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As to date, more than 49 million confirmed cases of Coronavirus Disease 19 (COVID-19) have been reported worldwide. Current diagnostic protocols use qRT-PCR for viral RNA detection, which is expensive and requires sophisticated equipment, trained personnel and previous RNA extraction. For this reason, we need a faster, direct and more versatile detection method for better epidemiological management of the COVID-19 outbreak. In this work, we propose a direct method without RNA extraction, based on the Loop-mediated isothermal amplification (LAMP) and Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR associated protein (CRISPR-Cas12) technique that allows the fast detection of SARS-CoV-2 from patient samples with high sensitivity and specificity. We obtained a limit of detection of 16 copies/μL with high specificity and at an affordable cost. The diagnostic test readout can be done with a real-time PCR thermocycler or with the naked eye in a blue-light transilluminator. Our method has been evaluated on a small set of clinical samples with promising results.

Keywords: COVID-19, SARS-CoV-2, diagnosis, LAMP, CRISPR-Cas12a


INTRODUCTION

The COVID-19 global outbreak caused by the virus SARS-Cov-2 is one of the major global concerns due to its rapid spread around the world. The official numbers on November 07, 2020, are 49,636,193 confirmed cases and 1,247,187 deaths on the entire planet (Johns Hopkins University, https://coronavirus.jhu.edu/map.html; last access on November 07).

The precise and rapid screening of possible infected subjects is one of the major strategies to contain the COVID-19 outbreak, to reduce the impact on the mortality of the population and avoid hospital saturation. However, the current diagnostic strategies mainly consist of qRT-PCR analysis, which has drawbacks as it requires RNA isolation, and thus takes several hours to obtain a result. These aspects have hindered the applicability of qRT-PCR systems to efficiently contain the COVID-19 outbreak (1).

For these reasons, it is of capital importance to develop novel diagnostic techniques, that improve cost, increase the number of the diagnostic facilities able to perform assays, and the time needed to obtain a result. Loop-mediated Isothermal Amplification (LAMP) technology allows the specific amplification of a target DNA or RNA sequences at a single temperature (in contrast with the three steps required by PCR), allowing a continuous target amplification, making it more versatile than PCR. LAMP has been previously used in the diagnosis of different pathogens at low cost and with great sensitivity and specificity (2–5).

Recently, Zhang et al. (6) used LAMP technology for the specific detection of SARS-CoV-2, observing promising results that could have a direct application in the current COVID-19 outbreak. These results led us to take advantage of the versatility and sensitivity of LAMP to standardize a diagnostic kit for SARS-CoV-2 detection for limited-resource settings use.

In this work, we developed a practical SARS-CoV-2 diagnostic method using a LAMP reaction to amplify a specific region of SARS-CoV-2 N gene mRNA and tested three main detection methods: fluorescence accumulation, colorimetric detection, and LbCas12a-mediated detection. The results obtained showed that the best limit of detection (LOD) was obtained using a qPCR thermocycler to measure the fluorescence accumulation over time. Interestingly, the colorimetric approach gave comparable LOD than fluorescence mediated detection. However, its dependence on pH changes makes it unreliable to use with poor buffered samples such as saliva.



MATERIALS AND METHODS


Primers and Probes

We used two different primer sets for our diagnostic assay, one targeting SARS-CoV-2 N gene transcript, and another targeting human RNAseP POP7 mRNA. Primer sequencing was obtained from previous work, and the sequences used are listed in Supplementary Table 1 (7). For controls, we synthesized a fragment of N gene mRNA and RNAseP POP7 mRNA as gene Blocks (gBlocks) (IDT, Cal., USA) (Supplementary Table 2). Additionally, to work with an RNA SARS-CoV-2 N gene control, the gBlock was in vitro transcribed using RiboMAX Large Scale RNA Production System kit and following manufacturer instructions (P1280, Promega, MA, USA). The N-gene RNA copy number was determined using its molar concentration and it was serially diluted to obtain a group of known copy number dilutions used for Limited of calculation (LOD) calculation.

For Lachnospiraceae bacterium Cas12a (LbCas12) mediated detection, we used two previously designed guide RNAs (gRNAs), targeting the SARS-CoV-2 N gene, and RNAseP POP7 amplicons. The gRNAs sequence is shown in Supplementary Table 3. Also, for LbCas12 fluorescence readout, we used a Taqman probe (5′FAM/3′BHQ1), which is intended to be degraded by the specific activation of LbCas12a.



LAMP Reactions

Fluorescent LAMP reactions were done using the WarmStart LAMP kit (E1700L, New England Biolabs, NE, USA), and Colorimetric WarmStart LAMP 2X Master Mix (M1800L, New England Biolabs, NE, USA) was used for colorimetric LAMP. All LAMP reactions were done following manufacturers' instructions, per 29 μL reaction we use 2.5 μL of a LAMP primer mix (F3, B3: 2 μM, LF, LB: 4 μM and FIP, BIP: 16 μM), 5 μL of sample or control and MgSO4 concentration was increased to 6 mM by adding 1.13 μL per reaction, of a 100 mM solution. For colorimetric and fluorescent LAMP reactions, the amplification was carried by incubating at 65°C for 40 min. For real-time fluorescent detection of LAMP reactions, we used a QuantStudio 3 Real-Time PCR system (ThermoFisher Scientific, MA, USA) thermocycler, using a PCR program of 160 cycles of 15 s each. End-point fluorescence quantification was carried out in a Beckman Coulter DTX 880 multimode detector (Beckman Coulter, Nyon, Switzerland), using the FAM emission and excitation filters. Direct visualization of fluorescence was done in a tabletop transilluminator.



LbCas12a Detection

For LbCas12a mediated detection we used commercial LbaCas12a (EnGen LbaCas12a, M0653T, NEB, NE) and RNA was synthesized as RNA oligonucleotides by IDT (CA, USA). First, LbaCas12a-gRNAs complexes were generated by incubating LbaCas12a (50 nM, final concentration) and, gRNAs (62.5 nM), in 1X NEBuffer 2.1 at a final volume of 20 μL per reaction. The LbaCas12a-gRNA complexes were incubated 30 min at 37°C, after incubation, the Taqman probe was added at 500 nM final concentration and transferred to ice. After the LAMP reaction is done, 2 μL of each LAMP reaction was added to 20 μL of the LbaCas12a-gRNA complexes, and the reactions were incubated at 37°C for 10 min. The real-time fluorescence acquisition was done using the QuantStudio 3 Real-Time PCR system (ThermoFisher Scientific, MA, USA) thermocycler, using a qPCR program of 80 cycles of 15 s at 65°C. The visual inspection of fluorescence was done using a blue-light transilluminator (Invitrogen, CA, USA).



