatively similar frequencies of B cells, BM subsets and PB before the challenge. However, following challenge with wt S. Typhi, B cells, switched memory (Sm, CD27+) and unswitched (Um) cells were significantly decreased in TD compared to NoTD volunteers. However, these cells were shown to be activated, as determined by upregulation of CD21 and CD40. In addition, the expression of integrin α4β7 was upregulated following S. Typhi challenge in TD volunteers suggesting that some of these cells had the potential to migrate to the gut, i.e., the primary site of infection. Moreover, the authors observed a positive correlation between CD21 upregulation by PB and the increase in anti-flagella antibody titers. Finally, changes in the signaling profile of particular BM subsets were observed following S. Typhi-LPS stimulation. Interestingly, TD naïve B cells showed higher level of phosphorylating Akt than their NoTD counterparts after challenge (Figure 3). Therefore, the use of specimens from the typhoid CHIM allowed for the assessment of B cells subsets and their activation throughout the course of the disease. This study was the first to show differences in B cell subsets directly related to clinical outcome following oral challenge with wild-type S. Typhi in humans.
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FIGURE 3
 Characteristics of B cells in a typhoid CHIM. Summary of S. Typhi-specific B cell responses reported in Toapanta et al. (2016) including comparisons between TD and NoTD at baseline (before challenge), early days after challenge (D1-9) and at later time points after challenge (D14-28). ↑: Increase; ↓: Decrease; ↔: No difference.




CD8+ T cells

Effector CD8+ T cells are major components of the immune responses against intracellular bacteria such as S. Typhi. There is considerable evidence that CD8+ T cells may play a crucial role in the control of typhoid fever (Sztein et al., 1995; Salerno-Goncalves et al., 2002; Sztein, 2018). CD8+ T cells have been shown to destroy infected-host cells through cytolytic activity and/or production of cytokines (e.g., IFN-γ, TNF-α, and IL-17; Sztein et al., 1995; Salerno-Goncalves et al., 2002; McArthur and Sztein, 2012). Recent studies in participants immunized with Ty21a have revealed that CD8+ T immune responses are mostly multiphasic and multifunctional (simultaneous production of multiple cytokines) to antigenic presentation by class Ia HLA and also by non-classical HLA-E molecules (Sztein et al., 1995; Salerno-Goncalves et al., 2004; Wahid et al., 2008; Salerno-Goncalves and Sztein, 2009; McArthur and Sztein, 2012). However, the studies mentioned above were not able to establish whether CD8+ S. Typhi-specific responses are associated with clinical outcome. The use of typhoid CHIM was instrumental in determining the role of CD8+ T cells in typhoid disease and whether there were correlations between CD8+ S. Typhi responses and clinical outcome. Fresnay et al., conducted two studies using specimens from the Oxford typhoid CHIM studies [(1) low challenge dose of wt S. Typhi—103 CFU and (2) high dose—104 CFU] to examine these questions in detail (Fresnay et al., 2016, 2017). Remarkably, the study with low dose (103 CFU) of wt S. Typhi challenge organisms provided the first evidence that CD8+ S. Typhi-specific responses correlate with clinical outcome in humans (Fresnay et al., 2016). Briefly, higher level of multifunctional S. Typhi responsive CD8+ T cells at baseline were associated with protection against typhoid and delayed disease (Figure 4). In addition, it was observed that after challenge and following development of typhoid diagnosis, there was a decrease in circulating integrin α4β7+ S. Typhi-responsive CD8+ T effector memory (TEM). However, protection against disease was associated with low or no changes in circulating S. Typhi-responsive TEM (Fresnay et al., 2016). Interestingly, when the authors analyzed the S. Typhi high challenge dose (104 CFU) data, they found that higher baseline responses against S. Typhi correlated with typhoid diagnosis (Fresnay et al., 2017). This is in stark contrast to what was observed with the low dose (103 CFU; Figure 4). The authors explained this difference by speculating that the higher number of S. Typhi in the high dose inoculum might have overwhelm the immune system resulting in strong inflammatory responses which could favor the systemic spread of S. Typhi leading to the development of typhoid fever. Importantly, higher levels of classical and non-classical (HLA-E) class I MHC-restricted S. Typhi baseline responses against S. Typhi were observed among TD volunteers. This suggests that S. Typhi-responsive CD8+ T cell are likely to play key roles in protection. In addition, S. Typhi-responsive integrin α4β7− and integrin α4β7+ CD8+ TEM cells were decreased in TD volunteers after challenge (Figure 4). These data suggest firstly that migration of the CD8+ TEM might be associated with the development of typhoid fever and secondly that S. Typhi-responsive TEM cells migrate not only to mucosal sites but also to other sites. These results are in agreement with previous observations in the group of Oxford participants challenged with the lower dose of S. Typhi (Fresnay et al., 2016) and after vaccination (Salerno-Goncalves et al., 2005; Sztein, 2007; Wahid et al., 2008). In this stringent CHIM study, volunteers were exposed to high doses (104 CFU) of the pathogen which likely exceed the number of infectious S. Typhi organisms that one would ingest naturally during an infection. Therefore, the use of typhoid CHIM not only allowed to uncover correlations between S. Typhi-responsive cells to clinical outcomes but also allowed a first look into how different doses of bacteria might influence clinical outcome.
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FIGURE 4
 Memory CD8+ T cells responses in a typhoid CHIM. Summary of S. Typhi-specific CD8+ T memory cell responses reported by Fresnay et al. (2016, 2017), including comparisons between TD and NoTD at baseline (before challenge), early days after challenge (D1-9) and at later time points after challenge (D14-28) with either of two doses of wt S. Typhi (Low: 103 CFU and high: 104 CFU). ↑: Increase; ↓: Decrease; ↔: No difference.




Regulatory T cells

Regulatory T cells (Tregs) are specialized subsets of CD4+ T cells that regulate other immune cells and play an essential role in immunological homeostasis (Kumar et al., 2018; Sakaguchi et al., 2020). Tregs are characterized by the expression of CD25 (interleukin (IL)-2 receptor α) and the transcription factor Forkhead box protein (Fox)P3 (Sakaguchi et al., 2009). In human, Tregs (CD4+ CD25+ CD127loFoxP3+) frequencies are less than 10% of CD4+ cells (Sakaguchi et al., 2020) and are heterogeneous. During the last couple of decades, the role of Tregs in infectious diseases (particularly of viral origin) and following vaccination have been reported (Lundgren et al., 2003; Aandahl et al., 2004; Cabrera et al., 2004; Raghavan et al., 2004). Two main roles of Tregs in infectious diseases has been described (Reviewed in (Veiga-Parga et al., 2013; Boer et al., 2015)). Firstly, they limit immune mediated pathology by inhibiting the proliferation of infected cells, regulating cells influx into lymph nodes and infected sites and favoring memory formation due to longer antigen availability and hence reducing the damage to the host. Secondly, Tregs reduced effector immunity and the clearance of the infection resulting in chronic pathogen persistence. However, studies reporting the role of Tregs in bacterial infections are limited (Johanns et al., 2010; Cook et al., 2014; Neill et al., 2014). Interestingly, the role of Tregs in Salmonella was described in a mouse model of S. Typhimurium where Tregs were shown to suppress early protective immunity and hence allowed the establishment of infection. However, a decrease in Tregs function at later time points allowed for the clearance of infection. Thus, Salmonella-specific Tregs might be elicited by Salmonella antigens and suppressed Salmonella-induced effector responses might contribute to the development of disease (Johanns et al., 2010). Since there are no animal models that can fully recapitulate human typhoid fever, McArthur et al. used specimens collected in the Oxford typhoid CHIM study (high dose—104 CFU) to explore the role of Tregs in S. Typhi infection in human by examining the characteristics and kinetics of Tregs homing potential and activation (McArthur et al., 2015). Of note, the functional capacity of Tregs to suppress S. Typhi-specific T cells responses following wt S. Typhi challenge of healthy adult volunteers was also assessed. Interestingly, using the typhoid CHIM, it was observed that in TD volunteers, there was an upregulation of integrin α4β7 (gut homing molecule) on S. Typhi responsive Tregs pre-challenge (Figure 5). However, after wt S. Typhi challenge, there was a significant downregulation in S. Typhi responsive Tregs in TD volunteers. These data suggest that S. Typhi responsive Tregs actively homed to the site of infection in the gut. Furthermore, S. Typhi responsive Tregs from TD volunteers were found to be activated post-challenge as determined by upregulation of activation molecules on their surface. Remarkably, it was shown that the depletion of Tregs (possibly S. Typhi responsive Tregs) in vitro leads to increases in cytokine secretion by CD8+ TEM (Figure 5). It is unknown whether Tregs responses would be different in the CHIM with the low dose S. Typhi challenge (103 CFU). In sum, using CHIM specimens, the authors were able to demonstrate that activated Tregs may play a pivotal role in typhoid fever, possibly through suppression of S. Typhi-responsive effector T cell responses. These studies provided valuable and new insights into the regulation of antigen-specific immune responses critical in protection against typhoid and other enteric infectious diseases.
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FIGURE 5
 Characteristics of regulatory T cells (Tregs) in a typhoid CHIM. Summary of S. Typhi-specific Tregs responses reported by McArthur et al. (2015) including comparisons between TD and NoTD at baseline (before challenge), early days after challenge (D1-9) and at later time points after challenge (D14-28). ↑: Increase; ↓: Decrease; ↔: No difference.




MAIT cells

Mucosal associated invariant T cells (MAIT) are unconventional innate-like T cells that bridge innate and adaptive immunity and are abundant in humans. Recent studies have shown that MAITs play important roles in a broad range of infectious (bacterial and viral) and non-infectious diseases [reviewed in van Wilgenburg et al., 2016; Hinks and Zhang, 2020, and Wong et al., 2017]. For example, we have identified and characterized MAIT cells in the human gastric mucosa and examined its role in Helicobacter pylori infection (Booth et al., 2015). Interestingly, MAIT cells are defined by their expression of a semi-invariant αβ TCR with distinct antigen specificity for microbial riboflavin-derivatives presented by the major histocompatibility complex (MHC) class I like protein MR1. MAIT cells can exhibit rapid innate like effector responses to respond to a restricted set of ligands upon activation by TCR-dependent and independent mechanisms without expansion. Remarkably, MAIT cells have an effector/memory phenotype (CD45RA-CD45RO + CD62L-CD95 + CD44+) and are abundant in human tissues e.g., 1–4% of all T cells in peripheral blood (Booth et al., 2015), ~10% of lung T cells and 20–40% of liver T cells. We have recently shown that B cells control CD8+ MAIT cells activation and responses to S. Typhi, likely through regulation of the HLA-G receptor CD85j (Salerno-Goncalves et al., 2021). Furthermore, we showed that in gut MAIT cells, S. Typhi induced post-translational modifications in histone methylation and acetylation that are related to both gene activation and silencing (Sztein et al., 2020). However, these studies did not enable the evaluation of the existence of associations between MAIT cell responses and clinical outcome in humans. To directly explore this possibility, Salerno-Goncalves et al., used Oxford CHIM specimens to characterize human CD8+ MAIT cell immune responses to S. Typhi infection (both in the low- or high dose of wt S. Typhi cohorts) to define the kinetics of CD8+ MAIT cells following challenge, as well as their levels of activation, proliferation, exhaustion/apoptosis, and homing potential (Figure 6; Salerno-Goncalves et al., 2017). Interestingly, in TD volunteers, the authors observed a sharp decline in the frequencies of circulating CD8+ MAIT cells during the development of typhoid disease, regardless of the challenge dose (Salerno-Goncalves et al., 2017). In contrast, in NoTD volunteers there was little or no change in the frequencies of CD8+ MAIT cells after S. Typhi challenge. Furthermore, it was shown that MAIT cells of TD volunteers (low dose) show higher levels of activation as demonstrated by CD38 expression than in high dose TD volunteers during the development of typhoid disease. These activated MAIT cells also co-expressed CCR9 (a gut homing molecule), CCR6 and Ki67 (a proliferation marker). In contrast, MAIT cells obtained from NoTD volunteers regardless of the dose showed no differences in activation and homing markers (Salerno-Goncalves et al., 2017). These results indicate that TD MAIT cells are activated (CD38+) and acquire homing molecules (CCR6+, CCR9+), which also varies in function of the bacterial dose. For example, in the high dose challenge TD volunteers, MAIT cells might not be recruited as actively to the inflamed intestinal mucosa as they may have to deal with the systemic dissemination occurring with this dose of challenge. Recently, Salerno-Gonvalves et al. characterized in further detail MAIT cell function and its correlation with disease outcome using samples from an Oxford typhoid CHIM study (Salerno-Goncalves et al., 2022). They observed that MAIT cells obtained from TD and NoTD volunteers displayed distinct functional signatures which were associated with protection against typhoid fever (Salerno-Goncalves et al., 2022). These observations suggest that MAIT cytokine patterns can be predictive of typhoid fever outcome. Altogether, these data suggest that MAIT cells play an integral role in immunity against S. Typhi and might contribute to maintain a balance between health and disease in the gut microenvironment. Future CHIM studies are needed to examine the effects of the inoculum size on MAIT cell homing behavior.
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FIGURE 6
 Characteristics of MAIT cells in a typhoid CHIM. Summary of MAIT cell responses reported by Salerno-Goncalves et al. (2010, 2017) including comparisons between TD and NoTD at baseline (before challenge), early days after challenge (D1-9) and at later time points after challenge (D14-28) with either of two doses of wt S. Typhi (Low: 103 CFU and high: 104 CFU). ↑: Increase; ↓: Decrease; ↔: No difference.






Other Salmonella CHIM studies


Salmonella Paratyphi A

Reduction of the global burden of enteric fevers require not only the development of safe and effective vaccines, but also improvements in water quality, sanitation and hygiene measures. Although S. Typhi is the main etiological agent of enteric fevers globally, other Salmonella enterica serovars (e.g., S. Paratyphi A, B, C), which have a similar clinical presentation as S. Typhi, are responsible for a substantial proportion of enteric fever cases, estimated at 3.4–5.4 million infections globally per year (Crump et al., 2004). In endemic areas such as South and Southeast Asia, the annual incidence rates are estimated to be around 150 cases per 100,000 persons yearly. Additionally, both endemic and travel associated cases of S. Paratyphi A strains have been found to be resistant to multiple antibiotics, thereby limiting treatment options (Teh et al., 2014). The immunological CoP from S. Paratyphi A are unknown, and no licensed vaccines are currently available. There is evidence that Ty21a can elicit cross reactive humoral and CMI immune responses to S. Paratyphi A/B in vitro (Wahid et al., 2012) and only limited evidence from field trials point to cross-protection against S. Paratyphi B (Levine et al., 1987). Recently, our group evaluated the cross-reactivity of S. Typhi-specific T memory cells to S. Paratyphi A, S. Paratyphi B and invasive non-typhoidal S. Typhimurium using the typhoid CHIM (Rapaka et al., 2020). We observed that S. Typhi challenge elicited multifunctional CD4+ Th1 and CD8+ TEM cells that were cross-reactive to S. Paratyphi A, B and S. Typhimurium. These data showed that S. Typhi induces cross-reactive multifunctional effector memory CD4+ and CD8+ T cell responses.

Because of the great need to develop vaccines against S. Paratyphi, a human S. Paratyphi A CHIM has been recently developed by Dobinson et al. to evaluate vaccines against paratyphoid fevers (Dobinson et al., 2017). In this CHIM, the authors reported an attack rate of 60% (12/20 volunteers) following challenge with a 1–5 × 103 CFU dose. Interestingly, this paratyphoid challenge model had higher rates of subclinical bacteremia (55%) than the typhoid challenge model, which persisted for up to 96 hrs after antibiotic treatment (Dobinson et al., 2017). This S. Paratyphi A CHIM was well tolerated, had an acceptable safety profile and was therefore deemed suitable for assessment of vaccine efficacy. Interestingly, a recent study by Napolitani et al., which used PBMC samples from both the typhoid CHIM and the S. Paratyphi A CHIM, examined cross-reactive Salmonella-specific CD4+ T cells against distinct Salmonella serovars using various technologies including mass cytometry (Napolitani et al., 2018). They identified immune-dominant, serovar specific and cross-reactive antigens expressed during typhoid disease that represent major targets of CD4+ T cell responses to Salmonella. These results highlight the importance of dissecting effector T cell responses that are serovar specific and cross-reactive to the infection which could contribute to the development of vaccines capable of eliciting a wide array of CMI responses.

Vaccine efficacy trials and in-depth studies directed to investigate the immunological CoP following infection with wt S. Paratyphi A are ongoing with the use of high dimensional mass cytometry and other advanced immunological tools.



Immunological responses and cross-protection following challenge and re-challenge with S. Typhi and S. Paratypi A

Salmonella Typhi and Paratyphi A/B can both infect individuals and cause enteric fever. These serovars circulate in the same environment and thus have the opportunity to cause multiple infections or co-infection in endemic areas. It is unclear whether prior exposure confers incomplete protection against subsequent re-infection by the same (homologous) or different (heterologous) serovars. Interestingly, studies have proposed that protection against future clinical typhoid disease necessitate at least 3–5 episodes of typhoid exposure (Pitzer et al., 2014). In addition, it has been shown that previous typhoid fever confers moderate (~30%) protection against successive disease in human challenge model (Dupont et al., 1971). The protection and immunity generated upon paratyphoid re-infection remains unknown. Likewise, information is lacking on whether there is protection from heterologous re-infection with Salmonella serovars Typhi and Paratyphi. Gibani et al. examined this key question by performing a challenge/re-challenge study to identify protection from infection to homologous and heterologous S. Typhi or Paratyphi A infection (Gibani et al., 2020). Interestingly, the authors found that the attack rate in volunteers who underwent homologous rechallenge with S. Typhi or S. Paratyphi A was reduced compared with challenged naïve controls. A post hoc analysis showed that previous exposure results in about 36 and 57% reduced risk of typhoid or paratyphoid disease, respectively, on re-challenge. Remarkably, the authors observed that NoTD volunteers (those who did not meet the definition of enteric disease) on primary exposure were significantly more likely to be protected on re-challenge than TD volunteers (those who developed disease) on primary exposure. Importantly, re-infection with S. Typhi or S. Paratyphi in heterologous re-challenges did not correlate with reduced attack rate following challenge. In addition, the baseline O-, H- and Vi-antigens antibodies were compared between naïve and rechallenged volunteers. No differences were noted between TD and NoTD in antibody levels. Furthermore, no significant anti-Vi or anti-Hd IgG responses were found following S. Typhi challenge. Taken together, these data indicate that multiple infections can happen in endemic regions where the transmission is high and that a reduction of typhoid or paratyphoid disease can be expected upon a subsequent exposure to the same serovar. In contrast, data from the heterologous re-challenges with S. Typhi or S. Paratyphi showing a lack of correlation with reduced disease indicates that cross-protection between these serovars is unlikely. Additionally, the observations that anti-LPS antigens were not correlated to protection in this CHIM suggests that CMI is a major player in protection against S. Typhi and S. Paratyphi A following natural infection. Thus, there is a great need for vaccines that can be cross-protective to reduce the burden of enteric fevers. These CHIM models are also likely to contribute significantly to our understanding of infection-derived immunity to S. Typhi and S. Paratyphi A by identifying immunological CoP.