In silico Alignment

We used blastn from NCBI for the alignment in silico, we compare every primer sequence to the main virus and bacteria that causes symptoms similar to covid-19 or are related to the virus SARS-CoV-2 (Candida albicans taxid: 5476, Neisseria meningitidis taxid: 487, pseudomonas aeruginosa taxid: 287, Staphylococcus aureus taxid: 1280, Influenza A taxid: 11320, Influenza B taxid: 11520, bat MERS-like coronavirus taxid: 2664423, MERS-CoV taxid: 1335626, HCoV-SARS taxid: 694009, HCoV-229E taxid: 11137, HCoV-OC43 taxid: 31631, HCoV-NL63 taxid: 277944, and HCoV-HKU1 taxid: 290028).



ROC Curves and AUC Values

The receiver operating characteristic (ROC) curves and area under the ROC curve (AUC) values were calculated using pROC R package (1.16.2) with the values of Cycle threshold (Ct) of the LOD curves or patient samples evaluation from fluorescent LAMP reactions or the qualitative values of the use of Cas12a variation. The non-amplified cases were considered as Ct = 160. An AUC of 50% is related to a positive result by chance, while we consider a percentage above 90% as acceptable and an accurate result.



Sample Treatment and RNA Extraction

For the LOD determination, we added a known amount of N gene RNA copies to 8 μL of a healthy donor nasal swab, subsequently adding 2 uL of 5X lysis solution (0.5 M DTT and 5 mM EDTA). The samples were incubated at 42°C for 20 min, followed by 64°C for 5 min. These steps allowed nuclease inactivation and lysis of biological material releasing nucleic acid without extraction. Five microliter of these inactivated samples were added to 20 μL of LAMP reaction and processed as specified before. Also, this simple inactivation method was used for virus inactivation and lysis of samples from patients.



Patients

The Institutional Review Board (IRB) of the National Institute of Respiratory Diseases (INER) reviewed and approved the protocols for COVID-19 studies. This project was approved by the IRB under the registration number B09-20. All subjects or their legal responsible, particularly in case of critically ill patients, provided written informed consent for these studies, and they authorized the storage of their nasopharyngeal samples at INER repositories for this and future studies. In this study, we did not collect samples from minors/children, only young adults older than 17 years were included.

A total of 34 patient samples were collected at the Molecular Biology “Unidad de Biología Molecular”, from the National Institute for Respiratory Diseases in Mexico City. We collected 31 nasal swabs and 3 saliva samples from individuals that attended to the emergency room of the institute between March 01 and May 31, 2020; coinciding with the rise of the COVID-19 outbreak in Mexico City. RNA extraction was done by the addition of 2 μL of Lysis solution (DTT 0.5 M and EDTA 5 mM) to 8 μL of the sample, followed by incubation at 42°C for 20 min, and 64°C for 5 min. For LAMP reactions, we used 5 μL of the extracted samples for SARS-CoV-2 N gene amplification and 5 μL for POP7 amplification. Real-time fluorescence measurement was done using a StepOnePlus Real-Time PCR system (ThermoFisher, MA, USA) for RT-qPCR and LAMP reactions. The presence of viral transcript was assessed first by a one-step RT-PCR with a modified Berlin method internally standardized, using specific oligonucleotide sequences for the E and RdRp genes (2019-nCoV) and confirmed with the LAMP test.



Assay for SARS-CoV-2 Detection by a LAMP-LbCas12a Method

The LAMP assay tube contained 24 μL of the mix with the LAMP primers and Bst enzyme. To this tube 5 μL of sample or control was added and incubated for 40 min at 65°C. After this time 2 μL of this reaction was added into the LbCas12a tube containing the enzyme-gRNA complex and the reporter. The reaction was incubated for 10 min at 37°C to observe or measure the fluorescence (Figure 5).




RESULTS


Sensitivity and Specificity of SARS-CoV-2 LAMP Detection

To detect the SARS-CoV-2 virus we used two previously published primer sets, one targeting a specific region of SARS-CoV-2 N-gene and a human control set targeting the RNAseP POP7 gene (3). The N-gene set detected the presence of the COVID-19 virus, whereas the POP7 set was a control for the presence of human transcripts. Alignment analysis was performed to evaluate the specificity of the LAMP amplification primers for N-gene. We considered the main pathogens causing respiratory symptoms like those of Covid-19. No cross alignment was found with any virus or bacteria, suggesting high specificity of the sequences used for detection. For amplification detection, we used two main systems: fluorescence, and colorimetry. For the fluorescent detection system, we added an ATTO Intercalating dye with similar absorption/emission spectra than SYBR-green to the LAMP reactions. Fluorescence increase was recorded using a real-time PCR thermocycler, and the final fluorescence with a multi-well plate fluorometer. The colorimetric assay is based on the acidification of the reaction buffer by the amplification system, which can be detected by a colorimetric pH sensor. This detection system has the advantage of no require any additional detection device than the human eye. Also, to improve the applicability of the method to the actual needs of physicians, we standardized a rapid method for sample inactivation and lysis, based on high temperatures and reducing conditions. To this end, we prepared a lysis solution at 5X concentration, added 1 μL of lysis solution per every 4 μL of a nasal swab, and heated the samples at 42°C for 20 min followed by 64°C for 5 min.

First, we wanted to determine the limit of detection of these assays, for this end, we used a synthetic SARS-CoV-2 N-gene RNA diluted to the specific copy number concentration using a 5 μL of sample volume per reaction (Table 1). Real-time detection of LAMP amplification in a qPCR thermocycler showed a 100% rate of detection (LOD) in samples with 66 copies/μL after 30 min of amplification (Table 2). To enhance the LOD, we increased the reaction time to 50 min. Even when we found a decreased LOD of 6.6 copies/μl, this modification also increased the probability of a false-positive detection, since the proportion of amplificated NTC increased to 40% (Table 2). For this reason, we expanded the number of samples, confirming the LOD with 66 copies/μL after 40 min of amplification (Table 3). The ROC curve analysis showed that the LOD of 66 copies/μL presents a good proficiency in terms of specificity and sensitivity (AUC of 99.4%, CI 95 = 98–100%) (Figure 1).


Table 1. The copy number concentration of samples.
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Table 2. Limit of detection of LAMP reaction by real-time fluorescence with 30 and 50 min.
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Table 3. Limit of detection of LAMP reaction by real-time fluorescence.
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FIGURE 1. ROC curves and AUC values for each copy number concentration spiked with SARS-CoV-2. The dataset used for the construction of ROC curves and AUC values corresponds to the LOD curves for fluorescent LAMP reactions analyzed using a Real-time thermocycler. From the dilution with 330 copies, we can observe an acceptable accuracy of the test (AUC > 90.0%).