Shedding of bacteria following infection and re-infection with S. Typhi and S. Paratyphi A

One of the prerequisites for the transmission of enteric fevers is the shedding of S. Typhi or S. Paratyphi A in the stools or urine that will ultimately lead to contamination of food and/or water. Thus, vaccines that can not only induce protective immunity against enteric fevers but also reduce significantly Salmonella shedding in the environment, would be of great benefit. In the Maryland human challenge studies, Ty21a vaccination led to the reduction in Salmonella shedding in the stool (Gilman et al., 1977). However, there is limited data on the effect of other vaccines (e.g., Vi-TT) on stool shedding. Interestingly, while shedding was most common in TD volunteers (those who develop typhoid disease), NoTD volunteers (those who do not develop typhoid disease) also shed bacteria continuously for several weeks following challenge (Gibani et al., 2019). The S. Typhi and S. Paratyphi A stool shedding patterns are not well characterized. Additionally, the effect of previous wt S. Typhi infection on stool shedding after successive S. Typhi re-infections has not been examined previously. This is a question that will be very difficult to explore in field trials. However, CHIMs are uniquely well suited to define bacterial dynamics in clinical and subclinical typhoid and paratyphoid infections as volunteers are monitored closely under well-controlled conditions. Gibani et al., explored this important issue by studying the impact of vaccination on stool shedding of S. Typhi and S. Paratyphi in 6 CHIM studies (Gibani et al., 2019). The authors reported that volunteers who received either Vi-PS or Vi-TT vaccines shed less bacteria than unvaccinated volunteers. Remarkably, volunteers that were infected with S. Typhi in a previous CHIM study shed less than unexposed volunteers following challenge. Of interest, these studies showed that S. Typhi challenged participants shed more frequently than S. Paratyphi A exposed healthy volunteers. Thus, in these CHIM studies, it appears that natural infection or prior immunization with vaccines such as Vi-TT reduce the transmission of Salmonella strains.



Lessons learned

The development of new and improved vaccines along the traditional phases of safety, immunogenicity and clinical efficacy pipeline are usually very time consuming and costly. CHIM studies that are well planned and carefully executed can contribute enormously to provide insights for our understanding of host-pathogen interactions, identify the immunological correlates of protection, and determine host factors contributing to infection (Bambery et al., 2016). This can lead to an accelerated development and testing of vaccines by providing data on vaccine efficacy, and protection against a particular strain in a limited number of volunteers (Sekhar and Kang, 2020). Thus, CHIM studies can allow for up and down-selection and identification of promising vaccine candidates which can then be tested and validated in field studies. The availability of CHIMs has great potential to significantly reduce the time and cost for the streaming of vaccines to the field.

One of the striking and important findings from CHIM studies is that the baseline antigen-specific responses are important as they can correlate with clinical outcomes. The presence of preimmunization/pre-challenge immunity in humans and its impact on vaccination and infection has not been studied extensively until now. For example, in the Oxford typhoid CHIM model, higher multifunctional S. Typhi-specific CD8+ baseline responses were associated with protection against typhoid and delayed disease onset (Figure 4; Fresnay et al., 2016). In another example, baseline up-regulation of the gut homing molecule integrin α4β7 in Tregs was associated with the development of TD (Figure 5; McArthur et al., 2015). In contrast, baseline activation status, homing potential and frequencies of MAIT cells, a subset of CD8+ T cells, did not seem to contribute to clinical outcome for typhoid disease (Figure 6) regardless of challenge dose. We also noted that baseline frequencies, activation status and homing potential of monocytes, DC and B cells do not appear to correlate with typhoid disease clinical outcome (Figures 2, 3). These results suggest that multifunctional S. Typhi-specific CD8+ baseline responses are important and that they have the capacity to home to the site of infection in the intestine. Higher baseline Tregs expressing the homing molecule integrin α4β7 may suppress the multifunctional S. Typhi-specific CD8+ responses and hence provide a welcoming environment for S. Typhi resulting in the development of typhoid disease. Thus, we learned not only that effector and memory CD8+ responses appear to be a dominant effector mechanism of protection from natural S. Typhi infection (and perhaps also S. Paratyphi), but also that Tregs appear to also contribute to disease, suggesting that the simultaneous evaluation of both responses might be important in determining clinical outcome. Importantly, these results from the CHIM studies clearly indicate that baseline responses must be taken into consideration during the development and evaluation of novel vaccines.

Another interesting observation and lesson learned from these CHIM studies is that after challenge with the pathogen (e.g., S. Typhi), it seems that those volunteers who develop typhoid disease (TD) exhibit activated DC and monocytes which are nevertheless defective in defined signaling pathways (Figure 2). This suggest that these APC might be highjacked by the pathogen due to the high dose of the pathogen. Remarkably, B cell subsets are induced differentially in TD vs. NoTD volunteers (Figure 3). For example, after challenge, plasmablasts, unswitched memory (UM) and naïve B cells are activated in TD but not in NoTD volunteers. The role that these different B subsets play in contributing to typhoid disease need to be investigated in further detail. MAIT cells (at both challenge doses) were also more activated in TD than in NoTD volunteers after challenge (Figure 6). Although MAIT cells are activated and proliferate, they seem to undergo apoptosis and be exhausted in TD volunteers (Figure 6) and perhaps unable to contribute to the clearance of the pathogen. Of note, very recently we reported in participants challenged with wt S. Typhi an association between defined MAIT cell cytokine patterns and typhoid fever clinical outcome. These results add additional support to the notion that MAIT cell responses are important in typhoid fever. In sum, after challenge, in TD volunteers, there are several cell types that are involved in the response but in some individuals are unable to clear the pathogen, leading to typhoid disease. It is possible that part of the problem is that these cells are not optimally activated and/or may not home efficiently to the site of infection in the intestine to appropriately combat the pathogen in the local microenvironment. On the other hand, it is also possible that these varying degrees of activation on various cell lineages represent the stimulation of these effector cells following extended exposure to the pathogen, a phenomenon that is not present in NoTD volunteers.

Finally, it is important to keep in mind that PBMC samples represent a window in time for the assessment of immune responses. The lack of responses in circulation at defined times may be interpreted as a consequence of circulating antigen-specific cells that might have migrated to the appropriate microenvironment (the gut and secondary lymphoid tissues in the case of S. Typhi) to exert their effector function. Therefore, it is crucial that blood specimens be obtained at different time points to define the kinetics of the responses and ensure that the immunity elicited is captured in circulation. Alternatively, whenever possible, biopsy samples of the site of infection (terminal ileum for S. Typhi) could be obtained and immune responses assessed.

In sum, the use of human challenge studies holds great potential to dramatically accelerate our understanding of the complex immune responses that ensue following exposure to wt Salmonella. Together with the advent of extremely powerful technologies such as single-cell transcriptomics and mass cytometry, as well as the use of systems biology approaches, there is great potential to acquire critical information to dramatically accelerate the rational design of long-term protective vaccines.



CHIM limitations and pitfalls

As described throughout this review, the recent interest in CHIM studies has been driven by their unique ability to contribute to vaccine development and efficacy and our understanding of immune responses to infections, including the identification of CoP. However, as with any models, CHIMs are not without their limitations. Among these are the following: (i) it is important to recognize that CHIM studies have strict inclusion and exclusion criteria. The results may not always be fully generalizable and careful consideration is needed before extrapolating data obtained from these studies (Sekhar and Kang, 2020); (ii) Healthy adults (20–30 years old) from developed countries are usually enrolled in these studies and thus may not represent the population at risk which usually involves children residing in developing countries (Shirley and McArthur, 2011); (iii) There are many factors that differ between CHIM volunteers and the population at risk which include genetic background, age, nutrition, microbiome/microbiota, co-morbidities, co-infections, background immunity and challenge or exposed doses of pathogen. CHIM volunteers tend to be a naïve population that has never been exposed to the pathogen whereas the population at risk in endemic regions is very likely to have been previously exposed to the pathogen or a closely related pathogen. CHIMs are not usually carried out in Low- and Middle-Income Countries (LMIC) because of various factors including technical, clinical, ethical and regulatory issues, as well as cultural norms. However, it would be greatly beneficial to conduct these studies in LMIC settings than high income countries as there are different host-pathogen relationships in LMIC for enteric and other diseases (Kapulu et al., 2018); (iv) The route of infection and inoculum dose of challenge agent may not mimic natural infection (Roestenberg et al., 2018); (v) The challenge strain in CHIMs may be different from circulating strains and is chosen for stability; (vi) CHIM studies are often designed to evaluate short term protection; however long-term protection is more desirable. Despite these limitations, CHIMs remain important models that will contribute to our understanding of human diseases and allow for the development and testing of vaccine candidates.





Overall conclusion

Controlled human infection models (CHIM) represent a path forward in the identification of immunological correlates of protection, and to more fully understand disease pathogenesis for enteric and other infectious organisms in humans exposed to wt organisms. Moreover, CHIM studies hold great promise to accelerate the development and assessment of protective efficacy of novel vaccines.
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Over the last decades, research regarding innate immune responses has gained increasing importance. A growing body of evidence supports the notion that the innate arm of the immune system could show memory traits. Such traits are thought to be conserved throughout evolution and provide a survival advantage. Several models are available to study these mechanisms. Among them, we find the fruit fly, Drosophila melanogaster. This non-mammalian model has been widely used for innate immune research since it naturally lacks an adaptive response. Here, we aim to review the latest advances in the study of the memory mechanisms of the innate immune response using this animal model.
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Introduction

The immune system can be generally divided into an innate and an adaptive arm (Medzhitov and Janeway, 2000). For long, the dogma in immunology has been that the innate immune response is rapid and non-specific, while the adaptive immune response is slower, but antigen-specific and led to long-term immunological memory. However, it is unlikely for a crucial trait like immune memory to be restricted to the adaptive arm of the immune response when more than 95% of species do not rely on this immune system and many studies have provided pieces of evidence that some vaccines and infections protect against secondary exposure in a specific or unspecific way (Hirano et al., 2011; Conrath et al., 2015; Reimer-Michalski and Conrath, 2016). Up to date, several models have been proposed for studying innate immune memory, such as plants, vertebrates, and invertebrates (Netea et al., 2011, 2020).

The fruit fly Drosophila melanogaster has been recognized as an outstanding model to study host-pathogen interactions and immunity (Lemaitre and Hoffmann, 2007; Buchon et al., 2014; Galenza and Foley, 2019; Aromolaran et al., 2021). Over the years, several infection models have been evaluated in the fruit fly, so a deep understanding of the molecular mechanisms taking place in the host after infection has been gained [Extensively reviewed lately in Younes et al. (2020) and Michael Harnish et al. (2021)].

In this review, we have first compiled the latest insights regarding the host’s immune response to consecutive challenges and the subsequent acquisition of innate immune memory. Secondly, we outlined the relevant characteristics that make of D. melanogaster a good model for understanding innate immune memory and the methods available to assess it both orally and systematically.



Innate immune memory


Definition and mechanisms of innate immune memory

An increasing number of evidences that infections or exposure to microbial-derived compounds can induce not only specific protection against reinfection but also non-specific protection against a subsequent challenge with another pathogen have been described in mice models (Di Luzio and Williams, 1978; Krahenbuhl et al., 1981; Muñoz et al., 2010; Marakalala et al., 2013; Ribes et al., 2014). It has also been described that vaccination with bacille Calmette-Guerin (BCG) conferred protection against a range of infectious diseases in both mice (Van’t Wout et al., 1992; Kaufmann et al., 2018; Covián et al., 2019; Witschkowski et al., 2020) and humans (Garly et al., 2003; Aaby et al., 2011; Biering-Sørensen et al., 2017; Rieckmann et al., 2017; Arts et al., 2018; Walk et al., 2019) as well as induced antitumoral effects through the activation of innate immune cells like monocytes and macrophages (Villumsen et al., 2009; Stewart and Levine, 2011; Buffen et al., 2014; Redelman-Sidi et al., 2014). The non-specificity of this protection, the shortened and reversible protective effect (Nankabirwa et al., 2015; Netea et al., 2016; Dominguez-Andres and Netea, 2019) and the evidence that plants and invertebrates, which only rely on innate immunity, also showed greater protection against reinfections (Dimopoulos et al., 2002; Moret and Siva-Jothy, 2003; Rodrigues et al., 2010; Norouzitallab et al., 2016; Reimer-Michalski and Conrath, 2016; Melillo et al., 2018; Lanz-Mendoza and Contreras-Garduño, 2022) revealed that immunological adaptation may also occur on the innate immunity.

The nomenclature regarding the innate immune memory acquisition process is still controversial. We describe below the basic concepts used in this field and how they have evolved as a result of deepening their study (also listed in Box 1). The concept of “trained immunity” was first proposed by Netea et al. (2011), being referred as a long-lasting functional reprogramming of innate immune cells after exposure to a microorganism or an inflammatory stimulus that lasts over time and leads to an altered response toward a second challenge. Nevertheless, this reprogramming has also been seen in epithelial stem cells, showing faster mobilization and higher induction of interferon-stimulated genes during secondary challenges (Naik et al., 2017, 2018). The first exposure of the host to the challenge is defined by the authors in the field as priming (Cooper and Eleftherianos, 2017; Sheehan et al., 2020). As perfectly detailed in the review by Bindu et al. (2022), the innate immune reprogramming happening after priming is given via epigenetic and metabolic modifications of trained cells which can lead either to an increase or a decrease in immunity (Boraschi and Italiani, 2018). The mechanisms of this reprogramming are not completely understood yet, though some evidence supports the existence of multiple regulators (Ghisletti et al., 2010; Smale et al., 2014; Fanucchi et al., 2019; Natoli and Ostuni, 2019). In addition, new studies have also suggested changes in DNA methylation patterns and changes in cellular metabolism as a mediator of trained immunity (Donohoe and Bultman, 2012; Cheng et al., 2014; Arts et al., 2016; Verma et al., 2017; Das et al., 2019; Penkov et al., 2019).


BOX 1    Innate immune memory related terms.
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RNA interference (RNAi) was recently put in light as an important immune priming mechanism which confers an adaptive antiviral response (Tassetto et al., 2017). This mechanism is based on a post-transcriptional gene regulation mechanism by which small interfering RNAs (siRNAS) induce the sequence-specific degradation of homologous messenger RNA (mRNA) sustaining the antiviral effect along time after first exposure (Meng and Lu, 2017). In addition to the cell-autonomous immunity conferred to the infected cell, this antiviral RNAi signals have shown its ability to spread systematically conferring innate immune memory (Tassetto et al., 2017). This antiviral mechanism and its priming capacity have been reported in vertebrates, invertebrates and plants, although the spreading mechanisms differ between taxa (Meng and Lu, 2017; Tassetto et al., 2017; Cooper and Van Raamsdonk, 2018; Gourbal et al., 2018; Javdat and Tamara, 2020).

Despite this, the term trained immunity is also used by various authors to refer to the immune phenotype the cells obtain after a primary challenge which allows them to react quicker and stronger to secondary one, thus producing an increase in the immune response to a stimulus (Netea et al., 2020); instead, other authors suggest more accurate terms which describe this phenomenon such as “non-specific acquired resistance,” “potentiation,” or “trained potentiation” (Boraschi and Italiani, 2018). On the other hand, although this reprogramming of innate immunity to an inflammatory profile provides a great advantage in host defense, it may also be detrimental in the context of chronic inflammatory diseases. As compensatory mechanism it has also been shown the opposite reaction, being the priming-induced downregulation, which results in a reduced response after a secondary stimulus (Cooper and Eleftherianos, 2017; Boraschi and Italiani, 2018; Uribe-Querol and Rosales, 2020). Authors will be referring as “tolerance” or “trained tolerance” to this also considered innate memory phenomenon (Boraschi and Italiani, 2018). Tolerance is also induced and maintained by epigenetic changes. Analysis of this mechanism revealed that lipopolysaccharides (LPS) administration could induce alterations in the chromatin that silenced pro-inflammatory genes but not antimicrobial effector genes (Seeley and Ghosh, 2017; Hajishengallis et al., 2019; Lajqi et al., 2021; Figure 1).
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FIGURE 1
Changes after the induction of innate immune memory. Priming is characterized by an activation of gene expression in innate immune cells that is sustained over time and does not return to basal levels before the second challenge. Often the response to the second stimulus is synergistic with the first one. In trained immunity the gene expressions levels return to basal levels when the first stimulus is removed, but epigenetic changes persist favoring a faster and higher immune response in subsequent infections. Finally, tolerance is the opposite to trained immunity, where after activation by a first stimulus and returning to basal levels the immune response is reduced in subsequent challenges. The flat dotted line represents the basal activation levels of the innate immune response in absence of infection. Adapted from Divangahi et al. (2020) and Netea et al. (2020).


Whether adaptation of innate immune cells will enhance or reduce the immune response after a second challenge will depend on the dose and the duration of the first stimulus as well as on the kind of stimuli which not necessarily has to be the same source in both challenges (Divangahi et al., 2020). Based on the functional status of these cells before the second challenge, Divangahi et al. (2020) published a review with an updated definition of the different adaptive programs a cell can incorporate. In addition to trained immunity and tolerance, in which the immune genes expression return to basal levels after the first stimulus is removed and the response after the second challenge is increased or decreased, respectively, these authors also define differentiation and priming as two adaptive programs affecting a cell innate immune response. The change of an immature cell into its mature counterpart is defined as cell differentiation and often comes together with morphological changes; although differentiation can occur during homeostatic conditions, differentiated cells can be trained as well after infection or vaccination (Lavin et al., 2014). On the other hand, when the first stimulus changes the state of the innate immune cells and the active gene expression does not return to basal levels before the second challenge it is named “priming,” and often the response to the second stimulus is synergistic with the first one (Divangahi et al., 2020; Figure 1).



Resistance and tolerance as consequences of innate immune memory

Upon infection, there are two major strategies to fight disease: resistance and tolerance. Relating these two types of host’s responses to the adaptive programs exposed by Divangahi et al. (2020) trained immunity and priming would relate to an increased host resistance to reinfection, and tolerance would refer to a tolerogenic host response to reinfection. In this regard, resistance strategies will aim at killing the pathogen or inhibit its proliferation (Boraschi and Italiani, 2018). However, mounting an immune response is energetically costly, leading to a reduction in nutrient storage, growth, and reproduction in the organism. This suggests a strong link between immunity and host fitness (Stearns, 1989; Schwenke et al., 2016). The health status of a host does not always depend on the number of pathogens it can bear. Instead, it depends on the ability to reduce the effects of the damage and stress (Chow and Kagan, 2018). Tolerance strategies will reduce the negative effect on fitness caused by the infection, but will not have an impact on pathogen fitness (Howick and Lazzaro, 2017). Since the mechanisms of disease tolerance do not reduce pathogen load, they should promote the transmission of the infectious agent in the population. Some pathogens like Salmonella enterica typhimurium induce tolerance to increase their spread. However, throughout evolution, reducing infections, tolerance and resistance mechanisms became highly interconnected (Howick and Lazzaro, 2017). For example, by increasing host fitness, tolerance responses will aim at reducing tissue damage and thus, allowing the resistance mechanisms to work more potently (Martins et al., 2019). Besides, by increasing host fitness, tolerance mechanisms give time to induce resistance strategies to eliminate the pathogen (Chow and Kagan, 2018; Sheehan et al., 2020). Disease tolerance can also be important in cases where the immune response is the one generating the damage, for example, in the case of sepsis (Chow and Kagan, 2018). In some situations, the activation of one pathway can contribute to tolerance and resistance mechanisms. Autophagy, for example, can reduce pathogen burden, thus contributing to disease resistance. However, in other contexts, it can contribute to disease tolerance by reducing endothelial barrier destruction (Chow and Kagan, 2018). Evidence suggests that different organs have different tolerance capacities since they can be more susceptible to damage or have a higher tissue replication rate, allowing a higher reparation rate. Moreover, the consequences of tissue damage can vary according to the tissue. For instance, damages in the endothelium can compromise vascular integrity and lead to ischemia and tissue necrosis, whereas skin damage may not be life-threatening (Medzhitov et al., 2012).




Drosophila melanogaster as a model for studying innate immune memory


Drosophila melanogaster innate immune response

The use of D. melanogaster as a model has provided a huge insight into the mechanisms of action of the innate immunity, as insects rely solely on this type of response thus avoiding the variability that adaptive mechanisms imply. In addition, D. melanogaster presents a high degree of conserved features with vertebrates including immune cascades, signal transduction pathways, and transcriptional regulators (Younes et al., 2020), as well as a significant amount of well-conserved homologs of disease-causing genes in humans (Bier, 2005). These facts make the fruit fly a good model for studying innate immune responses and gene functionality in basic research.

As in vertebrates, D. melanogaster immune system is also divided into humoral and cellular responses. The main mode of action of the humoral response in D. melanogaster is the production of antimicrobial peptides (AMPs). After a systemic infection, AMPs are released into the hemolymph where they persist for several days and can protect the flies against a second exposure to the pathogen (Boman et al., 1972). AMPs can act synergically or be highly specific depending on the pathogen (Imler and Bulet, 2005; Hanson et al., 2019, 2022; Hanson and Lemaitre, 2020). This response is mediated by the fat body, which is the equivalent of the liver in mammals and represents the main immune-responsive organ in the fly (Lemaitre and Hoffmann, 2007). Barrier epithelial cells are also able to secrete AMPs and reactive oxygen species (ROS) in response to a localized infection (Tzou et al., 2000). Besides this, lower levels of AMPs are also expressed from the hemocytes, muscles, Malpighian tubules, and neuronal tissues (Charroux and Royet, 2009; Badinloo et al., 2018). Three main signaling pathways have been described to play a role in the regulation of immune genes induced after infection. The Toll and the immune deficiency (Imd) pathways regulate the majority of immune genes, including the production of AMPs. The Toll pathway is activated in response to the detection of lysine (Lys)-type peptidoglycan of Gram-positive bacteria, and β-glucans of yeasts and fungi, as well as through the sensing of danger signals, like microbial proteases, or abnormal cell death. On the other hand, the Imd pathway is activated through the detection of diaminopimelic acid (DAP)-type peptidoglycan from Gram-negative and certain Gram-positive bacteria (Buchon et al., 2014; Figure 2). The study done by Kutzer and Armitage (2016) revealed that the Imd and Toll pathways have different kinetics since the AMPs triggered by those pathways were observed at different times after infection. An infection of flies with a gram-negative bacterium such as E. coli that triggered the Imd pathway showed the highest AMP concentration after 6 h. In contrast, when challenged with a gram-positive bacterium like Lactococcus lactis, thus triggering the Toll pathway, the peak of AMPs was observed 24 h post-infection. These differences in immune pathways contribute to the differences in the clearance of different pathogens (Kutzer and Armitage, 2016). In addition, a different pattern of activation is also observed between males and females (Duneau D. F. et al., 2017; Belmonte et al., 2020). Finally, Drosophila also has a complete yet more simple JAK/STAT signaling pathway, which is involved in diverse biological processes, including early and late development, innate immunity, germ-cell adhesion, and inhibition of apoptosis (De Gregorio et al., 2001; Boutros et al., 2002). This pathway also contributes to the immune response by inducing the transcription of thioester-containing protein genes and Turandot stress genes, which, both play a role in Drosophila defense against pathogens (Lagueux et al., 2000; Agaisse et al., 2003; Dostálová et al., 2017). In addition, a communication axis between the humoral pathway Imd and JAK/STAT which controls fly antiviral immune response has been recently described (Shen et al., 2022).
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FIGURE 2
Immune recognition of microorganisms in Drosophila. The two major pathways that sense bacteria and fungi in fruit flies are the Toll pathway (left) and the immune deficiency (Imd) pathway (right). Both pathways function in the fat body for the production of antimicrobial peptides (AMP) by activating the expression of NF-κB-like factors, which are highly conserved among species. In addition, the Imd pathway also functions in the epithelial surfaces. The Imd pathway is activated when DAP-type peptidoglycan from gram-negative bacteria, and some gram-positive, binds to Peptidoglycan Recognition Proteins (PGRPs), and this activation leads to the generation of AMP and synthesis of Duox enzyme for the production of reactive oxygen species (ROS). Gram-positive bacteria contain lys-type peptidoglycan, which is recognized by PGRP-SA and Gram Negative Bacteria Protein (GNBP) 1, and GNBP3 binds to β-glucans of yeasts and fungi, leading to the activation of the Toll pathway. This pathway can also be triggered by danger signals like proteases or abnormal cell death that activates the protease Persephone (Psh). In all cases, the activation of the Toll pathway triggers a proteolytic cascade that activates the protease Spätzle- processing enzyme (SPE). This protein will cleave Spätzle (Spz). As a result of the activation of the Toll pathway, the transcription factors Dorsal-related immunity factor (Dif) or Dorsal (Dl) will translocate to the nucleus, thus inducing the expression of AMP genes like drosomycin. Similarly, the activation of the Imd pathway induces the nuclear translocation of the transcription factor Relish (Rel) and induction of the expression of AMP genes, such as diptericin. The generation of ROS is induced by the activation of Duox in the presence of uracil. This is caused by the activation of a G protein-coupled receptor (GPCR), which promotes the release of calcium from the endoplasmic reticulum. This signaling pathway, together with the activation of the Imd pathway, contributes to the expression of the Duox enzyme during infection. Atf2, activating transcription factor 2; Dredd, death-related ced-3/Nedd2-like caspase; Fadd, FAS-associated death domain ortholog; Gαq, G protein αq-subunit; IKK, inhibitor of NF-κB kinase; MKK3, MAPK kinase 3; modSP, modular serine protease; Tak1, TGFβ-activated kinase 1. Adapted from Buchon et al. (2014) and Younes et al. (2020).


Cell-mediated innate immunity of Drosophila comprises of immune blood cells, which can be found freely circulating in the hemolymph or associated with diverse tissues. These cells, which are collectively called hemocytes, can be differentiated according to their morphology and immunological functions in plasmatocytes, lamellocytes and crystal cells (Lanot et al., 2001; Hartenstein, 2006; Hultmark and Andó, 2022). Recently, a new class of cells have been identified in Drosophila, the primocytes, whose functions are not fully elucidated, but they are thought to regulate the larval hematopoietic organ which, in turn, controls the hematopoiesis of other hemocytes (Hultmark and Andó, 2022). In addition, the presence and proportion of these cells may vary depending on the developmental stage the animal (Honti et al., 2014). Phagocytosis represents a fundamental process of the innate immune response and in the maintenance of tissue homeostasis. In D. melanogaster this process is mainly performed by plasmatocytes, which represent up to 90% of the total circulating hemocytes (Wang et al., 2013) and appear to perform the functions of vertebrates’ macrophages and neutrophils (Stramer et al., 2005). Melanization is another predominant immune response in insects based on the production and release of melanin around intruding microorganisms (Christensen et al., 2005). This response is involved in wound healing and hemolymph coagulation, and is mediated by the crystal cells (Ashida and Brey, 1995; Söderhäll and Cerenius, 1998; Tang, 2009; Leitão et al., 2020; Younes et al., 2020). Lastly, lamellocytes are differentiated from plasmatocytes when the cell-mediated innate immune response is induced upon infection with parasitoid wasp, wounding or artificially by genetic induction, and are in charge of the encapsulation of foreign bodies that are too large to be phagocytosed, as well as melanization (Kounatidis and Ligoxygakis, 2012; Honti et al., 2014; Dudzic et al., 2015; Vlisidou and Wood, 2015; Leitão et al., 2020).

In Drosophila, the mechanisms by which a septic infection causes a systemic response controlled by the fat body have been well-characterized, even though these types of infections are rare. However, although the so-called natural infections take place constantly, the epithelial immune response remains less characterized. It is known that this local response is mainly regulated by the Imd-pathway (Onfelt Tingvall et al., 2001) and is shaped against different microbes via the JAK/STAT and the JNK signaling pathways (Wagner et al., 2009). In 2013, a microarray analysis performed by Gendrin et al. (2013) showed that the induction of Imd-dependant genes varies substantially among tissues with only very few “universal genes” being expressed in the fat body, the gut, and the trachea (Gendrin et al., 2013). This set of genes includes mainly AMPs and pathway components.

Specifically in the gut, local immunity includes physical and chemical barriers as well as a cellular response (Buchon et al., 2013). ROS are induced by two enzymes: dual oxidase (Duox) is stimulated through pathogen-derived uracil and peptidoglycan (Lee et al., 2013) and NADPH oxidase (Nox) is induced by microbiota-derivate lactate (Iatsenko et al., 2018). In the gut, Duox-derived ROS are mainly involved in immune response and repair tissue damage, while Nox-derived ROS regulate epithelial renewal (Iatsenko et al., 2018). However, excessive production of ROS is ultimately toxic to the host and induces epithelial cell death and early ageing, thus Duox expression is tightly regulated through the p38 mitogen-activated protein kinase–activating transcriptional factor 2 (p38 MAPK–Atf2) pathway (Ha et al., 2009b). The uracil secreted by some pathogenic bacteria activates the phospholipase Cβ (PLCβ), which in turn activates the p38MAPK-Atf2 pathway. The PLCβ pathway also promotes the release of Ca2+ from the endoplasmic reticulum to bind and activate Duox (Ha et al., 2009a). In response to commensals, the levels of both uracil and peptidoglycan are lower and the concentration of cytosolic Ca2+ is reduced, thus Duox activity is kept minimal (Ha et al., 2009b).

Several studies have proved that an interorgan communication occurs in D. melanogaster by proving that local intestinal infections are able to induce a systemic response in the fat body (Basset et al., 2000; Foley and O’Farrell, 2003; Wu et al., 2012). The simplest explanation would be that when an ingested pathogen is able to break the intestinal epithelial barrier and enter into the hemolymph, circulating immune cells phagocyte them and activate a systemic immune response in the fat body, as observed for the bacteria-derived peptidoglycan (PGN) (Charroux et al., 2018). However, some studies revealed Ecc15 is not detectable in the hemolymph of larvae after ingestion, thus proving that it is unlikely that the bacteria directly interact with the hemocytes in the hemolymph (Basset et al., 2000; Foley and O’Farrell, 2003). Although the specific mechanisms involved have not been extensively explored yet, it has been shown that gut-derived ROS might interact with circulating hemocytes and regulate diptericin production in the fat body cells (Amcheslavsky and Ip, 2012). Other studies also showed a correlation between gut-expressed PGRP-LE with the levels of AMPs expression in the fat body (Paredes et al., 2011; Bosco-Drayon et al., 2012). Finally, a cross-talk between muscles and immunity via JAK/STAT activation has also been described (Yang and Hultmark, 2016). This interorgan communication mechanisms have been recently extensively reviewed (Liu and Jin, 2017; Figure 3).
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FIGURE 3
Schematic representation of the interorgan communication during infection in Drosophila melanogaster. In response to ingested pathogens, these microorganisms might either break the gut epithelium themselves or release peptidoglycan (PGN) from their cell walls into the hemolymph. The enterocytes (ECs) are also able to release reactive oxygen species (ROS) in response to tissue damage. These circulating signals are sensed by the hemocytes located close to the gut epithelium. Hemocyte-expressed Decapentaplegic (Dpp) and Unpaireds (Upds) during early stages of the infection activate the intestinal stem cells (ISCs) proliferation to cope with tissue damage. Hemocytes-derived Upds also induce accumulation of the transcription factor dFOXO in the fat body via JAK/STAT pathway. Activation of dFOXO induces expression of AMPs and a systemic metabolic dysregulation that mobilizes energy resourced toward phagocytic cells. Finally, infection-induced Upd3 in enterocytes activate the JAK/STAT signaling pathway in visceral muscles (VM), which in turns promote ISCs proliferation, as well as activation of the close-located hemocytes.




Methods to assess innate immune memory in Drosophila melanogaster

Several methods have been developed that aided in the understanding of the processes related to innate immune memory in the D. melanogaster model. According to the research question and the experimental design, different kinds of infection models could be used. For inducing a systemic infection there are several methods available; the most used ones are needle pricking and injection pumping or microinjection (Troha and Buchon, 2019). Needle pricking involves dipping a needle into a solution containing the pathogen, which is later used to prick anesthetized flies. Inoculation can be done in the abdomen or thorax, yet minimal damage should be generated. Since a wound is produced, infection is first local and later disseminates systemically, allowing to assess both types of infections. This type of inoculation is quick; hence this method can be used for the infection of large amounts of flies. However, a limitation of this method is that the infection dose can be variable.

In addition, to be able to observe dissemination and systemic infection, very small number of bacteria should be inoculated by needle pricking to minimize the effect of the local infection (Apidianakis and Rahme, 2009). Therefore, some authors agree that needle pricking would be most appropriate injection method for highly virulent bacteria such as Pseudomonas aeruginosa and Staphylococcus aureus (Apidianakis and Rahme, 2009; Lee et al., 2018). In case a more precise dose is needed, it is suggested to use the microinjection method. Here, a needle is charged with a specific volume of pathogen solution, and using a pumped injector, the solution is introduced in the abdomen or thorax, entering directly into the haemolymph, thus generating a systemic infection. Although more reproducible, this method is slower and requires specific equipment. Assessing the circumstances, an oral infection could be desirable. Unlike the injecting methods, feeding results in local infection primarily in the gut epithelium (Lee et al., 2018). However, it should be noted that in oral infections the infective dose is also a limitation, as it is variable and difficult to monitor (Troha and Buchon, 2019).

In order to assess innate immune memory acquisition, flies have to be primed by exposing them to either a sublethal dose of a pathogen, a heat-killed pathogen or a pathogen-derived material previously to the second challenge (lethal infection) (Sheehan et al., 2020). Priming can also be performed both orally and systematically, making sure in the last one that both challenges are done one on each side of the fly body (Kutzer et al., 2019). The protective effect is then assessed by comparing survival and pathogen loads between primed and non-primed flies in response to the second challenge.

Other methods to assess the immunological mechanisms behind the innate immune memory acquisition in D. melanogaster, include analysis of gene expression of AMPs by RT-qPCR, RNAi, or RNA-seq; protein levels quantitation, phagocytic or melanization activities and release of ROS upon infection (reviewed in Troha and Buchon, 2019). Measuring expression levels of AMPs together with survival could bring surprising results, as it has been observed by several authors that on certain occasions, there were no changes in survival after oral administration of non-pathogenic bacteria, yet levels of AMPs were increased (Patrnogic et al., 2018). In addition, on a genetic level, the process of innate immune memory is thought to be associated with epigenetic changes in the chromatin. To evaluate such changes, methyl marks in histone H3 can be measured, as well as the concentration of enzymes associated with chromatin remodeling, like histone lysine methyltransferases (Bonnet et al., 2019).

Last but not least, several studies have taken advantage of the multiple genetic-editing tools available in the Drosophila model to assess the mechanisms of innate immune acquisition (Prakash and Khan, 2022). Most studies have used Toll- and Imd-impaired mutants to validate the role of these key pathways in the defense against subsequent infections (Apidianakis et al., 2005; Pham et al., 2007; Aymeric et al., 2010; Christofi and Apidianakis, 2013; Wen et al., 2019; Cabrera et al., 2022). Other studies have used fly lines unable to mount a proper cellular immune response (Christofi and Apidianakis, 2013; Chakrabarti and Visweswariah, 2020), as well as ROS-deficient individuals (Chakrabarti and Visweswariah, 2020). In addition, this model also offers the possibility to study wild populations to assess whether host environment accounted for the difference in resistance patterns observed after infection with the same pathogen (Corby-Harris and Promislow, 2008).


Systemic induction of innate immune memory in Drosophila melanogaster

Few studies have been performed in D. melanogaster addressing this topic (Table 1). Pham et al. (2007) found that the first exposure to a non-lethal dose of Streptococcus pneumoniae or to the heat-killed bacteria conferred protection against a second exposure to lethal doses of the same pathogen. This response was found to last the rest of the fly’s life, to be specific and to be mediated by the Toll pathway together with phagocytes, but not the Imd pathway or AMPs (Pham et al., 2007). They also showed that a wide range of heat-killed bacteria, including S. typhimurium, Listeria monocytogenes, and Mycobacterium marinum, which are known to be potent immune activators, did not confer protection to subsequent infections neither with the same pathogen nor with S. pneumoniae (Pham et al., 2007). Similar studies were performed with P. aeruginosa. Priming flies with the avirulent P. aeruginosa strain, CF5, revealed that both Toll and Imd pathways and phagocytosis were necessary for the induction of protection against subsequent infections with the more virulent strain PA14 and that heat-killed CF5 did confer protection although this was shorter (Apidianakis et al., 2005; Christofi and Apidianakis, 2013).


TABLE 1    Studies assessing innate immune memory in Drosophila melanogaster.
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Some authors have evaluated the protection conferred by exposure of D. melanogaster to an avirulent Escherichia coli against subsequent infection in a short period of time; interestingly, protection on both occasions is driven by the presence of AMPs from the Imd signaling pathway in fly hemolymph prior to challenge (Apidianakis et al., 2005; Aymeric et al., 2010). More recent studies have gone deeper into the mechanisms of these innate immune adaptations. Chakrabarti and Visweswariah defined the ROS production and accumulation in hemocytes after an injury as the key regulators for the induction of the Toll pathway, which in turn confers protection to subsequent infections with Enterococcus faecalis (Chakrabarti and Visweswariah, 2020). Nevertheless, this protection conceived by the wound lasted a maximum of 5 days. On the other hand, when Drosophila was primed with a low dose of E. faecalis, the protection against the second infection with the same pathogen was observed to las for at least 7 days (Cabrera et al., 2022). More insights on the innate immune memory acquisition were described by Tassetto et al. (2017) when D. melanogaster was systemically infected with Sindbis virus (SINV). They found that the hemocytes acquired immunological memory in the form of stable virus-derived complementary DNA and that they were able to systemically disseminate it through RNAi-containing exosomes.

Lack of protection after priming has also been documented. For example, systemic injection of killed Lactococcus lactis, Pseudomonas entomophila, or Providencia burhodogranariea did not confer the expected protection against subsequent homologous infections (Kutzer et al., 2019; Acuña Hidalgo and Armitage, 2022); just as systemic infections with a low dose of Drosophila C Virus did not protect against subsequent challenge with a lethal one (Longdon et al., 2013). Considering all of the above, protection in D. melanogaster is achieved differently depending on the priming agent. This protection seems to be correlated with the immunity pathways activated by this priming species that allows protection, specific or not, against the challenge (Pham et al., 2007; Aymeric et al., 2010; Christofi and Apidianakis, 2013).



Oral induction of innate immune memory in Drosophila melanogaster

Drosophila melanogaster and mammalian intestines are similar both in structure and function, but D. melanogaster has a more simple microbiota composed of only 2–30 bacterial species (Wong et al., 2011). However, as seen in mammals, the microbiota can also influence the immune response and shape intestinal function and development in insects (Ryu et al., 2008; Liu et al., 2017; Capo et al., 2019).

Previous research done in which non-pathogenic or heat-killed bacteria were administrated by food to different insects showed, in certain cases, an increased level of AMPs or increased survival. For example, pre-exposure with non-pathogenic E. coli can protect larvae of tobacco hornworm Manduca sexta from a Photorhabdus luminescens infection (Eleftherianos et al., 2006). Moreover, feeding the larvae of cabbage looper Trichoplusia ni with non-pathogenic E. coli and Micrococcus luteus has shown to increase the antibacterial activity (Freitak et al., 2007). These studies serve as a background to establish that microorganisms ingested with the diet, even if non-pathogenic, can trigger an immune response that could reduce the risk of severe disease from other infections.