The specificity of the N-gene LAMP reaction was assessed using human total RNA samples (MCF-7) without N-gene transcripts (Figure 2A). We observed that MCF-7 samples behave as NTC samples (data not shown). As expected, we observed a specific amplification in MCF-7 samples using the POP7 primer set. Besides, we used a panel of controls, including influenza A/H1N1/pdm09, Influenza B, and other common human coronaviruses like HCoV-NL63, HCoV-HKU1, HCoV-OC43, and HCoV-229E to verify the specificity of the test. All cases were negative to SARS-CoV-2, so there is no cross-reactivity with these viruses.


[image: Figure 2]
FIGURE 2. Visual results of fluorescent and colorimetric LAMP systems. (A) Representative images of the visual inspection of LAMP fluorescent reactions using a UV transilluminator, fluorescence is perceived in the 66 and 320 copies/5 uL reactions. (B) Representative images of the LOD curves of colorimetric LAMP reactions, positive reactions change toward yellow, but negative ones remain pink. (C) Representative images of positive and negative colorimetric LAMP results.


Next, we analyzed the final fluorescence of LAMP reactions using a multi-well plate fluorometer, using the fluorescein isothiocyanate (FITC) filter. The results showed that final fluorescence detection was less sensitive than real-time fluorescence detection since the LOD obtained for final fluorescence detection was of 1,000 overall copies (Table 4). These results highlight that final fluorescence detection by fluorometer showed a strong downfall in sensitivity and reproducibility.


Table 4. Limit of detection of LAMP reaction by final fluorescence.
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Since colorimetric reactions demonstrated to be easily and rapidly analyzed by eye. We next aimed to establish the limits of this detection system. We analyzed the LOD of colorimetric LAMP reactions. For this end, we spiked samples of a nasal swab with known numbers of N-gene synthetic transcripts, and inactivated and lysed these samples. The LOD obtained in these spiked samples was of 66 copies/μL, like the LOD obtained by real-time fluorescence (Figure 2B). We found that an N-gene reaction with 320 copies/μL changed the color of the reaction toward yellow, in contrast with the NTC reaction that remained pink (Figure 2C).

Finally, to decrease the limit of detection of the LAMP detection system we proved another fluorescence detection system based on LbCas12a reactions. LbCas12a is a bacterial endonuclease that recognizes and hydrolyzes a target DNA sequence complementary to the sequence of a guide RNA (gRNA). Interestingly, once LbCas12a recognizes and hydrolyzes its target sequence, it activates an endonuclease domain that degrades any DNA molecule at hand (collateral nuclease activity). To use this property of LbCas12a we designed two gRNAs targeting N-gene and POP7, and we amplified the signal by the addition of a quenched DNA-probe, that fluoresce once degraded by activated LbCas12a. For LbCas12a reactions we added 5 μL of LAMP reactions previously incubated for 30 min. Interestingly, the recording of real-time fluorescence of LbCas12a showed that this detection system improves the LOD of the simple LAMP reaction measured by real-time PCR to 16 copies/μL (Table 5). It also improved the visual detection of the LAMP reaction using a blue-light transilluminator (Figure 3).


Table 5. Limit of detection of LbCas12a reaction by final fluorescence.
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[image: Figure 3]
FIGURE 3. Visual results of dCas12-mediated detection. The results show a representative image of the fluorescence signals in dCas12a reactions. As observed, positive signals glow with a green color under blue-light illumination. However, negative signals have a very faint glow.


At last, we proved the efficiency of our SARS-CoV-2 detection system on patient samples previously analyzed by RT-qPCR. As shown in Table 6, LAMP reactions showed good proficiency in detecting SARS-CoV-2 viral transcripts on patient samples. However, using qPCR as a standard, we observed the fluorescent LAMP system failed to detect two of twelve negative samples. Furthermore, the fluorescent LAMP system showed an accuracy of ten of ten in positive samples with which we obtain an AUC value of the ROC curve of 90.8%, CI 95 = 77.6–100% (Figure 4).


Table 6. LAMP efficiency in patient samples.
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[image: Figure 4]
FIGURE 4. ROC curves and AUC values in the test performed with patient samples. (A) The ROC curve and AUC value were calculated with the Ct values of the fluorescent LAMP reactions using patient samples previously validated by Real-time PCR method. (B) The ROC curve and AUC value consider the qualitative results of Cas12a enhancement used in validated patient samples.


The results obtained to this point suggest that LAMP reactions are a robust method for SARS-CoV-2 detection. Since amplification can be detected by several methods, being the colorimetric method the most versatile for field applications, and the fluorescent method in addition to the LbCas12a system the more sensible and easier to interpret if the hospital facility counts with a real-time thermocycler (Table 7). This system improves the ROC curve reaching an AUC value of 100.0%, CI 95 = 100–100% using patient samples previously validated with the standard method, qPCR (Figure 4). In addition, LAMP reactions are suitable for the direct use of samples from rapid lysis methods as the ones described here.


Table 7. Cas12a efficiency in patient samples.
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Our LAMP/Cas12 detection protocol is a simple and versatile method that has the advantage of obtaining a result in only 65 min, since the reception of the sample. The procedure consists in a sample treatment with lysis buffer at two temperatures that can be achieved by almost all thermoblocks (20 min at 42 C, and 5 min at 65 C). Followed by the amplification of SARS-CoV-2 N gene by LAMP reactions, which is accomplished in 30 min, and finally the detection of specific amplicons using a Cas12a/crRNA system that can be achieved in 10 min. The readout of the result can be done using a real-time thermocycler, or a blue-light lamp in obscure conditions (Figure 5).


[image: Figure 5]
FIGURE 5. LAMP-Cas12 diagnostic method for SARS-CoV-2 detection. Schema shows the steps to perform the virus detection. From a previous inactivated clinical sample, we add the LAMP mix containing specific primers that target the virus N-gene and amplify it, if is present on the sample. At the same time, the LbCas12a enzyme is incubated with a N-gene specific gRNA, after 30 min the reporter containig a fluorophore is added. When the LbCas12a-gRNA complex finds its target, it has a non-specific cleavage of the reporter that releases the fluorophore and emits fluorescence.





DISCUSSION

The COVID-19 outbreak has become one of the most important public health problems at the global level. In the absence of an approved vaccine, early and reliable detection of the virus in the entire population is our best strategy to contain COVID-19 lethality and hospitable saturation. In the present work, we developed a new SARS-CoV-2 detection test which allows rapid detection of viral N gene transcript after a simple, fast and cheap RNA isolation procedure. Furthermore, LAMP technology enables a versatile diagnostic test, which can be done using any water bath able to warm at 65°C, and can be detected, in the best of cases with a real-time thermocycler, but also with the naked eye if the equipment is absent.

In this work, we tested several detection methods to develop a more versatile and sensitive diagnostic test for the COVID-19 virus. Based on fluorescence and colorimetric readouts we found that the colorimetric system is the more versatile and easily field-deployable strategy but has the drawbacks that in low-copy number samples the color change is difficult to perceive clearly, and its sensitiveness to bad buffered samples. However, real-time fluorescence detection gave the more easily interpretable results but requires the use of a real-time PCR thermocycler, which is almost impossible to obtain outside of a few facilities. Also, to increase the sensitivity of our diagnostic test, we evaluated the integration of LbCas12a to amplify the signal generated by the LAMP reaction. However, the results obtained showed that fluorescence increase due to LbCas12a activity (due to LAMP amplicons) has a linear behavior, which amplifies more the LAMP signals. Hence, the addition of LbCas12a improves the LOD obtained from LAMP reactions alone.

In comparison with other diagnostic technologies assessed by other groups, our SARS-CoV-2 detection system outperforms almost all currently available diagnostic systems in terms of speed, since the inactivation protocol used decreased RNA-extraction time to 25 min. The developed LAMP system requires just 40 min to obtain a result and if we implement the LbCas12a system we add 10 more minutes to the protocol, much less time compared with the 4 h used in the CDC/WHO protocols (8, 9) and is similar to other LAMP protocols (30–45 min) (6, 10), or Crispr based protocols such as DNA Endonuclease Targeted CRISPR Trans Reporter (DETECTR) (30 min) or Specific High Sensitivity Enzymatic Reporter Unlocking (SHERLOCK) (58 min), these methods use a similar RNA extraction protocol (11). However, since the other diagnostic technologies use a time-expensive RNA-extraction protocol, our rapid-inactivation protocol to extract nucleic acids gives us a total time of 65–75 min to obtain a result, starting from sample reception. Also, the RNA extraction protocol required by all methods could represent a risk of exposure and contamination. In this case, we reduce sample processing by using the sample directly.

It is important to note, that the colorimetric LAMP system has several advantages concerning other systems in terms of its applicability. The incubation temperatures used in the entire protocol can be achieved using a common water bath, and the final readout of the test can be easily obtained by visual inspection. Also, our experience revealed that colorimetric LAMP master-mixes (with primers) can be stored at 4°C for up to a week. These advantages make colorimetric LAMP tests a promising technology to improve viral diagnosis in the field, easily adaptable to physicians (3) needs. However, since colorimetric LAMP readout is achieved by a pH decrease, these reactions are sensitive to samples without a good buffering system, giving rise to increased false-negative rates.

The SARS-CoV-2 LAMP diagnostic system developed showed a sensibility of 66 copies per μL, which is comparable to the LOD of DETECTR (70–300 copies per μL) (3) or SHERLOCK (10–100 copies per μL) (11). And if we use the LbCas12a system, this LOD improves to 16 copies per μL. In comparison with other LAMP-based diagnostic methods, our system has a similar sensitivity, since Zhang et al., reported a sensitivity of 24 copies/uL (2, 11, 12), and Yu et al. reported a sensitivity of 10 copies/mL (13) which makes these colorimetric tests almost as sensitive as qPCR. However, the RT-qPCR protocol (CDC/WHO) is still the most sensitive diagnostic method, the limit of detection is about 1–3 copies per μL (4, 8). Furthermore, the LOD value achieved in our diagnostic system showed a good proficiency for the detection of the SARS-CoV-2 virus in patient samples and showed similar results than the qRT-PCR system in the same set. Also, even when the LOD is higher than the conventional method, it is enough to detect infection from clinical samples in which the copy number on average is 676 copies per μL (12). The present method has the advantage of combining two assays without RNA extraction, which, in our hands gives a more robust result that either one separately, as it is more sensitive and specific, while conserving specific technical benefits useful for deploying in the daily lab. For example, the recently published Pang et al. method (14) uses the same tube for the reaction but requires previous RNA extraction and a higher level of manipulation, since each tube has to hold the Cas12 mix in the lid, which is prone to errors when working with multiple samples. The recently published assay by Lalli et al. (15) does not need previous RNA isolation, but starts with saliva, which, in our hands at least, have a reproducibility and specificity issues, as we have found that the additional use of Cas12a decrease false positives. In addition, their method requires the addition of proteinase K or guanidine isothiocyanate, adding to the cost of the assay. Finally, in terms of specificity the SARS-Cov-2 LAMP detection system we present showed no amplification in samples containing human RNA, and the genomes of other viruses causing respiratory diseases. A comparison between assays is provided in Table 8.


Table 8. Recent SARS-CoV2 detection method comparison.
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In conclusion, these results imply that SARS-CoV-2 LAMP detection system showed an average sensitivity in terms of LOD value, but with a proficiency enough to detect the virus in patient samples, and with a high specificity that does not cross with human transcriptomes, or other viral genomes., SARS-CoV-2 LAMP detection system offers a rapid, sensitive and specific option with minimal sample processing or equipment requirements for the detection of SARS-CoV-2.
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Case Report: Metagenomics Next-Generation Sequencing Can Help Define the Best Therapeutic Strategy for Brain Abscesses Caused by Oral Pathogens
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Brain abscesses are associated with an increased long-term risk of new seizures and increased mortality within several years after infection. Common microorganisms that cause brain abscesses include bacteria, fungi, and mycoplasma. We report a 75-year-old man with a brain abscess caused by Prevotella denticola, an oral pathogen. Based on the clinical condition, we suspected that the patient had a blood-borne brain abscess, and he received antibiotics and systemic supportive treatment. The patient developed shock for the second time after negative Gram-staining results. Metagenomics next-generation sequencing showed one strain from the oral microbiome, confirming our hypothesis, and targeted antibiotic treatment was administered quickly. Thus, we report a case in which genomic analysis was the critical factor in determining the best antimicrobial therapy for administration.
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INTRODUCTION

Brain abscesses are focal infections of the brain, which are associated with an increased long-term risk of new-onset epilepsy and mortality within several years after infection (1). In immunocompetent patients, the microbiome is responsible for most brain abscesses, and the most common pathogenic bacteria are Streptococcus and Staphylococcus bacteria (2). These bacteria enter the brain either through contiguous spread or hematogenous dissemination, especially in cases of infective endocarditis, or as a consequence of distant infectious foci (e.g., tooth infection) (3, 4).

Changes in the abundance of species disrupt host microbial homeostasis and lead to inflammatory disease (5). Metagenomic next-generation sequencing (mNGS) is used to detect microbial nucleic acids contained in samples via the genomics method, and its most significant advantage is the lack of requirement for culture and premise hypothesis (6, 7).