In D. melanogaster oral induction of immune memory has also been assessed (Table 1). Contrary to what happens systematically, a transstadial assay in which larvae were exposed to DCV showed an increase in the tolerance to infections with the same virus in adulthood. This protection was shown to be species-specific as well as RNAi pathway dependent (Mondotte et al., 2018). Specificity of protection was also tested by Wen et al. (2019) by oral priming of D. melanogaster with heat-killed bacteria. This study evidenced an heterogeneous protection gram-positive/gram-negative-specific (Wen et al., 2019). In addition, this study also found differences among the levels of AMPs expression between males and females. Females showed higher levels of AMPs after short-term oral priming with killed bacteria, which translated to higher protection against subsequent infection. On the other hand, further research has proven that a previous encounter with non-pathogenic bacteria on the diet failed to protect fruit flies from an infection with entomopathogenic bacteria (Patrnogic et al., 2018). To delve into the mechanisms of fly immunity, priming of flies through diet has also been carried out by administering either suppressors or inducers of the immune response, Juvenile Hormone (JH) or cyclic dinucleotide (CDN), respectively (Schwenke and Lazzaro, 2017; Segrist et al., 2021). Results of these studies showed the impact of the hormonal pathway in D. melanogaster in the regulation of the immune response (Schwenke and Lazzaro, 2017), as well as the possibility of bacterial-derived CDNs to induce immunity in microbiota-deficient flies (Segrist et al., 2021).

As another memory mechanism, Madhwal et al. (2020) showed that the systemic elevation of GABA levels neuronally upon olfactory stimulation of D. melanogaster (via oral), specifically promoted pre-differentiation of lamellocytes and thus, a more efficient cellular response when challenged with Leptopilina boulardi parasitoid wasp. Moreover, the protection of D. melanogaster by oral priming has not only been proven against subsequent infections. Jacqueline et al. (2020) showed that previous exposure to Pectobacterium carotovorum protected flies with a cancer-inducing genotype; results evidenced the importance of both Diptericin and Drosomycin in tumor cell death, and thus, in tumor regression. All these findings suggest that protection provided by an oral exposure to a particular microorganism or antigenic agent is possible in D. melanogaster. However, further studies on the mechanisms of immunity are needed in search of more consistent evidence of immunological memory.



Transgenerational induction of innate immune memory

It has also been described in insects that innate immune memory can pass down from primed parent individuals to the offspring (Dhinaut et al., 2018; Vilcinskas, 2021). This kind of memory is currently named as Transgenerational Immune Priming (TgIP) and has been studied in a wide range of insects, although only a few used the Drosophila model. However, the exact mechanism is not yet fully understood, as well as how many generations it lasts (Sheehan et al., 2020). One of the possible mechanisms is the transgenerational transfer of microbial elicitors, in which bacteria or bacterial fragments ingested by female individuals are translocated to their eggs following the same route as bacterial symbionts, thus providing the offspring with the capacity to mount a more specific innate immune response against these bacteria (Herren et al., 2013; Freitak et al., 2014; Knorr et al., 2015). However, some studies also provide evidences of paternal TgIP in insects which are thought to be induced by epigenetic modifications transferred to the germ cells and transmitted to the offspring (Soubry et al., 2014; Zenk et al., 2017).

Using the D. melanogaster model, Bozler et al. (2020) showed that increased maternal Peptidoglycan Recognition Protein LB (PGRP-LB) expression levels after exposure to parasitic wasp correlated with a more successful immune response to the parasite in the offspring mainly mediated by a rapid cellular activation. Same implication of the cellular immune response in TgIP was observed in flies primed with another parasitic wasp species (Leitão et al., 2020). Mondotte et al. (2020) also described an antiviral transgenerational immune priming in both D. melanogaster and the mosquito Aedes aegypti after parental priming with different single stranded RNA viruses with specificity in the protection of the progeny for several generations. On the contrary, it has also been seen how the offspring inherited indirect costs associated with the immune response to the infection of the progenitors, having shorter lifespans (Linder and Promislow, 2009).



Measuring immune memory readouts: A Drosophila melanogaster approach

Once flies are primed, measurement of tolerance and resistance to the subsequent infection is needed to assess the acquisition of innate immune memory. In this regard, different theoretical models have been used along time (Råberg et al., 2008; Lefèvre et al., 2011; Gupta and Vale, 2017). The application of these models is not absolute and aspects such as the experimental model used, its lifespan, or the possibility of carrying out a certain test along the course of infection, will determine which model is the most appropriate at each moment. In the literature, resistance is defined as the inverse of the pathogen concentration (number of parasites per host or per unit tissue); when all the other variables are equal, a lower Y-intercept means the host is more resistant. Tolerance, on the contrary, is usually defined as the slope of a linear regression model when plotting host fitness against infection intensity in 2- dimensional health-by-microbe space; the flatter the slope, the higher the tolerance (Råberg et al., 2008). If the slope varies among groups, such that the fitness of some hosts declines faster with increasing inoculation doses, this means there is variation in tolerance among hosts types (Råberg et al., 2008; Ayres and Schneider, 2012).

In ecology and evolutionary biology, this description of how specific individuals respond to different environmental conditions is known as the “reaction norm” and considers the different pathogen burdens that can be applied to infections (Råberg et al., 2007). Depending on the animal model, host fitness can be measured differently. In mammals, the most often measured effects of infection on host health are anemia and weight loss and they are plotted against the peak pathogen density (Råberg et al., 2008). In insects, counting the Bacillary Load Upon Death (BLUD, in case of bacterial infections) is interesting as dead caused by disease is correlated with the ability of the pathogen to proliferate and the ability of the host to react against that infection. Therefore, as explained, the maximal bacterial load that flies can cope with before death represents a measure of host disease tolerance (Duneau D. et al., 2017). Moreover, the Set Point Bacterial Load (SPBL), meaning measuring the colony forming units (CFUs) at different time points, is also a useful observation to dissect the mechanism taking place throughout the course of infection. Studies done with D. melanogaster aim to measure bacillary load against inoculation dose as a measure of resistance (Corby-Harris et al., 2007; Kutzer et al., 2019; Wen et al., 2019), and both host’s health or fecundity as the host-fitness parameter against inoculation dose to measure tolerance (Kutzer et al., 2019).

When using this linear model, four different patterns could be observed. A low survival with low pathogen load could explain the metabolic costs associated with mounting an immune response. When a high mortality is associated with a high bacterial load, it might be due to the high costs of fighting a virulent microorganism. High survival rates associated with low pathogen loads suggest that a robust immune response is present, and the host is resistant to the infection. In contrast, a high survival with high bacterial loads suggests a tolerant phenotype in which the host can survive longer since it does not need to use sources to clear the infection (Corby-Harris et al., 2007; Kutzer and Armitage, 2016; Duneau D. et al., 2017; Box 2). In contrast to the linear models, Gupta and Vale proposed a 4-parameter non-linear model in D. melanogaster to estimate disease tolerance with more detail (Gupta and Vale, 2017). While linear approaches bring light to the rate at which hosts lose health, non-linear approaches are useful to clarify the dose that causes this lost in health or the severity of the infection (Gupta and Vale, 2017).


BOX 2    Patterns associated with an infection according to linear models.
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Discussion

Over the years, scientists have used the D. melanogaster model to study innate immunity. However, the mechanisms behind the induction of innate immune memory in this host model are still not fully elucidated. Previous research has shown that a former encounter of D. melanogaster with heat-killed, not pathogenic bacteria or low dose of pathogens could confer protection from future infections with pathogenic microorganisms (Pham et al., 2007; Cooper and Eleftherianos, 2017; Patrnogic et al., 2018).

Interestingly, this mechanism cannot be generalized, so certain parameters have to be standardized first to have a better comparison of the results. Susceptibility to infection in flies can vary according to age, sex, genetics, feeding and physiological and environmental factors, such as temperature, resources, humidity, time of the day or light; or even according to the presence of other infections or single-nucleotide polymorphisms (SNPs) that could confer greater vulnerability to certain pathogens (Merkling and Van Rij, 2015; Duneau D. F. et al., 2017; Kutzer et al., 2019; Troha and Buchon, 2019). However, the advantage of this model is that experiments can be repeated easily and in an affordable manner. Such a quantity of factors regulating fly immune response explains why not every challenge with a non-lethal dose of a pathogen induces protection from further encounters, and why the duration of this protection is variable (Hillyer, 2016; Hajishengallis et al., 2019), although it was suggested that it might pass to the progeny (Mondotte et al., 2020). The differences on the kinetics of the different immune pathways that are activated upon infection, as well as the sexual dimorphism that exists when mounting an immune response, also influence the acquisition of innate immune memory. In addition, a different pattern of activation is observed between sexes (Duneau D. F. et al., 2017; Belmonte et al., 2020), which translate with different protection levels against a second exposure to the pathogen (Wen et al., 2019).

As tolerance and resistance confer protection to a host at different levels when infected, several models to measure their acquisition have been described (Råberg et al., 2008; Lefèvre et al., 2011; Gupta and Vale, 2017). Nevertheless, the choice of the model will depend such as the nature of the host or the answers we want to obtain. Recent research on this topic pointed out that tolerance and resistance mechanisms can have a differential importance throughout the course of the infection. For example, during the early phases of Listeria monocytogenes infection in mice, resistance mechanisms were predominant, whereas tolerance was more important during the last stages. This also points out the fact that both mechanisms are interconnected (Kutzer et al., 2019). Examples of immune priming that could protect insects from future infections were seen when the larvae of wood tiger moth Parasemia plantaginis received a diet containing a low dose of Serratia marcescens or non-pathogenic E. coli. Larvae primed with S. marcescens were later protected from an otherwise lethal injection of the same pathogen. This, however, was not the case of larvae primed with E. coli. This study suggests that pathogen recognition at the midgut level can be important for conferring systemic immunity (Mikonranta et al., 2014). Moreover, other examples include the oral administration of peptidoglycans from the cell wall of P. aeruginosa, or heat-killed P. aeruginosa conferred protection against a following infection with P. aeruginosa in silkworms. However, silkworms receiving heat-killed S. aureus did not show an increased survival after infection with P. aeruginosa (Miyashita et al., 2015). This review underlines the lack of standardized method for assessing the type of protection provided by priming the host with different stimuli, as each author focused on different parameters, such as survival, pathogen load or gene expression. However, the assessment of all three parameters would be of interest in order to define the mechanism behind innate immune memory.

Immune priming in D. melanogaster has been studied on several occasions. And, although the results verify the great variability that the fly presents in terms of protection, they allow us to obtain an increasingly precise overall view of the mechanisms behind trained immunity. Most of the studies conclude that a certain specificity between the priming pathogen, the innate immune response triggered by the host and the protection that this provides against subsequent infections. This specificity has been observed at species level (Pham et al., 2007) and sequence-specific in viruses (Mondotte et al., 2020). Fewer studies have also shown less specific protection e.g., between Gram-negative/Gram-positive species (Wen et al., 2019). Nevertheless, in those studies evidencing protection against subsequent infections is not easy to discriminate if this protection is due to innate immune memory acquisition or due to the fact that the immunity is still stimulated in the flies at the time of the second challenge (Chambers et al., 2019). Further studies which test maximum times in between priming and challenge, as well as the maximum duration of protection would help to elucidate this. In addition, it would be interesting to perform more priming tests in this animal model to further elucidate the specificity of protection and the ability to transmit this protection to offspring. In addition, oral priming prior to the second challenge has been poorly studied in this experimental model. A more exhaustive study of the subject would be interesting in order to screen protective components against infection with the possibility of further translation to other animal models. The use of Drosophila to assess oral priming might be very useful considering the possibility to study local adaptation of wild-caught strains, which are in constant contact with different pathogen-rich environments (Corby-Harris and Promislow, 2008).

Bearing all of the above in mind, it is still a challenge to decipher innate immune memory mechanisms induced after infection with a pathogen and further research is needed. As selecting the ideal model is crucial for future developments, non-mammalian models, especially D. melanogaster, are a good alternative to deep into its study.
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Background: Transcutaneous osseointegrated prosthesis systems (TOPS) are alternative rehabilitation methods to socket prosthetics, after limb amputation. TOPS compromise a two-step surgery: starting with the implantation of the stem which is then followed by the creation of the transcutaneous stoma through which the exoprosthesis can be connected. Immediately after surgery, this opening is permanently exposed to pathogens. This study aimed to investigate the dynamics of bacterial colonization of the stoma to analyze whether obligate bacterial colonization leads to a risk of periprosthetic infections after TOPS treatment.

Methods: This prospective study analyzed data from 66 patients (aged 26–75 years) after TOPS treatment between 2017 and 2019. Microbiological swabs from the stoma were analyzed on the first postoperative day and 3, 6, 12, and 24 months after stoma creation. Infection rates, laboratory values (CRP, leukocyte count, hemoglobin), and body temperature were recorded at these points in time. Statistical analysis was performed using SPSS 28.

Results: The results show the formation of a stable environment dominated by Gram-positive bacteria in the stoma of TOPS patients over 24 months. Staphylococcus aureus, Staphylococcus spp., and Streptococcus spp. were the most common species found. With regard to the cohort up to the 3 months follow-up, 7.9% (five patients) developed infections surrounding the TOPS procedure. In relation to the whole cohort with loss to follow-up of 80.3% at the 24 months follow-up the infection rates increased up to 38.3%.

Conclusion: The soft tissue inside and around the transcutaneous stoma is colonialized by multiple taxa and changes over time. A stable Gram-positive dominated bacterial taxa could be a protective factor for ascending periprosthetic infections and could possibly explain the relatively low infection rate in this study as well as in literature.
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  infection, bacterial colonization, transcutaneous osseointegrated prosthetic system (TOPS), amputation, osseointegration


Introduction

The prevalence of amputation of extremities has increased considerably in the last years and is expected to rise even further in the upcoming years (Ziegler-Graham et al., 2008). Especially amputations of the lower limb, such as transfemoral amputations, result in a high deprivation of quality of life. The utilization of a prosthesis can restore participation in daily life and play the most crucial role in rehabilitation of patients with lower limb amputation (Frengopoulos et al., 2021; Knight et al., 2021). However, the standard socket suspension for attachment of the prosthesis has limitations (Cheifetz et al., 2007; Chislett et al., 2020). The socket prosthesis often leads to local irritation, and skin damage. Furthermore, weight-dependent changes of the soft tissue of the stump can lead to an insufficient attachment of the prothesis (Hoffmeister et al., 2017; Beck et al., 2019); but there are optional methods to attach the prosthetic leg to the tight stump. The treatment of amputations with transcutaneous osseointegrated prosthetic systems (TOPS) has been established throughout the last two decades in Germany, Sweden, the Netherlands, and Australia (Aschoff et al., 2009, 2010; Juhnke and Aschoff, 2015; Juhnke et al., 2015; Aschoff, 2017a,b; Pospiech et al., 2020). Compared to the most frequently used “socket suspension” method for prosthetic limb attachment, this method offers a variety of new options (Hagberg et al., 2005; Aschoff et al., 2009; Frossard et al., 2009; Van de Meent et al., 2013; Hoffmeister et al., 2017; Al Muderis et al., 2018). Furthermore, TOPS shows unique advantages, such as osseoperception, which leads to an improved sense of grounding with the prosthetic foot, and prosthetic limb control (Hagberg et al., 2008; Hagberg and Branemark, 2009; Örgel et al., 2021a). Another advantage is a higher physical functional performance with a better range of motion, a higher sitting comfort, and an unlimited “wearing time” of the prothesis (Hagberg et al., 2005).

Regarding the implantation, the surgical procedure is quite simple. The endo-fix stem is press-fitted into the bone in the first surgery, and after 4–6 weeks, the transcutaneous stoma is created in a second step (Örgel et al., 2021b). Currently, steps one and two are often performed in a single step together (Al Muderis et al., 2017; Reif et al., 2021). Despite all the advantages of this procedure, one major danger lies in the transcutaneous stoma which leads to the absence of a physiological skin seal which remains lifelong. This fact constantly exposes the implanted transcutaneous device to pathogens from the external environment.

Due to this circumstance, one may primarily assume a high-risk factor for infections. Interestingly the literature shows only low to moderate infection rates, which in most cases can be treated with antibiotic therapy (Tsikandylakis et al., 2014; Al Muderis et al., 2016; Hebert et al., 2017; Kunutsor et al., 2018; Atallah et al., 2020; Reetz et al., 2020; Wang et al., 2021). Infection rates differ between surgical centers, surgical techniques, and types of implants (Hagberg and Branemark, 2009; Aschoff et al., 2010; Tillander et al., 2010; Tsikandylakis et al., 2014; Al Muderis et al., 2016; Ranker et al., 2020). Besides tissue infections, rare cases of osteomyelitis, and bone necrosis were also observed (Tillander et al., 2010, 2017; Tsikandylakis et al., 2014).

Along with the low infection rates with external fixators, it remains unclear how the normal skin flora develops with TOPS. In a longitudinal cohort study, Beck et al. observed 10 patients with TOPS with skin and stomal swabs over a 1-year period (Beck et al., 2019). They showed that the microbiota on the stomal site develops over time and forms a stable skin flora with colonialization dominated by Streptococcus spp., Corynebacterium spp., and/or Staphylococcus spp.

As mentioned in the study from Örgel et al. (2022), this prospective study investigates the dynamics of bacterial colonization on the stomal site and elucidates whether treatment with TOPS leads to a large number (>10%) of periprosthetic and stomal infections. Laboratory values during the course were also monitored.

This leads to the following hypotheses:

- Null hypothesis: Treatment with a transcutaneous osseointegrated prosthetic system does not lead to a large number (>10%) of periprosthetic and stomal infections.

- Alternative hypothesis: Treatment with a transcutaneous osseointegrated prosthetic system leads to a large number (>10%) of periprosthetic and stomal infections.



Methods


Study design and participants

This prospective study followed the “Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)” reporting guideline. Informed consent was obtained from each patient at all times. This paper reports the results of a data analysis within one cohort of patients treated with the Endo-Exo-Prosthesis (ESKA Orthopaedic Handels GmbH®, Osterweide 2c, 23562 Lübeck, Germany), which belongs to TOPS after transfemoral amputation. Overall, n = 66 patients were enrolled. All patients were treated surgically with TOPS between 2017 and 2019 in one center. The two-step procedure was performed in each case (Aschoff et al., 2010, 2011). Each patient was screened for oxacillin/methicillin-resistant Staphylococcus aureus colonization prior to surgical procedure. Idem to Beck et al., all patients received a single intravenous dose of cephazolin (2 g) for each surgery (step one and step two). Each dose was given within 30 min before incision (Beck et al., 2019). In cases of known penicillin allergy, clindamycin (600 mg) was used instead. Before each surgery, the skin was disinfected three times using Braunoderm (Braun Medical AG, Seesatz 17, 6204 Switzerland). The microbiological swabs, and the blood samples for monitoring the laboratory values were taken during the inpatient stay in the context of the operations, and the follow-up assessment in our outpatient clinic. The blood samples were analyzed for standardized laboratory values (c-reactive protein, leucocytes, hemoglobin, body temperature) on the first, third, and fifth, postoperative day, and 3, 6, 12, and 24 months after surgery. The microbiological swabs were collected during the second surgery (intraoperative), on the first day after the second surgery, and 3, 6, 12, and 24 months after surgery.



Swab material and technique

Every patient was screened via stomal microbial sampling with a swab (Amies medium, No. 108, transystem®, HAIN. Lifescience/Copan) taken in a circular motion around the double cone, which is directly anchored to the Endo-Fix-Stem. The swab was inserted deep into the inner lining until resistance was felt. The inner lining consists of soft tissue and is the space around the endoprosthetic parts which are not fixed in the bone (Juhnke et al., 2015; Ranker et al., 2020). A medical doctor took the swabs. Swabs were sent to the microbiology department immediately after sampling. Culture conditions were set according to national guidelines for microbiological diagnostic with an overall incubation time of 14 days. Matrix Assisted Laser Desorption/Ionization Time-of-Flight (MALDI TOF) Mass Spectrometry Analysis or other specific tests were mainly used for identifying bacterial isolates. For this analysis we classified the taxa into two groups, Gram-positive and Gram-negative bacteria. Gram-positive bacteria were distinguished into Staphylococcus aureus, Staphylococcus spp., Streptococcus spp., Corynebacteria, and other Gram-positive bacteria. Gram-negative bacteria were differentiated into Pseudomonas spp., Acinetobacter spp., Enterobacteriaceae, and other Gram-negative bacteria. Finally, we documented the incidence of yeasts.