Herein, we report a case of a brain abscess due to Prevotella denticola, an oral periodontitis pathogen half a month after tooth extraction. The patient was diagnosed with intracranial infection based on the clinical indications. The symptoms were significantly relieved after symptomatic treatment for 2 days, followed by sudden and persistent high fever and increased white blood cells. mNGS was used to detect the cerebrospinal fluid samples of the patients and quickly identify the pathogenic microorganisms to administer precision treatment and quickly alleviate the pain in the patient.



CASE DESCRIPTION

We report a 75-year-old man who presented with an unexplained headache persisting for 1 month. Three days prior to admission, the patient presented with dizziness and an aggravated headache, and he did not report any trauma history prior to the onset.

Initially, the patient was admitted to the Department of Neurosurgery. Physical examination showed that his underarm temperature was 38°C, pulse was 105 beats/min, and nervous system showed negative signs. Blood routine examination (BRE) revealed 33,700 leukocytes/μL (91% neutrophils), and brain computed tomography (CT) showed lesions in the left temporal lobe. Hence, he was preliminarily diagnosed with a brain abscess. Treatment with biapenem (0.3 g, twice a day) and vancomycin [1 g, three times a day administered via intravenous (IV) drip] was initiated. One day later, the patient was transferred to the intensive care unit (ICU) as he presented with sudden shock without obvious inducement (low blood pressure, fast heart rate, and abnormal heart rhythm).

On arrival, the patient's body temperature reached 38.1°C and blood pressure was 105/65 mmHg. The patient had poor consciousness and poor spirit, and BRE showed C-reactive protein (CRP) 61.10 mg/L and 9,950 leukocytes/μL (93.7% neutrophils). The cerebrospinal fluid (CSF) was pale yellow and clear, and Gram staining of CSF displayed until 4 days later showed no bacterial growth. Therefore, the treatment regimen included vancomycin (1 g, IV, twice a day), antithrombotic and anti-heart failure agents, and systemic nutritional support. Three days later, his body temperature increased and heart rate was 67 beats/min, while his consciousness was clear, BRE showed a C-reactive protein (CRP) level of 8.35 mg/L, and his leukocyte count returned to normal. However, the patient developed a sudden and persistent high fever on day 6 of ICU arrival. BRE of the patient showed 10,110 leukocytes/μL (16.7% monocytes, 2.9% basophils) and 7,420 neutrophils/μL. Meanwhile, the erythrocyte count decreased to 3,410,000/μL. The CSF presented with a yellow and muddy appearance, with cytology showing 860 leukocytes/μL (25% lymphocytes, 3% monocytes, 72% neutrophils) and a CRP level of 6.1 mg/L.

Meanwhile, mNGS technology was used to detect DNA pathogenic microorganisms in the CSF, and the results showed that the relative abundances of the two oral bacteria were remarkably elevated (Table 1).


Table 1. Pathogenic microorganisms isolated in this study.
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After repeated questioning, the patient finally admitted to having undergone a tooth extraction 1 month prior. Brain magnetic resonance imaging (MRI) revealed a left maxillary sinus cyst in addition to the brain abscess (Figure 1). Therefore, the doctor speculated that this was the primary cause of the most recent brain abscess. In general, after tooth extraction, P. denticola and Fusobacterium nucleatum in the oral cavity enter the blood circulation through the wounds of tooth extraction, return to the intracranial region, and finally cause brain abscesses. After identifying the new pathogenic bacteria, vancomycin was discontinued. The antibiotic treatment was changed to ornidazole (500 mg, IV, twice a day), piperacillin (4.5 g, IV, four times a day), and rifampicin (0.30 g, IV, once a day). One day later, the patient's temperature returned to normal, symptoms improved significantly, BRE showed that the leukocyte count returned to normal, and specialists suggested that the patient could be transferred to an ordinary ward after 2-day infection control. On the 7th day, the patient's brain MRI showed that a sheet low-density shadow in the left temporal lobe of the brain was decreasing (Figure 2). Finally, the patient was followed up to ensure that he did not relapse after 10 days, 1 month, and 3 months. The patient was in good mental condition, had normal physical signs, and did not develop recurrence through January 10, 2021.


[image: Figure 1]
FIGURE 1. Brain MRI before mNGS. (A) DWI; (B) T1WI; (C) T2-FLAIR; (D) T2WI. MRI, magnetic resonance imaging; mNGS, metagenomic next-generation sequencing; DWI, diffusion-weighted imaging; T1WI, T1-weighted imaging; FLAIR, fluid-attenuated inversion recovery; T2WI, T2-weighted imaging.
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FIGURE 2. Brain MRI 10 days after mNGS. (A) DWI; (B) T1WI; (C) T2-FLAIR; (D) T2WI. MRI, magnetic resonance imaging; mNGS, metagenomic next-generation sequencing; DWI, diffusion-weighted imaging; T1WI, T1-weighted imaging; FLAIR, fluid-attenuated inversion recovery; T2WI, T2-weighted imaging.




DISCUSSION

Brain abscesses are frequently caused by the continuous spread of concomitant infection areas (e.g., the middle ears, mastoids, and sinuses), and the most common clinical manifestations are headache and fever, which can cause shock in severe cases (2). The most frequent sources of infection in brain abscesses are Staphylococcus and Streptococcus bacteria. In recent years, some studies have demonstrated other sources of infection, including anaerobes, Gram-negative bacilli, oral Methanobrevibacter, associated Actinobacillus, bacillus, clostridium, and fungi (8–11).

Currently, CT with contrast enhancement and MRI are the clinical diagnostic methods implemented for brain abscesses. The former provides a rapid means to detect the size, number, and location of abscesses (2). Meanwhile, combined with diffusion-weighted and dispersion coefficient images, MRI is a valuable diagnostic tool for differentiating brain abscesses from primary, cystic, or necrotic tumors (12). At present, abscess puncture, neurosurgery, and antimicrobial agents are the main means of treatment. A stereotaxic navigation system based on volumetric CT or MRI can be applied to the puncture and drainage of abscesses through carefully planned trajectories (13). This system is especially suitable for patients with abscess diameters >1 cm, and abscess puncture is a necessary condition for determining pathogenic bacteria in neurosurgery (3). Neurosurgery is mainly used for superficial abscesses, abscesses that cause brain displacement, or herniation (3).

Antibiotic choice and duration depend on the type of pathogen and severity of infection (8). Brouwer et al. suggested that the selection of initial antimicrobial therapy should be based on the most likely causal organisms of the disease, basis of the mechanisms of infection, patient's predisposing condition, patterns of antimicrobial susceptibility, and ability of the antimicrobial agent to penetrate the abscess (3). In addition, due to the poor sensitivity of current techniques for identifying microorganisms, many experts advocate that antibiotics should cover anaerobes, pending organism identification and the results of in vitro susceptibility testing. The combination of third-generation cephalosporin and metronidazole for 6 weeks may treat community-acquired brain abscesses in most immunocompetent patients (14). It is worth mentioning that, besides these two antibiotics, vancomycin should be added to treat potential staphylococcal infection in patients with brain abscesses due to hematogenous spread (8).

Currently, the conventional methods for determining the microorganisms in CSF, blood, or abscesses include aerobic and anaerobic cultures and Gram staining. However, the rapid diagnosis of pathogens in brain abscesses remains a challenge. Experts suggest that the current Gram staining technique is not sufficiently sensitive (14). Al Masalma et al. found that when this test was performed on aspirates from brain abscesses in 71 patients, the positive cultures only corresponded to 30 (42%) (9). Similarly, in this case, negative Gram-staining results prevented the patient from receiving precision antibiotic treatment, leading to the recurrence of the brain abscess. In a previous report, based on the patient's history of present illness, although a bacterial brain abscess was strongly suspected, the culture result was negative, and polymerase chain reaction (PCR)-based 16S ribosomal RNA sequencing provided a definitive etiological diagnosis, allowing for targeted antimicrobial therapy (15). Over the past two decades, the diagnosis rate of pathogenic microorganisms in patients with encephalopyosis has remained poor, while the detection technology (e.g., PCR, antigen assays) of pathogen microorganisms has made remarkable progress (16).

mNGS refers to the interrogation of all the genetic material in an environmental sample. It can be used to identify multiple pathogens (viruses, bacteria, fungi, or parasites) from cultures or directly from clinical samples based on uniquely identifiable DNA and/or RNA sequences (17). Over the past few years, with the increasing maturity and extensive promotion of mNGS technology, the time required to complete initial data analysis has been dramatically reduced from a few weeks to 5–20 min (16, 18). To date, clinical applications of metagenomics have included the diagnosis of infectious diseases for various syndromes and sample types, microbiome analysis in diseases and health control, identification of human host responses to infection through transcriptomics, and identification of tumor-related viruses and their genomic integration sites (6). Thus, RNA and DNA extracted from CSF and brain tissue provide an alternative strategy for the diagnosis of neurological infections via mNGS technology.

In this case, the patient was initially diagnosed with a brain abscess on admission. Meanwhile, based on the patient's physical condition being classified as an emergency, he was initially treated with vancomycin and biapenem as antimicrobial agents. Specially, the bacterial culture results of CSF were negative, and there are two reasons that may be speculated. First, antibiotics might have eliminated Streptococcus and Staphylococcus as common pathogens; second, we speculate that the limitation of Gram staining technology may have led to the absence of other pathogenic bacteria.

Afterward, the Gram-negative bacteria P. denticola and F. nucleatum that caused shock were quickly identified through mNGS technology detection, and the patient was saved by antibiotics targeted at the pathogenic bacteria. Prevotella peridotica is a Gram-negative bacterium, which is generally considered to be an oral colonization bacterium with conditional pathogenicity that usually causes periodontitis and other diseases. In addition, there have also been cases of headaches after tooth extraction in healthy men, and Prevotella was found in blood culture, suggesting that Prevotella may represent the etiology of brain abscesses in patients with fever, stroke, and a history of tooth extraction (19). Therefore, we speculated that the Gram-negative result may be attributed to problems with the microbial detection technology. Compared with the success rate of mNGS technology detection, the current Gram staining technology, as a clinical detection technology for microorganisms, has a higher failure rate and is more time-consuming. Finally, the most suitable time for treatment is delayed, which confers many disadvantages to patients, clinical diagnosis, and treatment.

In general, mNGS technology has the advantages of speed and precision, although the current price may be slightly high for some patients. With a significant decrease in the cost of mNGS technology and improvements in data analysis efficiency, mNGS may accelerate the transition from laboratory technology to clinical applications in the future. This suggests that, in addition to authenticating the microorganisms that cause brain abscesses, mNGS may also be applied to the identification of microbes corresponding to other symptoms in the future, such as secondary periprosthetic joint infection and respiratory tract infection caused by unknown microorganisms.
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Case Report: Proven Diagnosis of Culture-Negative Chronic Disseminated Candidiasis in a Patient Suffering From Hematological Malignancy: Combined Application of mNGS and CFW Staining
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Chronic disseminated candidiasis (CDC) is a severe complication with high morbidity and mortality in patients with hematological malignancies who have undergone chemotherapy. Blood or sterile liver biopsy cultures are negative due to recurrent empirical antifungal therapy. With the escalating resistance to azole-based antifungal drugs in infection by Candida species, pathogen identification is becoming increasingly important for determining definitive diagnosis and treatment strategy. In this case report, we present, for the first time, diagnostic confirmation of a culture-negative CDC case with Candida tropicalis infection using a combination of metagenomics next-generation sequencing and calcofluor white staining.
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INTRODUCTION

Chronic disseminated candidiasis (CDC; also known as “hepatosplenic candidiasis”) is a unique manifestation of invasive candidiasis. CDC carries significant morbidity and mortality in patients with hematological malignancies who have undergone chemotherapy (1–3). The previous diagnostic criteria were positive histology plus culture evidence for Candida species from blood or a sterile liver biopsy (4, 5). The chance of positive findings in blood cultures with an onset of the clinical and radiological picture suggestive of CDC is poor (3). The prevalence of a proven diagnosis is quite low due to the difficulty of liver puncture and recurrent use of empirical antifungal prophylaxis after chemotherapy.

Development of metagenomics next-generation sequencing (mNGS) has enabled identification of causative pathogens in infectious diseases (6) and has been applied for the diagnosis of CDC. We report a culture-negative CDC case with Candida tropicalis (C. tropicalis) infection diagnosed by mNGS and calcofluor white (CFW) staining.

Description of this case study was approved (2020IIT 593) by the Ethics Committee of the First Affiliated Hospital of Zhejiang University (Hangzhou, China) and by the patient.



CASE PRESENTATION

A 62-year-old woman with acute myeloid leukemia-M2 received remission-induction chemotherapy (day-0). An outline of the following episodes is described in Figure 1. From day-0, recurrent fever occurred (Figure 2). Empirical treatment was undertaken with broad-spectrum antibiotics. The patient experienced neutropenia from day-2 to day-19. Antifungal prophylaxis was not employed until day-18, and yielded a positive result for the (1,3)-β-D-glucan (BDG) test (470 pg/mL). At that time, the results of a series of blood cultures were negative from day-16 to day-18 (Figure 1). Computed tomography (CT) of the abdomen showed multiple low-density lesions in the liver, spleen, and kidneys in day-28.