Laboratory values

A qualified nurse took blood samples during the inpatient stay and during the visit at our outpatient clinic. After disinfection of the skin, and venous blood stasis, the venous puncture was performed with a 20G needle. The samples were sent to our clinical chemistry department for standard processing. The infection laboratory includes c-reactive protein (CRP; reference is ≤5 mg according to the specifications of our laboratory) in milligram per liter (mg/l), and leucocytes in thousand per microliter (tsd/μl; reference between 3.9 and 10.2 tsd/μl) as well as hemoglobin (Hb) in gram per deciliter [g/dl; reference between 13.5 and 7.2 (g/dl)], and the body temperature in Celsius degree (°C). Body temperatures between 37.5 and ≤38°C are considered elevated body temperature. A body temperature of >38°C is defined as fever. A nurse measured the body temperature with a digital ear thermometer. A daily reporting system protocoled the laboratory values via our hospital's internal software. All patients were instructed to clean their stoma from the fifth postoperative day on, one to two times a day, with clear water and optional non-alcoholic soap. Swimming in stationary waters like lakes and swimming pools was not allowed. Swimming in the sea and rivers was allowed. We did not consider these parameters during data collection.



The classification of infection

We used the international accepted classification of stomal infections by Al Muderis et al. (2016). In this two-center cohort study, the authors divided the level of severity of infection into low and high-grade soft-tissue infection, as well as into bone infection and implant failure. Except implant failure, the groups were separated into subunits A-C; A includes oral antibiotics, B parenteral antibiotics, and C surgical intervention. Implant failure contains parenteral antibiotics and explanation without dividing into subgroups.



Data collection and loss to follow-up

Within a standardized protocol clinical data from each patient were systematically collected. Included are every result of the standardized stomal swabs and infection laboratory values. Loss to follow-up is shown in Figure 1.


[image: Figure 1]
FIGURE 1
 Loss to follow-up during each step. *LOFU, loss to follow-up; N, number; L, laboratory value; B, bacterial swabs.




Statistical analysis

In August 2021, all relevant data of the study hypothesis were systematically evaluated. Descriptive analysis was performed for the stomal swabs, and the infection laboratory values. Besides, the descriptive evaluation of bacterial colonization on the stoma, all infections were numerically captured and underlying the causing bacterial taxa. The whole dataset was checked for normal distribution. Statistical analysis was performed using SPSS 28 (IBM, SPSS Inc., Chicago, IL). Subgroup analysis was carried out according to Gram-staining of bacteria and follow-up of patients.




Results


Main results

From 2017 to 2019, n = 66 patients underwent the TOPS procedure after transfemoral amputation in our tertiary care hospital in northern Germany (Örgel et al., 2022). Over time, the loss to follow-up increased as expected. Figure 1 shows in detail the loss to follow-up over 24 months.

The mean age of the patients was 50.8 ± 12.3 years (Örgel et al., 2022). One Patient died due to secondary disease. The most common reason for amputation was trauma. With regard to the cohort up to the 13 months follow-up, 7.9% (five patients) developed infections surrounding the TOPS procedure. In relation to the whole cohort with loss to follow-up, of 80.3% at the 24 months follow-up the infection rates increased up to 38.3%. Detailed information about the cohort is shown in Table 1.


TABLE 1 Demographic data of the whole cohort.

[image: Table 1]

Figure 2 shows the results of the microbiological examination of the swabs. During every sampling of the 24 months follow-up the most common taxa found at the skin implant interface were Staphylococcus aureus, Staphylococcus spp., and Streptococcus spp. (Örgel et al., 2022). None of the Staphylococcus aureus were Oxacillin or Methicillin-resistant. After the first day, we noted a rare count of Gram-negative bacteria with a fairly stable proportion over the entire study period. At the 3 months follow-up, we had two swabs identifying Candida albicans.


[image: Figure 2]
FIGURE 2
 Bacterial findings at the stomal side during the observed period. Blue, GPB; red, GNB; yellow, Candida albicans; green, Skin flora.


Detailed information is shown in Figure 2 and Table 2. Figure 3 shows the long-term course of the infection values [CRP (mg/l), leucocyte (tsd/μl)], hemoglobin (g/dl), and body temperature (°C).


TABLE 2 Presentation of the most common bacterial species at the intervals “during the surgery (IntraOP)”, “first day after surgery (Day1)”, “3, 6, 12, and 24 months (m) after surgery”.
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FIGURE 3
 Graphical visualization of the mean values of the long-term course of body temperature (°C), hemoglobin (g/dl), and infection values [leucocytes (tsd/μl) + CRP (mg/l)].




Infection

Five documented infections occurred. The infections were classified according to Al Muderis et al. (2016). We had one high-grade (2C), two low-grade (1A), one bone infection before the first surgery, and one infection of a hematoma after the first surgery. The infections were cured with species-specific resistogram antibiotic treatment, and in some cases, with additional surgery (abscess splitting). No implant loosening or sepsis was observed. Detailed information is shown in Tables 3, 4.


TABLE 3 Etiology and outcomes of patients with infection.
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TABLE 4 Number of complications.
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Discussion

One of the most frequent questions in the context of TOPS concerns the risk of infections due to the lack of a physiological skin barrier of the stoma. Skin flora has several functions. This circumstance includes the protective function against pathogen invasion, the development and establishment of the immune system, and the catabolism of natural products (Kong and Segre, 2012; Scharschmidt and Fischbach, 2013; Belkaid and Segre, 2014). In addition to fungi, viruses, archaea, and small arthropods, the normal skin flora consists of millions of bacteria (Byrd et al., 2018; Swaney and Kalan, 2021). This prospective data analysis showed infection rates of 7.9% at the 3 months follow-up. With regard to our 24 months follow-up, the infection rate increases up to 38.5% according to the loss to follow-up of 80.3%. This circumstance is concordant to the literature, which reports infection rates ranging from 5.1 to 68.2% and the null hypothesis could be accepted.

The stoma of TOPS is mainly colonized by microbiological organisms of the normal skin flora (Cundell, 2018). Staphylococcus aureus, Staphylococcus spp., and Streptococcus spp. are the most common identified bacterial species. Subsequently, the findings were split into Gram-positive and Gram-negative bacteria. Gram-positive was the most common taxa at the stoma. This fact confirms existing results. Beck et al. showed comparable findings in their prospective longitudinal scientific work without infection prevalence. They made a slightly different classification than we did. In their study, staphylococci, streptococci, and corynebacteria were the dominant taxa (Beck et al., 2019).

Regarding the taxa of the normal skin flora, we did not identify Propioniebacteria in the stomal area, which also belong to the main taxa of normal skin flora. Cutibacterium is more likely to be found in dry and sebaceous regions than in the region of the thigh skin (Byrd et al., 2018; Timm et al., 2020). Contrary to our protocol, Beck et al. acquired a microbiological swab from the skin surface of the ipsilateral and the opposite side and a stomal swab.

The distribution of bacterial species between the contralateral and ipsilateral thighs was comparable (Beck et al., 2019). Oh et al. published results in which they analyzed the structural and functional constitution of the human skin microbiome prospectively and longitudinally. They took swabs from various body sites, such as the glabella, external auditory canal, manubrium, antecubital fossa, or inguinal crease, popliteal fossa, the toe box, and plantar fossa (Schommer and Gallo, 2013; Oh et al., 2016; Cundell, 2018; Timm et al., 2020). In addition to virus and eukaryota, they equally identify bacterial taxa as shown by Beck et al. and the present results (Oh et al., 2016; Beck et al., 2019). With increasing time after creating the stoma, an equilibrium of the bacterial flora with the leading taxa Staphylococci developed, which could have a protective effect. In the course of 24 months we could not detect any specific bacterial pathogen. Our patients with TOPS had no attributable risk during the observed period with a probable biofilm formation of Staphylococcae, or yeasts. Enterobacterales were only rarely detected and in equal counts over the 3–24 months screening. Pseudomonadaceae, as a potential pathogenic species for chronic wound infections and often linked with a humid environment, were scarcely found in our microbiological cultures of the swabs without any attributable infection. Concerning dental implants, which are the origin of the development of TOPS, Lafaurie et al. showed in their systematic review that the taxa differ in peri-implantitis, periodontitis, and healthy implants.

Therefore, it is hypothesized that stable bacterial flora at the stoma side, according to the normal skin flora, could inhibit infections, so regular stoma hygiene (without a specific disinfection protocol) is required to obtain a stable bacterial flora. This circumstance is consistent with the results of our study, as we had only three minor infections after creating the stoma, which could be cured with antibiotics. The other two infections (Table 3) had a presumptive predictive increased risk of infections because the patients had multiple pre-surgeries in the Middle East after sustaining war injuries (Murray et al., 2009, 2011a,b; Al Muderis et al., 2016), although the laboratory values showed a normal dynamic for each (Figure 3). Our study concludes that a stable bacterial flora might have a protective function regarding pathogens with high infection risk. Although patients treated with TOPS will have a permanent stoma, it seems that during maturation and regaining a stable balance of different physiological taxa, the risk for deep infections is much lower than expected.


Limitations

This study shows the results of a 24-month follow-up period, but it is limited in showing long-term infectious complications and does not allow a differentiation between short- and long-term complications, and possible varying pathogens. No control group was included.

Moreover, the infection rates are calculated for the whole cohort. Loss to follow-up was 65.2% on the first day after surgery and 80.3% after 24 months after surgery. This aspect was considered when interpreting the results. In addition, this circumstance is caused by the fact that some patients visited our follow-up appointments irregularly due to minor compliance. However, this study is the first prospective study including TOPS patients, screening their bacterial taxa at the stoma side over 24 months.




Conclusion

Despite the permanently open environment of the stoma with its bacterial taxa and the consecutive connection to the prosthesis, the stoma of our cohort shows a dominated stable Gram-positive taxa with an infection rate of 7.9% at the 3 months follow-up and 38.5% at the 24 months follow up. Thus, this study shows that the soft tissue inside and around the transcutaneous stoma is immediately after surgery colonialized by multiple taxa which are changing over time. The stable Gram-positive dominated bacterial taxa could be seen as a protective factor against ascending periprosthetic infections and could possibly explain the relatively low infection rate in this study as well as in literature.
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2. Environment —manmade (physical
infrastructure)

1. Environment —manmade (behavioral and
infrastructure and geopolitical causes of
inadequate response)

1. Host—immurnity gap (size of susceptible
population—youth)

2. Environment —manmade (behavioral—
vaccine hesitancy)

1. Pathogen (new strain, H1N1)

2. Host (naive population)

1. Host (vaccination age gap)

2. Environment —manmade (behavioral—
lack of public awareness)

1. Environment —manmade (behavioral—
panic driven exodus)

1. Host (vaccine age gap)

2. Environment ~ manmade (behavioral, lack
of public awareness)

1. Pathogen (more virulent)

2. Host—person-to-person transmission
(unusual)

3. Environment —manmade (oehavioral,
international commerce, food preparation
method—uncooked food items, seeds, and
sprouts)

1. Host (low vaccination)
2. Environment —manmade (public health
infrastructure, urban transmission in addition
o the normal sylvatic cycle)

1. Pathogen (emerging virus, imported
mosquito species)

2. Host (arge naive population)

3. Environment —manmade (public health
infrastructure, behavior—early misdiagnosis)
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Types of genital
microbial infection

E. coli

E. coli

S. aureus

S. aureus, Neisseria
gonorrhoeae,
Enterococcus faecalis,
and Gardnerella
vaginalis

S. aureus, E. coli, and
UUR

S. aureus,
Enterococcus faecalis,
and Streptococcus
agalactiae

Enterococcus faecalis

UUR

UUR, E. coli, and
S. aureus

Country, study subjects and PMID number of
reference

size

Iran Infertile men (n = 150) and
healthy fertile controls (n = 150)
Chile Men with
normozoospermic (n = 4)

Iran Infertile men (n = 150) and
healthy fertile controls (n = 150)

Mexico Men attending an
andrology clinic with negative
bacteriological culture (n = 64)
and positive bacteriological
culture (n = 126) from semen
samples

Poland Infertile men with genital
tract infection (n = 39), and
healthy controls (n = 30)
Germany Bacteriospermic men
who need ICSI (n = 29),
non-bacteriospermic men who
need ICSI (n = 55)

[taly Infertile men with negative
microbiological testing

(n = 190), positive
microbiological testing (n = 83)
from semen specimens

Wales Men with genital UUR
infection (n = 140), men without
genital UUR infection (n = 140)
Ireland Infertile men with genital
tract infection (n = 39), infertile
men without genital tract
infection (n = 14), and healthy
controls (n = 30)
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NADb positive NAb negative Total p-Value
n (%) n (%)

Received one vaccine dose 1(16.67) 5 (83.33) 6 < 0.05
Received two vaccine doses 282 (65.58) 148 (34.42) 430
Total 283 153 436
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NAb positive NAb negative Total p-Value

n (%) n (%)
Received one vaccine dose 43 (18.14) 194 (81.86) 237 < 0.001
Received two vaccine doses 562 (84.89) 100 (156.11) 662

605 294 899

Total
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LOCI Ghana (%)N =20 Cote d’lvoire (%)N =18  Total (%)N = 38

MIRU 1 15 (65) 12 (66.7) 27 (71)
Locus 6 15 (75) 12 (66.7) 27 (71)

STI 15 (75) 11 (61.1) 26 (68.4)
Locus 19 15 (75) 8 (44.4) 23 (60.5)
Locus 15 12 (60) 13 (72.2) 25 (65.9)
Locus 16 15 (75) 13 (72.2) 28 (73.7)
Locus 18 14 (70) 10 (55.6) 24 (63.1)
MIRU 9 13 (65) 12 (66.7) 25 (65.8)
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NAb positive NAb negative Total p-Value
n (%) n (%)
Anti-SARS- 886 (80.1) 219(19.9) 1,103 < 0.001
CoV-2 IgM or
1gG positive
Anti-SARS- 2(1.7) 228 (98.3) 232
CoV-2 IgM or
1gG negative
Total 888 447 1,335
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Locus Ghana (%)N = 86 Cote d’lvoire (%)N = 157 TotalN = 243

MIRU 1 74 (86) 114 (72.6) 175 (77.4)
Locus 6 57 (66.3) 114 (72.6) 177 (72.8)
STI 63(73.2) 114 (72.6) 177 (72.8)
Locus 19 58 (67.4) 89 (56.7) 147 (60.5)
Locus 15 52 (60.4) 90 (57.3) 142 (58.4)
Locus 18 48 (55.8) 7 (10. ) 65 (26.7)
Locus 13 3(15.1) 2(1.2 15 (6.2)
Locus 33 3(15.1) 4 (2 17 (7.0)
MIRU 9 1(1.1) 5(3.1) 6 (2.5)
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Interval NADb positive NAb negative Total p-Value
between two n (%) n (%)

vaccines

0-3 weeks 68 (63.0) 40 (37.0) 108 < 0.01
3-8 weeks 773(80.8) 207 (19.2) 980

Total 841 247 1,088
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Location Water Borehole Biofilm Soil Detritus Pond
(%) (%) (%) (%) (%) (%)

Ghana
Amansie central 10/20 (50) 2/2 (100) 7 (35) 1/20 (5) 2/20 (10) 1

S

Akuapim south  1/3(33.3) 3/3(100) 6/10(60) 2/10(20) 4/10(40) 0(0)
Cote d’lvoire

Zoukougbeu 2/2 (100) 0()  2/2(100) 2/2(100) 2/2(100) 0(0)
Kongouanou 4/4 (100) 0(0)  4/4(100) 4/4 (100) 4/4(100) 0(0)
Toumoudi 2/2 (100) 0()  2/2(100) 2/2(100) 2/2(100) 0(0)
Sakassou 4/4 (100) 0(0) 3/4(75) 2/4(50) 3/4(75) 0(0)
Djekanou 2/2 (100) 0(0) 2/2(100) 2/2(100) 1/2(B0) 0(0)
Bouake 2/2 (100) 0() 2/2(100) 1/2(50) 2/2(100) 0(0)
Sinfra 2/2 (100) 0()  2/2(100) 2/2(100) 1/2(B0) 0(0)
Divo 2/2 (100) 0() 2/2(100) 2/2(100) 1/2(50) 0(0)

NB: M. ulcerans DNA positivity was determined via a positive PCR for IS2404 or an
1S2606 and ER if negative for 1I52404 or IS2606.
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NAb positive NAb negative Total p-Value
n (%) n (%)
Fourth month 4 (80.00) 1(20.00) 5 > 0.05
Fifth month 1(33.33) 2 (66.67) 3
Total 5 3 8
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Location 1S2404  1S2606 ER Acid fast  16S Total
n (%) n (%) n (%) n (%) n (%) n (%)

Ghana
Ga east 16 (61.5) 12(46.1) 1(3.9) 0 20 (76.9) 26
municipal

Akuapim south 39 (61.9) 21(33.3) 19(30.1) 1(1.6) 44(66.7) 63
municipal

Amansie 49(77.8) 21(33.3) 15(23.8) 4(6.3) 55(87.3 63
central

Cote d’lvoire

Bouaké 34 (100) 24 (70.6) 24 (70.6) 0 34 (100) 34
Divo 5(100) 5(100)  5(100) 0 5 (100) 5
Kongouanou 34 (94.4) 34(94.4) 28(77.8) 0 36 (100) 36
Sakassou 2(66.7) 13(72.2) 10(65.6) 3(16.7) 17 (94.4) 18
Sinfra 3(100) 3(100) 3(100) 3(100)  3(100) 3

Toumoudi/ 41(85.4) 33(68.7) 32(66.7) 2(4.2) 43(89.6) 48
djekanou

Yamoussoukro 18 (58.1) 16(51.6) 14(45.2) 3(9.7) 25(80.6) 31
Zoukougbeu 49 (89.1) 39(70.9) 35 (63.6) 0 53 (96.4) 55
Total 300 (78.5) 221 (57.8) 186 (48.7) 16(4.2) 335(87.7) 382
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NADb positive n (%) NAb negative n (%) Total p-Value

Fifth month 30 (81.08) 7(18.92) 37 < 0.05
Sixth month 26 (53.06) 23 (46.94) 49
Total 56 30 86
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Primers

152404
1S2606
16rRNA
ER
Locus 15
Locus 16
Locus 18
STH
MIRU 1
MIRU 9
Locus 19
Locus 13
Locus 6
Locus 33

Forward (5'-3')

AGCGACCCCAGTGGATTGGT
AGGGCAGCGCGGTGATACGG
AAAAAGCGACAAACCTACGAG
GAGATCGGTCCCGACGTCTAC
GCCACCGGTCAGGTCAGGTT
CCAACGCTCCCCCAACCAT
CCCGGAATTGCTGATCGTGTA
CTGAGGGGATTTCACGACCAG
GCTGGTTCATGCGTGGAAG
GCCGAAGCCTTGTTGGACG
CCGACGGATGAATCTGTAGGT
CAGGTATTCCAGGAGATCAAA
GACCGTCATGTCGTTCGATCCTAGT
CAAGACTCCCACCGACAGGC

Reverse (5'-3')