[image: Figure 1]
FIGURE 1. Clinical course of the patient (schematic). (A) Contrast-enhanced CT of the liver shows multiple nodules with marked rim-enhancement. (B,C) HE staining of liver specimen shows granulomatous inflammation with necrosis. (D) Pseudohyphae were found under fluorescence microscopy using CFW staining. (E,F) HE staining of spleen specimen shows granulomatous inflammation with necrosis. (G-J) Immunohistochemical staining of spleen specimen showed positivity for CD20 (B cells), CD3/43 (T cells), and Ki-67 (30%). (K) Budding cells with pseudohyphae were discovered under microscopy. RIC, remission-induction chemotherapy; BDG, (1,3)-β-D-glucan; CT, computed tomography; CAP, caspofungin; VRC, voriconazole; AmB, amphotericin B; DXM, dexamethasone; mNGS, metagenomics next-generation sequencing; HE, haematoxylin and eosin; CD, cluster of differentiation.



[image: Figure 2]
FIGURE 2. Daily course of the patient's treatment; curves of body temperature, leukocyte counts and CRP. Major events are indicated with arrows. Red line shows the leukocyte counts in peripheral blood. Blue line on the top shows body-temperature values. Blue line on the bottom shows CRP values. Horizontal thick gray lines show the medications administered: CAP, caspofungin; VRC, voriconazole; AmB, amphotericin B; DXM, dexamethasone; CRP, C-reactive protein.


Caspofungin (CAP) from day-18 to day-28 and voriconazole (VRC) from day-28 to day-38 were used as antifungal therapy after a positive result for the BDG test on day-18 (Figure 1). However, the recurrent fever persisted without remission for the lesions on the liver, spleen, and kidneys even after recovery from neutropenia.

Contrast-enhanced CT of the abdomen showed multiple lesions with hypodensity in the liver, spleen, and kidneys as characterized by marked rim enhancement (Figure 1A). Ultrasound of the abdomen, enhanced magnetic resonance imaging (MRI) of the abdomen, 18F-fluorodeoxyglucose-positron emission tomography/computed tomography, and contrast-enhanced ultrasound confirmed the result of contrast-enhanced CT of the abdomen (Figure 3). While a follow-up BDG test produced a negative result on day-43 and on several subsequent occasions (Figure 1). Expectedly, several cultures of blood and feces on different days failed to grow any pathogen.


[image: Figure 3]
FIGURE 3. Imaging features of chronic disseminated candidiasis. (A) Contrast-enhanced computed tomography of the abdomen shows multiple nodules with marked rim-enhancement. (B) Contrast-enhanced ultrasound shows multiple hypo-echoic lesions in the liver. (C) Magnetic resonance imaging shows multiple-sized circular abnormal signal lesions in the liver and spleen. (D) 18F-fluorodeoxyglucose-positron emission tomography/computed tomography (18F-FDG-PET/CT) shows multiple lesions in the liver and spleen with increased metabolism of FDG.


On day-54, ultrasound-mediated liver puncture and biopsy was undertaken (Figure 2). A specimen was obtained between the boundary of lesions and normal liver tissues. Histology showed very few epithelioid cells, possibly a tumor, but no evidence of fungal infection. The antifungal agent was changed from VRC to CAP due to suspicion of CDC (Figure 2). However, her condition did not improve significantly, and recurrent fever persisted (Figure 2).

Another liver biopsy was done 1-week later (day-62). The puncture needle passed through the entire lesion to reach its center, and tissues were sampled. Histology revealed granulomatous inflammation with necrosis and no evidence of malignancy (Figures 1B,C). Immunohistochemistry showed positive in TB (FISH) (only one found) but negative in fungal (FISH). The serum T-SPOT®. TB interferon-γ release assay for active tuberculosis was negative. No pathogen was cultured from the two liver-biopsy tissues.

The samples from the second liver puncture were tested using mNGS (Figure 1). The results showed 55 total reads of C. tropicalis, accounting for 98.21% total fungal reads which was sentenced as responsible pathogen in accordance with other clinical evidences. Interestingly, pseudohyphae were found under fluorescence microscopy using CFW staining (Figure 1D) to confirm the mNGS result. After consideration of detection by mNGS and the microscopic appearance, we decided to add the antifungal agent (amphotericin B (AmB), 25 mg per day, i.v.) and adjuvant corticosteroid (dexamethasone (DXM), 7.5 mg per day, i.v.) for further treatment (Figure 2). After adjusting the medication regimen, the body temperature dropped to a normal level (Figure 2).

CAP+AmB+DXM therapy was continued for >6 weeks while patient had a normal temperature but improvement in imaging features (lesions on the liver, spleen, and kidneys) was not observed. On day-96, splenectomy was undertaken after consultation with the multidisciplinary team (Figure 1). Multiple dense abscesses were found in the entire spleen, and granulomatous inflammation with necrosis was observed in splenic tissue under microscopy (Figures 1E,F). Budding cells with pseudohyphae consistent with infection by Candida species were observed under microscopy (Figure 1K). Immunohistochemistry showed leukocyte common antigen and positivity for cluster of differentiation (CD)3/43 (T cells), CD20 (B cells), and Ki-67 (30%), whereas a methenamine silver stain was negative (Figures 1G–J). After splenectomy, the patient symptoms were alleviated with a decrease of CRP level and white blood cell count (Figure 2). Her body temperature remained normal and we discontinued use of DXM (Figure 2). On day-105, the patient was discharged with continuing antifungal therapy of CAP and AmB. Cytological examination of the bone marrow showed complete remission. The patient was transferred to local hospital to continue antifungal therapy and was suggested to follow-up with CT scan every 2 months.



DISCUSSION

The high morbidity and mortality in CDC patients necessitates rapid diagnostic. Few cases are confirmed by culture, this is supported by a retrospective single-center study from 2008 to 2013 (7). It showed very low positive results from both of blood culture (~20%) and liver biopsy(10–20%) culture from patients undergoing chemotherapy and administrated with empirical antifungal therapy (7–9).

Cultures are limited further by slow turnaround times (typically requiring 2–3 days for growth to be evident), and the fact that they often turn positive late in the course of infection (10). Hence, according to previous “gold standard” diagnostic criteria, the conventional culture-based method has limitations, and definitive treatment is often delayed (10).

MRI, CT, and ultrasound are useful for the diagnosis of CDC. However, these imaging methods do not always succeed in distinguishing fungal abscesses in the active phase from possible (even if rare) bacterial and tubercular causes (11, 12).