CGGTGATCAAGCGTTCACGA
CAGTGGATTGGTGCCGATCGAG
AGAGTTTGATCCTGGCTCAG
GGCTTGACTGTCACGTAAG
TCACCAACTACGACGGCGTTC
GCTCACAGGCCTTCGCTCAGA
GGTGCGCAGACTGGGTCTTA
CGCCACCCGCGGACACAGTCG
GCCCTCGGGAATGTGGTT
GGTTTCCCGCAGCATCTCG
TGGCGACGATCGAGTCTC
GGCGACAAGGCTCGTT
GACATCGAAGAGGTGTGCCGTCT
CGGATCGGCACGGTTCA

Annealing Temp (°C)

64
64
56
63
67.5
68
65.4
65.4
64.5
66.4
64
59
68.5
65

Size (Bp)

492

310

600

476

Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
Variable
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No. (%)

Group with a 21-day

Received two

Received one

Vaccine group

interval between the  vaccine doses vaccine dose (n = 1,335)
two doses(n = 570) (n = 1,092) (n = 243)
Age, (mean + SD) 36.11 +£ 11.95 36.50 + 12.49 35.26 + 11.87 36.27 + 12.39
Age
> 60 years 16 (2.8) 46 (4.2) 12 (4.9 58 (4.3)
18-60 years 554 (97.2) 1,046 (95.8) 231 (95.1) 1,277 (95.7)
Sex
Male 270 (47.4) 524 (48.0) 120 (49.4) 644 (48.2)
Female 300 (52.6) 568 (52.0) 123 (50.6) 691 (51.8)
NAb positive 436 (76.5) 844 (77.3) 44 (18.1) 888 (66.5)
Anti-SARS-CoV-2 IgG antibody positive 482 (84.6) 911 (83.4) 76 (31.9) 987 (73.9)
Anti-SARS-CoV-2 IgM or IgG antibody positive 534 (93.7) 1,019 (93.3) 84 (34.6) 1,103 (82.6)
Interval between two vaccine doses (median days) 21 21 (0-77 days) 78 /
Interval between antibody test date and second vaccine dose (median days) 54 (0-332 days) 50 (0-332 days) / /
21 days between two vaccine doses 570 (100) 570 (562.20) / 570 (42.70)

SD, standard deviation; NAb, neutralizing antibody; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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NADb positive NAb negative Total
n (%) n (%)
18-40 years 208 (85.60) 35 (14.40) 243
41-60 years 56 (77.78) 16 (22.22) 72
> 60 years 11 (78.57) 3(21.43) 14
Total 275 54 329
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General population

Risk factors Jeong et al., 2019 Patel et al., 2020 Prakash et al., 2019 Hoenigl et al., 2022
Diabetes mellitus 40% (340) 74% (465) 91% (172)
Diabetic ketoacidosis 21% (71) 50% (465) 90% (31)
Hematological malignancy 33% (275) 1.3% (465) 84% (19)
Corticosteroid use 33% (273) 3.7% (465) 90% (27)
Motor vehicle accident 33% (28) =
Neutropenia 20% (169) - 89% (16)
Injection sites 42% (34) - -
Use of cancer chemotherapy 18% (149) - 87% (16)
Use of calcineurin inhibitors 16% (133) - -
Voriconazole 52% (48) = =
Fluconazole 25% (23) - -
Other minor injury 14% (12) - -
Cuts/grazes 14% (11) - -
Other open wound trauma 21% (18) 6.9% (465) 37% (31)

The percentages indicate the proportion of patients affected by the particular risk factor developed mucormycosis in each population.
The number in brackets indicate the total number of patients were affected by the particular risk factor.
““” indicates that no data were found.
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Mucosal Associated Invariant T cells (MAIT)

Functional Low dose (10° CFU) High dose (10° CFU)
™ NoTD ™ NoTD
CD8+MAIT | CD8+MAIT | CD8+MAIT | CD8+MAIT
Activation L © = ©
Proliferation g © L 2 ©
Basalins)(Beors Exhaustion © © © o
Challenge)
Apoptosis © © © ©
Homing Potential d = L. ©
Activation [ + T +
Proliferation T 2 2 v
Challenge (Early
Exhaustic 2

hase D1.9) ustion ) * v
Apoptosis . 3 1+ v

Homing Potential 1 CCR6,CCR9|J CCR6,CCR9|1 CCR6,CCRI|J CCRS, CCRY
Activation G i v Lo ©
Proliferation T 2 T ¥

Post Challenge (After
antibiotic treatment Exhaustion © © © ©
D14-28)

Apoptosis g © © g

Homing Potential 1 CCR6,CCR9|J CCR6,CCR9|1 CCR6,CCRI|J CCRS6, CCRY

TD: Volunteer who developed typhoid disease 1 :lncrease

NoTD: Volunteer who did not develop typhoid disease

CFU: Colony forming unit

{ :Decrease

€ : No difference
All Comparisons: TD vs NoTD responses
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Regulatory T cells (T eqs)
Functional
4 High dose (10* CFU)
properties
D NoTD
Activation G g
Baseline (Before ol eraticn e And
Challenge) Suppressive activity < =
Homing Potential Padp7 JYadp7
Activation 4p ¥
Challenge (Early Proliferation = ©
phase D1-9) Suppressive activity 0 v
Homing Potential 1CXCR3 J CCR6
Activation 4p v
Post Challenge Proliferation © ©
(After antibiotic
treatment D14-28) Suppressive activity 9 ¥
Homing Potential PCXCR3 J CCR6
TD: Volunteer who developed typhoid disease 4 :lIncrease

NoTD: Volunteer who did not develop typhoid disease J :Decrease

CFU: Colony forming unit
i < <> : No difference

All Comparisons: TD vs
NoTD responses
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Functional Low dose (10° CFU) High dose (10° CFU)
properties ™ NoTD ™ NoTD
CDB+Teu | COB*Teuma| CDB¥Tew | COBYTew | COB¥Teums| COB¥Tcw | COBVTor | COB¥ T | CDB*Tew | COB#Tew | CDB*Teuma| COBYTew
S Typhispeciic
Gidenal| e . o -+ B i -+ B o . B o
Baseline (Before
challenge) Actation e e P o
Homing Potential | > o o o
S. Typhispecitic
Cytokines secretion | ¥ o o
Ghallenge (Early
phase D1.9) Actvation s e wr o
Homing potential | 4 iy + o v o +
S. Typhispecitic
Cytokines secretion | > 2 2 o2
Post Challenge (after
antiblotc treatment
Actatio o v
D14:28) e
Homing potential | > o + aw + o
TD: Volunteer who developed typhou disease 4 :Increase
NaTD: Vauntsor who 0 not dovelon hpnod dsease
‘GFU: Colony forming unt. Ak 4 :Decrease
T T effocormemory 2
T COMSRAY Ty &> : No difference
T T cenval memry All Comparisons: TD vs NoTD responses
E Mifunctonal

Empy coll: Determination not performed.
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Frequency

Gene Description Location®

Fold 1 Fold2 Fold 3
oo Major outer membrane lipoprotein oM 6 23 )
phoP DNA-binding transcriptional dual regulator PhoP Cytosol 1 16 12
appB Cytochrome ba-I ubiquinol oxidase subunit I ™M 2 3 4
nage N-acetylglucosamine-specific PTS enzyme Il ™ 1 5 1

“The four genes that were highly correlated with image feature elements obtained by the classiffer models in all three folds are shown. The genes that correlated frequently with the
image feature elements are listed in descending order of the number of appearances. The number of image feature elements varied in the three folds as 948, 836, and 808,

respectively.

"OM, outer membrane; IM, inner membrane.
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B cells

High dose (10* CFU)

Functional
properties ™ NoTD
PB  [SmCD27+ UM |SmCD27-| Nalve | PB  SmCD27+| UM |SmCD27-| Naive
Activation © o | e o © o o o | e ©
Baseline (Before = =
Homing Potential | ¢a47 ©aipy | aip? atp
Challenge) omig o i B & e
Phosphorylation o | o o © © o | o ©
Activation 0 v 0 v 0 v W v 0 v
Cha"eng;zE;)rly Phase |\, ing Potential | Masp7 ©adp? | adp? Padp7
Phosphorylation s | € | teekaz | tpakt © © © ©
Activati © © + © + © © o | o ©
Post Challenge (After S
antibiotic treatment | Homing Potential | ¢ adp? | © Padp7
DI 28) Phosphorylation o | e © © © o | o ©
TD: Volunteer who developed typhoid disease 1 :lIncrease

NoTD: Volunteer who did not develop typhoid disease

CFU: Colony forming unit
PB: Plasmablast

SmCD27+: Switched memory CD27+ B cells
UM: Unswitched memory B cells
SmCD27- Switched memory CD27- B cells

Naive: Naive B cells

Empty cells: Determination not performed

4 :Decrease
<> : No difference
All Comparisons: TD vs NoTD responses
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Fold Specificity Accuracy
1 0966 0900 0943
2 0927 0984 0953
3 0984 0902 0.947

“The table presents classification accuracy rates. “Sensitivity” and *Specificity” denote
the accuracy rate for classifying ENX-resistant cells and accuracy rate for parental cells,
respectively.





OPS/images/fmicb-13-983403/fmicb-13-983403-g002.jpg
Monocytes

Dendritic Cells (DC)

Functional
Properties High dose (10° CFU) High dose (10° CFU)
T NoTD T NoTD
Activation © o © ©
Baseline (Before Homing Potential © © o o
Challenge) ‘Ability to bind 5.
Typhi ad ® hid ©
Phosphorylation
Activation 2 v o v
Challenge (Early Homing Potential Padp1 Yaapr o o
phase D1-9) ‘Ability to bind 5.
Typhi u & i v
Phosphorylation v WhaEs
Activation © © © ©
Post Challenge (After | Homing Potential o o © ©
antibiotic treatment TATY
Ability to bind S.
D14-28) e © o © ©
Phosphorylation
4 :Increase

TD: Volunteer who developed typhoid disease
NoTD: Volunteer who did not develop typhoid disease

CFU: Colony forming unit

Emply cells: Determination not performed

{ :Decrease
€ : No difference
All Comparisons: TD vs NoTD responses
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Patient data Timeline and outcome Anti-Spike mAb Antivirals Ig and plasma References

N° Age Sex Medical End- Outcome (cause of BAM ETE CAS-IMD REM L-R IVlg CP HP Study

conditions point death if not COVID)

(days)
P1 7 F CLL 105 R X X Avanzato et al., 2020
P2 75 M CLL 197 R 4 X Monrad et al., 2021
P3 late 60s M CLL 91 R X Jensen et al., 2021
P4 72 M CLL 61 R X X X Truffot et al., 2021
P5 76 F CLL 72 R % X Martinot et al., 2021
P6 68 M CLL 43 R X X b4 X Bronstein et al., 2021
P7 23 M ALL 410 R X % X Bailly et al., 2021
P8 3 F ALL 91 R Truong et al., 2021
P9 21 M ALL 45 R X X Truong et al., 2021
P10 2 M ALL 51 R X Truong et al., 2021
P11 21 F ALL 98 D X Leung et al., 2022
P12 55 F AML 42 R X X Lohr et al., 2021
P13 Early 60s M FL 103 R X X Jensen et al., 2021
P14 52 M FL 194 D X X X Pérez-Lago et al., 2021
P15 47 M FL 120 R % % X % Pérez-Lago et al., 2021
P16 63 F FL 69 D % % X % Pérez-Lago et al., 2021
P17 52 F FL 100 R X Lynch et al., 2021
P18 Unkn F FL 165 R Mancon et al., 2022
P19 61 F DLBCL 58 R X Borges et al., 2021
P20 48 F DLBCL 335 R 4 X X Nussenblatt et al., 2022
P21 70 F NHL 292 R X X X Gandhi et al., 2022
P22 70 M MBCL 102 D X X Kemp et al., 2021
P23 60 M MCL 39 R X X Baang et al., 2021
P24 33 M HL 45 R but still PCR + X Bronstein et al., 2021
P25 63 F CTCL 40 R but still PCR + X 2.¢ Guigon et al., 2021
P26 73 M Multiple myeloma 74 D X ¢ Hensley et al., 2021
P27 73 M Cholangio-carcinoma 21 D X p:¢ Focosi et al., 2021b
P28 Early 50s M Kidney transplant 64 R X Chen L. et al., 2021
P29 Late 60s M Heart transplant 40 R X Jensen et al., 2021
P30 Mid 60s F Kidney transplant 26 R X % Jensen et al., 2021
P31 58 M Kidney transplant 189 R X Weigang et al., 2021
P32 Early 40s F AIDS (HIV-Toxo) 32 R X X X Jensen et al., 2021
P33 66 M AIDS (HIV-LEMP) Unkn. Unkn — probable D Tarhini et al., 2021
(LEMP)
P34 28 M AIDS (HIV-P. jiroveci-M. 103 R Alvarez et al., 2022
avium)

P35 Late 30s F HIV 216 R but still PCR + Cele et al., 2022
P36 61 F HIV 93 R Hoffman et al., 2021
P37 45 M APL syndrome 154 D X X X Choai et al., 2020
P38 Early 70s M AAV 20 D X X Jensen et al., 2021
P39 87 M PAOD, Diabetes, HBP, 27 R X Peiffer-Smadia et al., 2021

CHD, CKD
P40 35 M Diabetes, HBP, CKD, RVD, 38 R X Peiffer-Smadja et al., 2021

JIA
P41 61 M Stroke, PAOD, Diabetes, 18 R X Peiffer-Smadia et al., 2021
HBP, CHD, CKD
P42 97 M Dementia, HBP and 37 D (decubitus X Peiffer-Smadia et al., 2021
Diabetes complications)
P43 64 M Stroke, Diabetes, HBP, 48 R X Peiffer-Smadja et al., 2021
CHD (heart transplant)
P44 66 M Stroke, Diabetes, HBP, 45-50 D X Peiffer-Smadia et al., 2021
RA, CKD (kidney
transplant)

x, Treatment used; mAb, monoclonal antibody; N°, patient number; F, female; M, male; CLL, chronic lymphocytic leukemia; ALL, acute lymphoblastic leukemia; AML,
acute myeloid leukemia; FL, follicular lymphoma,; DLBCL, diffuse large B cell ymphoma; MBCL, marginal B cell ymphoma; MCL, mantle cell lymphoma; NHL, non-HL;
HL, Hodgkin’s lymphoma; CTCL, cutaneous T cell lymphoma; AIDS, acquired immunodeficiency syndrome; HIV, human immunodeficiency virus; LEMR progressive
multifocal leukoencephalopathy, Toxo, toxoplasmosis; R jiroveci, Pneumocystis jiroveci; M. avium, Mycobacterium avium; APL, antiphospholipid; AAV, ANCA (anti-
neutrophil cytoplasmic antibodies) associated vasculitis; PAOD, peripheral arterial occlusive disease; HBF, high blood pressure; CHD, coronary heart disease; CKD,
chronic kidney disease; RVD, restrictive ventilatory disorder; JIA, juvenile idiopathic arthritis; RA, rheumatoid arthritis; Unkn, unknown; R, recovery; D, death; diag,
diagnosis; BAM, bamlanivimab; ETE, etesevimab; CAS-IMD, casirivimab — imdevimab, REM, remdesivir; Lopi-Rito, lopinavir-ritonavir; IV Ig, intravenous immunoglobulins;
CPR, convalescent plasma; HF, hyperimmune plasma. “Endpoint (days)” refers to the time frame between the earliest positive sample of the patient that confirms the
diagnosis and the most recent sample available before recovery, death, or discharge.





OPS/images/fmicb-13-839718/fmicb-13-839718-g001.jpg
Enx 1 enx2 IS amct

AMK 3 AMK 4

§

frea Major Axis

15 = D

s os
® 7 e
o e o3
o - 02

: II |
_il._=
i -II = = Ej=m

» a5
- ENX1 WENXZ WENXD NENXA WANK1 RAVKZ SANKD mAMKS
" SCAX1 <GRX2 SCAX3 “GRXs CP1 40P2 sCPI =0P4

og-ot cherge

Minor Axis Aspact Ratio (ajorMinor)





OPS/images/fmicb-13-933983/fmicb-13-933983-g006.jpg





OPS/images/fmicb-13-839718/crossmark.jpg
©

2

i

|





OPS/images/fmicb-13-933983/fmicb-13-933983-g005.jpg
RBM- Bamlanivimab
PDB 7L3N

LT RBM- Etesivimab ~ ~*«.
PDB 7C01

LY-CoVS555

89H

"\7

Jf

REGN10987






OPS/images/fmicb-13-840846/fmicb-13-840846-t002.jpg
Multivariate logistic regression model

Item Odds ratio (95% CI)
Prior antibiotic medication 2.715 (0.676-10.903)
Prior medication clarithromycin 1.530 (0.270-8.666)
Prior medication meropenem 2.018 (0.345-11.810)
Torasemid 2.600 (0.780-8.668)
PPIs 2.506 (0.626-10.028)
Inpatient care 4.619 (1.300-16.411)
Consumption of vegetables 0.240 (0.072-0.796)

p-value

0.159
0.630
0.435
0.120
0.194
0.018*
0.020*

All factors with p < 0.05 were included in the analysis. Significant factors are
marked by*. The item “surgery in previous 12 months” was excluded because
the significance was attributed to the extended stay in health care facilities in

the previous year.
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Univariate analysis of risk factors for CDI

Factor

Male gender
Age (mean value in years)

Mean value of Body Mass Index (BMI)
Missing observations

Surgery in previous 12 months

Prior antibiotic medication in previous six months
Missing observations

Meropenem
Missing observations

Clarithromycin
Missing observations

Diuretics

- Torasemid

- Furosemide

- Hydrochlorothiazide

- Potassium-sparing diuretics

NSAIDs

PPI

ACE inhibitors/Angiotensin receptor antagonists

Immunosuppress. Drugs
Missing observations

Anticoagulants
Metformin
Pre-existing cardiovascular diseases

Inpatient care
Missing observations

Consumption of vegetables
Consumption of instant food
Consumption of fruits
Consumption of pasta
Consumption of dairy products
Bottled water

Non-bottled water

Juice

Alcoholic beverages

Property of companion animals
Property of birds

*Significant risk factors (o < 0.05).

C. difficile positive

C. difficile negative

% (n/tested)
62.1 18/29
735 29/29
26.0 28/29

1
448 13/29
82.1 23/28
1
18.5 5/27
2
222 6/27
2
69.0 20*%/29
62.1 18/29
6.9 2/29
6.9 2/29
6.9 2/29
37.9 11/29
82.8 24/29
75.9 22/29
13.8 4/29
10.3 3/29
3.4 1/29
89.7 26/29
82.1 23/28
i
414 12/29
241 7/29
20.7 6/29
82.8 24/29
48.3 14/29
79.3 23/29
20.7 6/29
48.3 14/29
3.4 1/29
27.6 8/29
13.8 4/29

% (n/tested)
50.0 46/92
68.7 92/92
27.7 88/92

4
22.8 21/92
484 44/91

1
3.9 3/77

15
6.5 5/77

15
51.1 47%/92
326 30/92

3.3 3/92
15.2 14/92

1.1 1/92
17.4 16/92
56.5 52/92
63.0 58/92
10.8 18/91

1
10.9 10/92
13.0 12/92
815 75/92
31.9 29/91

1
75.0 69/92
10.9 10/92
315 29/92
81.5 75/92
337 31/92
80.4 74/92
17.4 16/92
39.1 36/92
10.9 10/92
35.9 33/92
3.3 3/92

OR (95% ClI)

1.636 (0.696-3.845)

2.747 (1.141-6.616)
4.914 (1.718-14.054)

5.606 (1.240-25.337)
4.114 (1.141-14.835)

2.128 (0.877-5.163)
3.382 (1.420-8.052)
2.198 (0.349-13.841)
0.413 (0.088-1.934)
6.741 (0.588-77.227)
2.903 (1.153-7.311)
3.692 (1.295-10.530)
1.842 (0.712-4.764)
0.649 (0.200-2.101)

0.946 (0.242-3.699)
0.238 (0.030-1.915)
1.964 (0.532-7.251)

9.834 (3.397-28.468)

0.235 (0.098-0.565)
2.609 (0.891-7.640)
0.567 (0.208-1.541)
1.088 (0.363-3.262)
1.837 (0.787-4.284)
0.932 (0.331-2.627)
1.239 (0.435-3.533)
1.452 (0.627-3.363)
0.293 (0.36-2.391)
0.681 (0.272-1.707)
4.747 (0.996-22.618)

#Three C. difficile positive patients consumed more than one diuretic preparation, hence adding up all 4 preparations the total of intaken diuretics is 24.
#*One C. difficile negative patient consumed more than one diuretic preparation, hence adding up all 4 preparations the total of intaken diuretics is 48.

value

0.256
0.121
0.213

0.022*
0.002*

0.027*

0.032*

0.091

0.005*
0.592
0.353
0.142
0.021*
0.011*
0.203
0.468

1.000
0.186
0.398
<0.001*

0.001*
0.121

0.262
0.880
0.1567
0.895
0.688
0.383
0.457
0.411

0.056
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NADb positive NAb negative Total p-Value
n (%) n (%)
Male 138 (82.63) 29 (17.37) 167 > 0.05
Female 137 (84.57) 25(15.43) 162
Total 275 54 329
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Leitao et al. Leptopilina boulardi L. boulardi

(2020) parasitoid wasps parasitoid wasps
(parental flies) (offspring)

Mondotte et al., SINV SINV

2020

Others

Schwenke and Methoprene Hk Providencia

Lazzaro, 2017 (synthetic JH analog) rettgeri (oral)

(oral)

Chakrabarti and Wound E. faecalis (systemic)

Visweswariah,

2020

Jacqueline et al.,  P. carotovorum (oral ~ Cancer induction
2020 and cutaneous)

B. bassiana (oraland  Cancer induction

cutaneous)
Madhwal et al. Wasp-odor food L. boulardi
(2020) (WOF) parasitoid wasp
Segrist et al., Cyclic dinucleotide DCV or SINV (oral)
2021 (CDN) (oral)

Transgenerational assay

Transgenerational assay

2,5, or 7 days

0 days

HK, heat-killed, CFUs, colony forming units. CH2O-treated (treated with formaldehyde).

-/DAP

-/LYS

DAP/-

B-glucan/-

Estimation of

encapsulation

ratio and gene
expression
Survival,
luciferase

activity and viral
load

Survival, CFUs
and gene
expression

Survival and
ROS production

Tumor size and

gene expression

Tumor size and

gene expression

Cellular immune
response

Survival and
gene expression

No

- The parasitism increased resistance due to a cellular
immune system activation which leads to

encapsulation over generations.

- D. melanogaster transmits antiviral immunological
memory to their progeny.

-Virus and sequence-specific protection, but RNAi
independent.

- Priming suppressed the induction of AMPs.
- JH and Sex Peptide (SP) favor reproduction over
protection, suppressing resistance to infection.

- ROS production in hemocytes is key to activate
JAK/STAT and Toll which in turn conferred protection
against subsequent infections.

- Wound confers short-lasting protection against
subsequent infections.

- Infection could have a protective role through the
production of Diptericin and Drosomycin that increase
tumor cell death in flies primed with P. carotovorum,
but no with B. bassiana.

- Toll and Imd pathways act synergistically to trigger
protection.

- Those flies pre-conditioned with WOF before
infection showed primed their immune response when
challenged by elevating their systemic GABA levels
which, in turn, promote the pre-differentiation of

lamellocytes.

- Oral, but not systemic ingestion of CDNs protect flies
against systemic virus infection and induce gene
expression in the gut of antibiotic-treated flies.

- Protection is dSTING- and dTBK1- dependent. - Toll
and Imd pathways act synergistically to trigger
protection.
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Acuna Hidalgo
and Armitage,
2022

Cabrera et al.,
2022

Oral priming
Mondotte et al.,
2018

Patrnogic et al.,
2018

Wen et al., 2019

hk or CH20-treated
L. lactis

hk or CH20-treated
P. burhodogranariea

E. faecalis (low dose)

DCV (larval stage)

DCV (larval stage)

Mixture (E. coli and
M. luteus)

Mixture (hk E. coli
and hk M. luteus)

hk E. coli

hk S. aureus

Transgenerational priming

Bozler et al.,
2020

L. heterotoma
parasitoid wasps
(parental flies)

L. lactis

P. burhodogranariea

E. faecalis

DCV (adult flies)

Cricket Paralysis
Virus (CrPV) and
Flock House Virus
(FHV) (adult flies)
P. luminescens or

Photorhabdus
asymbiotica

P. luminescens or

P. asymbiotica

E. faecalis or
P. aeruginosa

E. faecalis or
P. aeruginosa

L. heterotoma or
L. victoriae
parasitoid wasps
(offspring)

7 days

7 days

7 days

7-8 days (Transstadial
assay)

7-8 days (Transstadial
assay)

1 day

1 day

1 day

1 day

Transgenerational assay

LYS/LYS

DAP/DAP

LYS7LYS

DAP and LYS/DAP

DAP and LYS/DAP

DAP/LYS and DAP

LYS/LYS and DAP

Survival and
CFUs

Survival and
CFUs

Survival, CFUs
and gene

expression

Survival and
viral load

Survival and
viral load

Survival and

gene expression

Survival and

gene expression

Survival and

gene expression

Survival and

gene expression

Survival, blood
cells counts and

gene expression

No

No

No

No

- Priming did not confer any significant advantages to
infected flies.

- Bacterial load 1 day post-challenge showed bimodal
distribution, while 7 days post-challenge was
unimodally distributed.

- Priming with a low dose of E. faecalis favors survival
at least 7 days later although this increase in survival is
not linked with a clearance of the bacteria.

- Phagocytosis is needed to mount a primed response
to subsequent infection. - Both Imd and Toll pathway
are dispensable for the primed response.

- Priming larvae with DCV showed increased tolerance
when challenged in adulthood.

- Transstadial immune priming is RNAi-dependent,
virus and sequence-specific.

- Imd pathway was upregulated after challenge in flies
previously primed with both mixtures.

- Toll pathway was upregulated after challenge in flies
previously primed with live mixture, but not the hk. -
Oral priming did not favor survival after challenge.

- Gram-positive/Gram-negative-specific protection.

- Priming with hk S. aureus showed sexual dimorphism
in protection against infection. - Toll and Imd

pathways act synergistically to trigger protection.

- Longer survival in the offspring of primed parental
flies is characterized by enhanced cellular response
mainly mediated by a rapid lamellocytes production.
- The cellular phenotype in the offspring corresponds
with a downregulation of PGRP-LB gene in maternal
flies. - There were educed infection rates in the
offspring of exposed flies.
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Priming species

P. aeruginosa CF5
(avirulent)

Avirulent E. coli
Avirulent S. aureus

Avirulent
Cryptococcus

neoformans

S. pneumoniae (low
dose)

hk S. pneumoniae

hk S. typhimurium
hk L. monocytogenes
hk M. marinum

Beauveria bassiana
(low dose)
S. pneumoniae (low
dose)

Mixture (hk E. coli,
M. luteus, B.
bassiana)

Mixture + hk
S. pneumoniae

Avirulent E. coli

P. luminescens phoP
mutant

P. aeruginosa CF5
(avirulent)

Challenge
species
P. aeruginosa PA14

P. aeruginosa PA14
P. aeruginosa PA14
P. aeruginosa PA14

S. pneumoniae

S. pneumoniae

S. typhimurium
L. monocytogenes
M. marinum

B. bassiana
All the pathogens

S. pneumoniae

S. pneumoniae

Xenorhabdus
nematophila or
P. luminescens

P. luminescens

P. aeruginosa PA14

hk P. aeruginosa CF5 P. aeruginosa PA14

(avirulent)

Drosophila C Virus
(DCV) (low dose)

hk L. lactis

hk P. entomophila

DCV (lethal dose)

L. lactis

P. entomophila

Time in between

3,6,12,24h

6h
6h
6h

1-14 days

1-14 days

7 days
7 days
7 days
7 days

7 days

7 days

7 days

1 day

1 day

11 days

2, 5or 7 days

3 days

7 days

7 days

Cell wall component
(priming/2nd challenge)

DAP/DAP

DAP/DAP
LYS/DAP
pB-glucan/DAP

LYS/LYS

LYS/LYS

DAP/DAP
LYS/LYS
Mycolic acid
B -glucan/p -glucan

LYS/DAP and LYS

DAP and LYS and B -glucan/LYS

DAP and LYS/LYS

DAP/DAP

DAP/DAP

DAP/DAP

DAP/DAP

LYS/LYS

DAP/DAP

Measures

Survival and

gene expression
Survival
Survival

Survival

Survival

Survival and
CFUs

Survival
Survival
Survival

Survival

Survival

Survival

Survival

Survival and

gene expression

Survival and

gene expression

Survival

Survival

Survival and
viral load
Survival, CFUs
and gene
expression

Survival, CFUs
and gene
expression

Evidence of
protection

Yes

No

No

No

Main results

- Best protection 6 h after priming and lasts for >24 h.
- Toll and Imd pathways act synergistically to trigger
protection.

- Priming with S. pneumoniae favors survival reducing
bacterial load. Protection is long lasting and
species-specific.

- Phagocytes specifically drives protection to
subsequent infection. - Toll pathway is required for the
primed response but not Imd.

- Increased survival of primed flies 1 day before
challenge, but not when coinfected.

- Protection mediated by the Imd-related AMPs in the
haemolymph previously to challenge

- Short-lasting protective effect

- Relish and to a less extend Dif are important for
protection.

- Immune priming 2 days pre-infection do not depend
on phagocytosis.

- Immune priming 5 days pre-infection depends
heavily on phagocytosis.

- Priming had no effect on flies’ survival.
- Mortality correlated with viral presence in the fly.

- P. entomophila priming increased bacterial load at

1 day post-challenge and survival at 28 days
post-challenge although non-significantly.

- Generally, authors found no effect of the priming on
survival, resistance to infection or fecundity

- In surviving flies, L. lactis becomes a persistent
infection but P. entomophila is cleared
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Compound

MIC (n g/mL)

C. albicans C. neoformans C. glabrata C. krusei A. fumigatus A. niger C. resinae References
17 10-25 2.5-100 2.5-10 10-25 2.5-10 10-25 n.r@ Parish, 1999
18 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Parish et al., 1996
19 62 n.r. n.r. n.r. n.r. n.r. 48 Dinger and Henderson, 1998
20 82 n.r. n.r. n.r. n.r. n.r. 14 Dinger and Henderson, 1998
21 n.r. >1000 >1000 >1000 n.r. n.r. n.r. Pintus et al., 2017
22 1241 n.r. 9.7 n.r. n.r. n.r. n.r. Fontinha et al., 2020
23 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Chakraborty et al., 2021
24 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Chakraborty et al., 2021
25 n.r. Al n.r. n.r. n.r. n.r. Al Bussing et al., 2021
26 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Bussing et al., 2021
27 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Bussing et al., 2021
28 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Soto et al., 2019

n.r., Not reported; Minimum concentration to create a clearing zone of 0.5 cm: 1, 10, 100.
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Compound MIC (n g/mL)

Gram-positive

Gram-negative

S. aureus S. haemolyticus B. subtilis K. pneumoniae E. faecium E. coli

17 1-2.5 1-2.5 n.r. 10-25 n.r. 10-25
18 0.25-1 1-2.5 n.r. n.r. n.r. 2.5-10
19 n.r. n.r. 102 n.r. n.r. 42
20 n.r. n.r. 128 n.r. n.r. 82
21 3.138 1.56 n.r. n.r. n.r. n.r.
22 10.14 n.r. n.r. n.r. n.r. >100
23 1.36-2.72 n.r. 2.72-5.44 n.r. 11-25 25-50
24 3.12-6.25 n.r. 3.12-6.25 n.r. >50 =50
25 0.38 n.r. n.r. 8.9 0.57 18.8
26 1.18 n.r. n.r. 49.2 6.2 >16
27 1.2 n.r. n.r. BB7 3.1 27.5
28 0.04-0.37 n.r. n.r. n.r. n.r. 5.9-11.8

P. aeruginosa A. baumannii

10-25
50-100
4a
82

n.r.
n.r.
n.r.
n.r.
n.r.
n.r.
n.r.
n.r.
4.0
9.2
9.2
0.74

References

Parish, 1999

Parish et al., 1996

Dinger and Henderson, 1998
Dinger and Henderson, 1998
Pintus et al., 2017

Fontinha et al., 2020
Chakraborty et al., 2021
Chakraborty et al., 2021
Bussing et al., 2021

Bussing et al., 2021

Bussing et al., 2021

Soto et al., 2019

n.r., Not reported; @Minimum concentration to create a clearing zone of 0.5 cm: 1, 10, 100.





OPS/images/fmicb-13-798853/fmicb-13-798853-t001.jpg
Pseudomonas aeruginosa

Mycobacterium tuberculosis

Staphylococcus
aureus

Bordetella spp.
Streptococcus spp.

Yersinia
enterocolitica

Vibrio cholerae
Mycoplasma pneumoniae

Neisseria
meningitidis

Burkholderia pseudomallei

NET inhibition

Dnase (eddB), phosphatase (eddA)
Biofilm formation

Pyocyanin

Probably the level of lipids of it envelops
ESAT-6 protein by the ESX-1 type
Biofilm formation

Eap, DNA binding protein, Nuc,
adenosin synthase

Leukotoxin GH
ACT and CyaA
Sdait

SpnA

endA
Capsule

dlt operon
Streptolysin O
M1 toxin
Nuclease

Dns and Xds
Mpn491
Nuc

Phosphoethanolamine transferase
ZnuD

SOMVs

TTSS and capsule polysaccharide |

Type of inhibition of NET function

W =+ W= wN

N N =+ =4 W W Www

- W N W

References

Rada et al., 2013; Wilton et al., 2018
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Liu et al., 2019; Sun et al., 2020
Francis et al., 2014

Malachowa et al., 2013; Bhattacharya et al.,
2018
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2013; Eisenbeis et al., 2018
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Lauth et al., 2009; Buchanan et al., 2006;
Moon et al., 2016

?

Beiter et al., 2006; Zhu et al., 2013
Wartha et al., 2007

Wartha et al., 2007

Uchiyama et al., 2015

Lauth et al., 2009

Mollerherm et al., 2015

Seper et al., 2013
Yamamoto et al., 2017
Lappann et al., 2013

Lappann et al., 2013
Lappann et al., 2013
Lappann et al., 2013
Riyapa et al., 2012

Inhibition of NET release by down regulating the host inflammatory response’; Degradation of NETs using pathogen derived DNases?; Bacterial virulence factors that

evade NETS3.
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Year No. of subjects No. of positive samples Positive (%) Serogroup (case)

B (o] Y Untypable
2015 660 2 0.30 1 1 - -
2016 915 2 0.22 1 - - 1
2019 634 11 1.74 8 - 1 2
2020 618 2 0.32 2 - - -
Total 2,827 17 0.60 12 1 1 3
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Isolates Year Source Serogroup abcZ adk aroE fumC gdh pdhC pgm ST CC  porA-VR1 porA-VR2 fetA-VR Finetyping antigens

MD cases isolates

NmO1 2011 Blood W 2 3 4 3 8 4 6 1 ST-11 5 2 F1-1 P1.5, 2: F1-1
Nm02 2012 Blood ¢} 222 3 58 275 30 5 255 4,821 ST-4821 7-2 14 F3-3 P1.7-2, 14: F3-3
Nm03 2013 Blood X 1 1 2 1 3 2 19 7 ST-5 20 9 F3-1 P1.20, 9: F3-1
Nm04 2013 CSF w 2 3 4 3 8 4 6 1 ST-11 5 2 F1-1 P1.5, 2: F1-1
m05 2014 CSF w 2 3 4 3 8 4 6 1 ST-11 5 2 F1-1 P1.5, 2: F1-1
mo6 2014 Blood B 6 2 53 9 259 25 20 15,885% - 22 14 F5-46 P1.22, 14: F5-46
m07 2015 CSF B 222 3 58 261 263 5 255 3,200 ST-4821 20 14 F3-9 P1.20, 14: F3-9
m08 2015 CSF B 222 3 58 1 386 18 255 10,051 ST-4821 20 23-7 F1-91 P1.20, 23-7: F1-91
m09 2017 Blood W 222 3 4 275 30 6 255 8,491 ST-4821 5-3 10-2 F1-7 P1.5-3,10-2: F1-7
m10 2017 Blood B 222 3 58 275 386 18 255 5,664 ST-4821 20 23 F1-91 P1.20, 23: F1-91
m11 2017 Blood B 222 3 58 275 386 18 255 5,664 ST-4821 20 23-1 F1-91 P1.20, 23-1: F1-91
mi2 2017 Blood B 222 273 B8 275 30 18 8 15,886 ST-4821 20-1 23 F5-8 P1.20-1, 23: F5-8
Nm13 2017 Blood C 222 3 58 275 30 5 255 4,821 ST-4821 21-2 9 F3-3 P1.21-2, 9: F3-3
Nmi14 2018 Blood B 222 231 406 26 6 2 16 15,887* - 19 13-18 F5-15  P1.19, 13-13: F5-15
Nm15 2018 Blood B 222 3 58 275 30 5 255 4,821 ST-4821 7-2 14 F3-3 P1.7-2, 14: F3-3
Nm18 2019 Blood B 222 3 58 275 386 18 255 5,664 ST-4821 20 23 F1-91 P1.20, 23: F1-91
Nm19 2019 Blood B 220 3 58 275 386 18 255 5,664 ST-4821 20 23-3 F1-91 P1.20, 23-3: F1-91
Nm20 2019 CSF B 222 3 58 275 386 18 255 5,664 ST-4821 20 23-19 F1-91 P1.20, 23-19: F1-91
Nm21 2019 CSF B 46 ihl 88 635 22 6 410 12,301 - 18-25 9-18 F5-8 P1.18-25, 9-18: F5-8
m31 2019 Blood Y 12 8 18 9 11 9 17 1,655 ST-23 5-1 10-1 F4-1 P1.5-1,10-1: F4-1
m34 2021 Blood Y 12 5 18 9 i 9 17 1,655 ST-23 5-1 10-1 F4-1 P1.5-1,10-1: F4-1
m35 2021 CSF B 222 231 406 55 6 2 16 5,666 ST-5666 19 13-13 F3-16  P1.19, 13-13: F3-16
Carriage isolates
m16 2019 Throat swab B 511 3 13 17 279 9 530 15,881 - 22 23-6 F5-7 P1.22, 23-6: F5-7
m17 2019 Throat swab B 222 3 58 275 386 18 255 5,664 ST-4821 20 23-28 F1-91 P1.20, 23-28: F1-91
m22 2019 Throat swab B 3 3 72 53 392 644 16 15,882 - 22 14 F4-46 P1.22, 14: F4-46
m23 2019 Throat swab B 222 903 406 55 6 2 16 15,883* - 19 13-70 F5-15  P1.19, 13-70: F5-15
Nm24 2019 Throat swab B 222 3 58 275 386 18 255 5,664 ST-4821 20 23 F1-91 P1.20, 23: F1-91
Nm25 2019 Throat swab B 222 3 58 482 386 18 77 7,962 - 12-1 13-2 F4-21  P1.12-1, 113-2: F4-21
Nm26 2019 Throat swab B 222 3 58 482 386 18 77 7,962 - 12-1 13-1 F4-21  P1.12-1, 113-1: F4-21
Nm27 2019 Throat swab B 222 3 58 482 386 18 77 7,962 - 12-1 13-2 F4-21  P1.12-1, 113-2: F4-21
Nm28 2019 Throat swab Un 46 ihl 88 24 22 1146* 410 15,884 - 18-25 9-32% F5-8 P1.18-25, 9-32: F5-8
Nm29 2019 Throat swab Un 202 3 58 275 386 18 255 5,664 ST-4821 20 23-3 F1-91 P1.20, 23-3: F1-91
Nm30 2019 Throat swab Y 6 7 4 56 26 18 8 175 ST-175 5-1 2-2 F5-8 P1.6-1, 2-2: F5-8
Nm32 2020 Throat swab B 1151 3 58 275 386 18 255 15,888 ST-4821 20 238-7 F1-91 P1.20, 23-7: F1-91
Nm33 2020 Throat swab B 222 3 58 275 30 5 255 4,821 ST-4821 20 23-3 F3-3 P1.20, 23-3: F3-3

*Meant new designed STs or alleles; Un meant untypable.
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21
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Gram-positive

Gram-negative
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7.992
7.022

3.1250
0.5-2
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n.r.
n.r.

3.1250
n.r.

B. subtilis

n.r.
n.r.

n.r.
n.r.

K. pneumoniae

n.r.
n.r.

n.r.
32

E. faecium

n.r.
n.r.

n.r.
n.r.

E. coli

n.r.
n.r.

n.r.
16-32

P. aeruginosa A. baumannii

6.248 n.r.

3:512 n.r.
n.r. n.r.

32-64 4-16

n.r., Not reported; @Minimum Biofilm Eradication Concentration;®Minimum concentration to interfere in biofilm formation.
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Torres et al., 2016
Samanta et al., 2013
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Soto et al., 2019
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Compound

MIC (n g/mL)

References

C. albicans C. glabrata C. parapsilosis C. neoformans A. fumigatus A. niger S. cerevisae
Auranofin 0.25-1 1-16 1-16 12 n.r. n.r. n.r. Wiederhold et al., 2017
2 7.81 n.r. n.r. n.r. n.r. 15.63 n.r. Novelli et al., 1999
3 125 n.r. n.r. n.r. n.r. 31.25 n.r. Novelli et al., 1999
4 250 n.r. n.r. n.r. n.r. >1000 500 Nomiya et al., 2000
5 500 n.r. n.r. n.r. n.r. >1000 >1000 Nomiya et al., 2000
6 A n.r. n.r. n.r. n.r. n.r. A Fillat et al., 2011
7 n:1 n.r. n.r. n.r. n.r. n.r. n:1 Fillat et al., 2011
8 n.r. n.r. n.r. n.r. n.r. n.r. 1002 Elie et al., 2009
9 n.r. n.r. n.r. n.r. n.r. n.r. 1002 Elie et al., 2009
10 n.r. n.r. n.r. n.r. n.r. n.r. >100 Frik et al., 2012
11 n.r. n.r. n.r. n.r. n.r. n.r. >100 Frik et al., 2012
12 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Barreiro et al., 2012
13 200 n.. n.. nr. n.r. n.. n.r. Ozdemir et al., 2004
14 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Ray et al., 2007
15 n.r. n.r. n.r. n.r. n.r. n.r. n.r. Schmidt et al., 2017
16 3.51 n.r. n.r. n.r. 1.75 n.r. n.r. Samanta et al., 2013

n.r., Not reported; @Minimum concentration to create a clearing zone of 0.5 cm: 1, 10, 100.
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Abbreviation Definition

AlM2 Absent in melanoma 2

ALRs AIM2 like receptors

APCs Antigen-presenting cells

ASC Apoptosis-associated speck-like

APAF1 Apoptosis protease-activating factor 1

Cast Caspase-1

CARD Caspase activation and recruitment domain
CTLs Cytotoxic T lymphocytes

GSDMD Gasdermin D

HIN Hematopoetic interferon-inducible nuclear
RF Interferon regulatory family

ICE IL-1p-converting enzyme

IPAF ICE protease-activating factor

LRR Leucine-rich repeat

LPS Lipopolysaccharide

MDP Muramy dipeptide

NK. Natural killer

NAIP Neuronal apoptosis inhibitory protein

NLRG NLR family CARD domain-containing protein
NLRP NLR family Pyrin domain

NLRs NOD-like receptors

NFAT Nuclear factor of activated T cells

NODs Nucleotide-binding and oligomerization domain
P2X7 P2X purinoceptor 7

PAMPS Pathogen-associated molecular patterns
PRRs Pattern recogrition receptors

PYD Pyrin domain

RORyt Retinoic acid receptor-related orphan receptor gamma-T
RLR RIG-1-iike receptors

STAT1 Signal transducer and activator of transcription 1
TCR T-Cell receptor

Thi T Helper 1

TLRs Toll-ke receptors

T35S Type 3 secretion system
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Clinical characteristics

Age (years)

Sex (M/F)

Lung damage (>40%) (n)
Lung damage (20-40%) (n)
Lung damage (<20%) (n)
Severe COVID-19 (n)
Moderate COVID-19 (n)
Mild COVID-19 (n)

Fever (°C)

Fever (days)

Atrtificial ventilation (yes/no)

Values

38 +0.05
48/89
4
23
110
4
43
105
37.92 £ 0.66
6.31 £ 4.04
2/135

n = number of cases.
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S.No. Underlying factors
Diabetes/ketoacidosis
Malignancies

HSCT

sot

Iron overload
COVID-19
Trauma/Burns
Corticosteroids
Hospital acquisition

©ONO O A WN

Adapted from Petrikkos et al

Manifestation in order of frequency

Rhino-orbital-cerebral>Pulmonary > Gastrointestinal > Gutaneous
Disseminated; Pulmonary

Pulmonary >Rhino orbital cerebral>Gastrointestinal
Pulmonary > Cutaneous >ROCM> Disseminated > Gastrointestinal
Disseminated > Puimonary>ROCM > Cutaneous > Gastrointestinal
Pulmonary > Cutaneous > Disseminated
Gutaneous>Pulmonary>ROCM>GI > Disseminated
Disseminated > Puimonary > ROCM > Cutaneous > Gastrointestinal
Cutaneous>Puimonary > Disseminated >ROCM

Pathogenic mechanism

Neutrophil activation and iron uptake for growth in acidic medium
Leukemia and prolonged neutropenia

Prolonged neutropenia

Immune suppression and induced diabetes

Uptake of iron for growth purposes.

Immune suppression, prolonged hospital stay

Direct cutaneous inoculation of spores

Induced diabetes; macrophages and neutrophil damage

Spore inoculation: prolonged hospital stay: unsteriized tools sharing
direct exposure to spores of molds due to shared tools leading to
necrotic lesions underneath the skin.
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Drug

Amphotericin B (AmB)
Liposomal Amphotericin B (LAMB)

Amphotericin B Lipid Complex (ABCL)

Posaconazole (PCZ)

Isavuconazole (IC2)

Combination

Mode of action

Pore formation on fungal cell membrane on
binding to ergosterol and ROS production.

Inhibiting lanosterol 14a demethylase, thus
preventing ergosterol production

Inhibiting the lanosterol 14a demethylase

Echinocandins act on fungal cell wall and
inhibit the -1, 3-glucan synthesis

Recommended dose

5mg/ml/day
With GNS complications: 10mg/mi/day

Oral supplements: 4 x 200 or 2x 400mg/day
Tablets/IV formulation: 2 x 300mg/day 1 followed
by 1x300mg/day

Orally/IV formulation: 3x 200mg/day
1x200mg/day

LAMB +PCZ/ICZ

LAmB +echinocandin

Duration

6-12weeks

Bmonths

3months

3-6months
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Variables

Panel A: Group 1 vs. Group 2
SIRS > 2

q-SOFA > 2

SOFA > 2

NLR < 12

CRP > 3.82

PCT > 0.43

MR-proADM > 2.2

Panel B: Group 1 vs. Group 3
SIRS > 2

q-SOFA > 2

SOFA > 2

NLR > 5.7

CRP > 2.45

PCT > 0.77

MR-proADM > 2.9

Sensitivity

50.0
38.9
66.7
88.9
88.2
76.5
75.0

50.0
39.0
66.7
61.1
88.2
58.8
M7

Specificity

98.3
96.5
52.6
22.8
351
741
48.4

95.4
920.0
45.4
81.8
45.5
100
83.3

AUC

0.91
0.80
0.60
0.50
0.56
0.72
0.56

0.86
0.80
0.64
0.63
0.63
0.82
0.72

p-value

<0.0001
<0.0001
0.07
0.95
0.44
0.002
0.50

<0.0001

<0.0001
0.09
0.25
0.26

< 0.001
0.10

AUC, area under the curve; CRR C-reactive protein;, MR-proADM mid-regional pro-adrenomedullin; NLR, neutrophil-to-lymphocyte ratio; PCT, procalcitonin; q-SOFA,
quick Sequential Organ Failure Assessment; SIRS, systemic inflammatory response syndrome; SOFA, sequential organ failure assessment. Bold values correspond to

statistically significant variables.
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Variables

Chronic kidney disease

Number of colonized sites
Immunosuppressive therapy
Previous interventional procedure
SIRS > 2

g-SOFA > 2

Odds ratio

3.2

15.1
3.8

74
10.8
8.4

95% CI

0.7-19.2

1.7-2121

0.6-27.7

1.2-60.0
1.8-103.6
1.2-103.6

p-value

0.17
0.02
0.16
0.04
0.02
0.04

Cl, confidence interval; g-SOFA, quick Sequential Organ Failure Assessment; SIRS,
systemic inflammatory response syndrome. Bold values correspond to statistically

significant variables.
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Characteristic

Cases of year

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 July 2021 Total

6(0.0183) 10(0.0183) 4 (0.0073) 6(0.0109) 4 (0.0073) 4 (0.0072) 6(0.0107) 4 (0.0071) 7(0.0122) 1 (0.0017) 3(0.0051) 55 (0.0089)
Age group
<1 year 2(0.4234) 1(0.2273) 2(0.4606) 1(0.2222) 2(0.4432) 1 (0.0445) 2(0.3442) 2(0.3429) 3(0.5013) 1(0.1576) 2(0.3233) 19 (0.3230)
1-4 years 2(0.1065) 1(0.0508) 0(0.0000) 1 (0.0503) 0(0.0000) 2 (0.0205) 0(0.0000) 2 (0.1023) 0 (0.0000) 0 (0.0000) O (0.0000) 8 (0.0356)
5-9 years 0 (0.0000) 0(0.0000) 0(0.0000) 1 (0.0349) 0 (0.0000) 0 (0.0000) 0 (0.0000) 0 (0.0000) O (0.0000) O (0.0000) O (0.0000) 1 (0.0034)
10-19 years 2(0.08319) 3(0.0524) 1(0.0183) 1(0.0190) 0(0.0000) 0 (0.0000) 0 (0.0000) O (0.0000) 1 (0.0191) 0 (0.0000) O (0.0000) 8 (0.0138)
20-29 years 0(0.0000) 1(0.0106) 0(0.0000) 2 (0.0213) 1(0.0106) 1 (0.0022) 1(0.0107) 0(0.0000) 2 (0.0216) 0 (0.0000) 1(0.0138) 9 (0.0094)
30-59 years 0 (0.0000) 4 (0.0150) 1 (0.0037) 0 (0.0000) 0 (0.0000) 0 (0.0000) 1 (0.0038) 0 (0.0000) 1 (0.0038) O (0.0000) O (0.0000) 7 (0.0023)
>60 years 0 (0.0000) 0 (0.0000) 0 (0.0000) 0 (0.0000) 1(0.0120) 0 (0.0000) 2 (0.0222) 0 (0.0000) O (0.0000) 0 (0.0000) O (0.0000) 3 (0.0029)
Gender
Male 3(0.0107) 8(0.0286) 2 (0.0071) 5(0.0177) 3(0.0104) 3(0.0106) 3(0.0105) 3(0.0104) 4 (0.0136) 0 (0.0000) 3(0.0100) 37 (0.0117)
Female 3(0.0113) 2(0.0075) 2 (0.0075) 1(0.0037) 1(0.0038) 1 (0.0037) 3(0.0110) 1(0.0036) 3(0.0107) 1 (0.0035) O (0.0000) 18 (0.0060)
Serogroup
B 0 (0.0000) 0 (0.0000) 1(0.0018) 0(0.0000) 2 (0.0036) 1 (0.0018) 3(0.0054) 3(0.0053) 4 (0.0070) O (0.0000) 2 (0.0034) 16 (0.0026)
C 0 (0.0000) 1 (0.0019) 0(0.0000) 1(0.0018) 0(0.0000) 1 (0.0018) 2 (0.0036) O (0.0000) 1 (0.0017) 0 (0.0000) O (0.0000) 6 (0.0010)
W 1(0.0018) 0 (0.0000) 1 (0.0018) 2 (0.0036) 0 (0.0000) 0 (0.0000) 1(0.0018) 0 (0.0000) O (0.0000) 0 (0.0000) 0 (0.0000) 5 (0.0008)
X 0 (0.0000) 0 (0.0000) 1(0.0018) 0 (0.0000) 0 (0.0000) 0 (0.0000) 0 (0.0000) O (0.0000) O (0.0000) O (0.0000) O (0.0000) 1 (0.0002)
Y 0 (0.0000) 0 (0.0000) 0 (0.0000) 0 (0.0000) 0 (0.0000) 0 (0.0000) 0 (0.0000) 0 (0.0000) 1 (0.0017) 0 (0.0000) 1(0.0017) 2 (0.0003)
Untyped/untypable 5 (0.0092) 5 (0.0092) 1 (0.0018) 1 (0.0018) 2(0.0036) 1 (0.0018) 0 (0.0000) 1 (0.0018) 1(0.0017) 1 (0.0017) 0 (0.0000) 18 (0.0029)

Numbers in parentheses were the incidence per 100,000 population.
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surveillance swab

Total number of
patients colonized

Rectal sample

Nasal sample

Total number of concordant
swab-related infections

MRSA (nasal)
CRE (rectal)
VRE (rectal)
MDR (rectal)
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Polymicrobial
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Variables Group 1 Group 2 Group 3 p
Surveillance swab positive Surveillance swab positive Surveillance swab positive
Presence of swab-related infection = Presence of other infection than swab Absence of infection
N=18 N =57 N =22
Age, median [IQR] 80.50 [75.25, 83.00] 81.00 [72.00, 87.00] 78.50 [70.25, 81.00] 0.252
Sex category, male (%) 9 (50.0) 32 (56.1) 15 (68.2) 0.476
Anamnestic variables, n (%)
Cancer 5(27.8) 6 (28.1) 5(22.7) 0.886
COPD 5(27.8) 25 (43.9) 11(50.0) 0.342
Cardiovascular disease 14 (77.8) 6 (80.7) 20 (90.9) 0.477
Liver disease 2(11.1) 7 (12.3) 2(9.1) 0.922
Chronic kidney disease 13(72.2) 29 (50.9) 8 (36.4) 0.077
Diabetes mellitus 3(16.7) 18 (31.6) 9 (40.9) 0.253
Cerebrovascular disease 11 (61.1) 27 (47.4) 6 (27.3) 0.091
Autoimmune disease 7 (38.9) 6 (10.5) 3(13.6) 0.017
Autoimmune therapy 6 (33.3) 6 (10.5) 2810 0.040
Previous antibiotic therapy 12 (66.7) 28 (49.1) 5(22.7) 0.017
Previous hospitalization 12 (66.7) 28 (49.1) 8 (36.4) 0.162
Previous interventional procedure 7 (38.9) 0(17.5) 14.5) 0.020
Current interventional procedure 5(27.8) 21 (37.5) 10 (45.5) 0.517
Number of colonized sites > 1 5(27.8) 3 (5.3 0(0.0) 0.003
BMI > 25 2(11.1) 9 (15 8) 6 (27.3) 0.354
BMI < 25 11 (61.1) 6 (28.1) 7(31.8) 0.035
SIRS > 2 16 (88.9) 4 (24.6) 7(31.8) < 0.001
SOFA > 2 15(83.3) 40(70.2) 14 (63.6) 0.381
g-SOFA > 2 7(38.9) 2 (3.5 2(9.1) 0.001
PCT, median [IQR] 1.11 [0.44, 3.54] 0.17 [0.08, 0.51] 0.16 [0.06, 0.46] 0.011
MR-proADM, median [IQR] 2.45[2.08, 3.62] 2.47 [1.46, 3.55] 1.93 [1.12, 2.60] 0.397
CRP, median [IQR] 11.03 [4.61, 19.15] 9.11[2.57, 18.07] 4.87 [1.12,13.32) 0.503
NLR, median [IQR] 7.24 [3.66, 10.95] 5.66 [3.95, 9.88] 9.29 [7.50, 11.08] 0.700
Sepsis, n (%) 14 (77.8) 15 (26.3) 0 < 0.001
Septic shock, n (%) 4(22.2) 5(8.8) 0 0.243
Need of ICU transfer, n (%) 0 1(1.8 0 0.746
LOS (median [IQR]) 18.00 [13.25, 26.25] 11.00 [8.00, 19.00] 8.50 [7.00, 13.75] 0.005
Mortality, n (%) 1(5.6) 5(8.8) 2(12.5) 0.775

BMI, body mass index; COPD, chronic obstructive pulmonary disease; CRE C-reactive protein; ICU, intensive care unit; IQR, interquartile range; LOS, length of stay;
MR-proADM, mid-regional pro-adrenomedullin; NLR, neutrophil-to-lymphocyte ratio; PCT, procalcitonin, q-SOFA, quick Sequential Organ Failure Assessment; SIRS,
systemic inflammatory response syndrome; SOFA, sequential organ failure assessment.
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Characteristics

Genotype of hepatitis E virus

1 2 3 4
Distribution Africa and Asia Mexico, West Africa Industrialized nations Asia
Major host Human Human Pig, wild boar, deer, and rabbit Pig, wild boar, and ruminants
Zoonotic transmission No No Yes Yes
Transmission route Waterborne Waterborne Foodborne Foodborne
Susceptible population Young adults Young adults Older adults,immuno-compromised persons Young adults
Chronic infection No No Yes No
Occurrence of outbreaks Common Localized Occasional Occasional

*Adapted from https.://www.cdc.gov/hepatitis/hev/hevfaq.htm#section2.
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R. aeschlimanni
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Sample No. tested No. positive Prevalence (%)

Vertebrate Horse 12 6 50
Cattle 16 0 0
Sheep 10 0 0
Wild mice 9 0 0
Tick (D. Silvarum) Adult (engorged) 6 6 100
Adult (free) 96 39 40.63
Egg 5 100
Larval 7 5 71.43

Nymph 5 5 100
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Pathogen Major CAFO type Major risk factor for Epidemic potential References
involved human infection
Influenza virus (H1N1, Swine, poultry Animal contact Outbreaks and pandemics Nunez and Ross, 2019
H5N1, and H7N9)
Hepatitis E virus Swine Animal contact, Outbreaks Geng and Wang, 2016
foodborne, waterborne
Streptococcus suis Swine Animal contact Sporadic Dutkiewicz et al., 2017
Livestock-associated Swine Animal contact Sporadic Sieber et al., 2018
methicillin-resistant
Staphylococcus aureus
Salmonella and Cattle, poultry Foodborne, animal Outbreaks Pogreba-Brown et al.,
Campylobacter contact 2018
Escherichia coli O157:H7 Cattle Foodborne, animal Outbreaks Karmali, 2018
contact
Cryptosporidium parvum Dairy cattle Animal contact, Outbreaks Zahedi and Ryan, 2020

foodborne, waterborne