With the development of molecular-biology methods, diagnosis using nucleic acids in tissue was introduced in the 2020 European Organization for Research and Treatment of Cancer/Mycoses Study Group guideline of invasive fungal disease (6) compared with recommendations from the 2008 version (4). The guideline of 2020 version (6) recommended each of the following investigations as essential for the diagnosis of CDC: microscopic analyses from sterile material (including histopathologic, cytopathologic, or direct microscopic examination of a specimen); culture from sterile material; blood culture; nucleic-acid diagnosis from tissue.

A conventional method of direct microscopic examination, CFW, was introduced to the diagnosis of CDC. The rationale of CFW staining is to detect (non-specifically) β(1–3) and β(1–4) polysaccharides of the chitin-rich areas found in the cell walls of Candida species and most other fungi (13). Also, addition of CFW to preparations of potassium hydroxide can improve detection of cells from Candida species by increasing the contrast from background debris (14). Compared with time-consuming conventional cultures, fluorescent staining of biopsy tissues requires only ≤1 min for specimen generation and ~10 min to read samples, and is a more economical option (15). However, the disadvantage of CFW is the lack of ability to identify the species of fungus.

mNGS was an emerging culture-independent, high-throughput, microbiological diagnostic approach (16). It is relatively effective in cataloging and detecting pathogens, especially for uncommon or non-cultivable species (17). mNGS offers a faster and less biased non-culture-based methodology of pathogen detection through sequencing of extracted DNA from the sample directly (18). Therefore, mNGS has been applied to detect causal pathogens in deep-seated tissue samples (18, 19), such as in tissue from the lungs, (20), liver (21), brain (22), and cardiac-valve vegetation (23). We reported, for the first time, CDC diagnosed by mNGS. In this way, we showed that mNGS is a fast and non-culture-dependent diagnostic method.

The duration of CDC treatment can be 3–6 months (24). Usually, fluconazole is chosen after induction by CAP or AmB (25). With the escalating resistance of Candida species to azole (26–28), identification of Candida species has become important for the antifungal strategy in CDC patients. For the C. tropicalis, it appeared to be sensitive to fluconazole. However, drug-susceptibility testing of 20,788 strains of Candida species from 39 countries showed increased resistance to fluconazole for C. tropicalis of 2.5% in 1997 to 4.9% in 2014 (28). A survey of patients in intensive care units in China showed that the prevalence of resistance of C. tropicalis to fluconazole was 19.3%, but there was no resistance to CAP or AmB (29). Pathogen identification is becoming increasingly important in culture-negative CDC patients, and mNGS is a good choice.

Patients with CDC appear to occur after recovering from neutropenia, which suggests that CDC is a manifestation of immune reconstitution inflammatory syndrome (IRIS). Compared with use of an antifungal agent alone, adjuvant therapy using corticosteroids for a short course and of medium dose could benefit for patients with CDC by hastening improvement of clinical symptoms (30). Therefore, if empirical use of antifungal agents is not efficacious, identification of the pathogen in CDC is crucial to distinguish if it is caused by drug resistance or IRIS. Hence, development and validation of non-culture diagnostic methods for CDC is a top medical priority.

We combined the results from mNGS with those of CFW staining from liver biopsies. This strategy enabled confirmation of the diagnosis of CDC and guided antifungal treatment and subsequent adjuvant therapy using the corticosteroid DXM.

The histopathology manifestations of CDC are associated with three hepatic patterns: necrosis, abscess, and granuloma (31). Acute histopathology is manifested as a minimal inflammatory reaction in the neutropenic stage, whereas microabscesses with an intense inflammatory reaction occur after recovery from neutropenia. The budding cells of Candida species with pseudohyphae or hyphae can be seen in the center of necrotic tissue. Chronic histopathology manifests as granulomatous lesions. These are characterized by fibrosis or central necrosis surrounded by giant-cell granulomatous tissue with fibroblasts and/or macrophages arranged in palisade (9). There were only a few budding cells of Candida species with pseudohyphae or hyphae in the lesions in our patient. Therefore, when carrying out ultrasound-guided liver biopsy, the needle should reach the lesion center to have a greater chance of obtaining the pathogen. This strategy also explains why this specific histology feature was detected in the second liver biopsy but not in the first liver biopsy.

A combination of mNGS and CFW staining may be an alternative option for a culture-negative diagnosis of fungal infection. Nevertheless, the absence of detection of antibiotic resistance by mNGS was a limitation in this case study.



CONCLUSIONS

mNGS testing of a liver-biopsy sample along with CFW staining is a fast and reliable method for obtaining the proven diagnosis of culture-negative CDC. Early identification of the infective pathogens in culture-negative CDC can guide pathogen-targeted antifungal chemotherapy and subsequent adjuvant therapy with corticosteroids and/or splenectomy if indicated.
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Background: Talaromycosis is a serious fungal infection which is rare in immunocompetent people. Since its clinical manifestations lack specificity, it is easy to escape diagnosis or be misdiagnosed leading to high mortality and poor prognosis. It is necessary to be alert to the disease when broad-spectrum antibiotics do not work well in immunocompetent patients.

Case Presentation: A 79-year-old man was admitted to our Infectious Diseases Department for recurrent fever and cough. Before admission he has been treated with piperacillin-tazobactam, moxifloxacin followed by antituberculous agents in other hospitals while his symptoms were not thoroughly eased. During the first hospitalization in another hospital, he has been ordered a series of examination including radionuclide whole body bone imaging, transbronchial needle aspiration for subcarinal nodes. However, the results were negative showing no neoplasm. After being admitted to our hospital, he underwent various routine examinations. The initial diagnosis was bacterial pneumonia, and he was given meropenem injection and tigecycline injection successively, but there were no improvement of symptoms and inflammatory indicators. In the end, the main pathogen Talaromyces marneffei was confirmed using Metagenomic Next-Generation Sequencing (mNGS), and his clinical symptoms gradually relieved after targeted antifungal treatment using voriconazole.

Conclusion: When empirical anti-infective treatment is ineffective, it is necessary to consider the possibility of opportunistic fungal infections on immunocompetent patients. mNGS, as a new generation of pathogenic testing methods, can often detect pathogenic bacteria faster than traditional methods, providing important help for clinical decision-making.

Keywords: talaromyces marneffei, immunocompetent, next-generation sequencing, anti-fungal treatment, case report


INTRODUCTION

Talaromycosis is an opportunistic fungal infection caused by Talaromyces marneffei (T. marneffei), the only thermal dimorphic fungus of Penicillium, which is endemic to Southeast Asia but rare in the Ningbo city of Zhejiang province. Excrement of Rhizomys that were carrying T. marneffei may contaminates surroundings, leading to infections. Susceptible people may be infected through alimentary tract, respiratory tract and broken skin or mucosa contact (1). Since the clinical manifestations lack specificity, it is easy to escape diagnosis and be misdiagnosed especially amongst immunocompetent patients. It is one of the severe opportunistic infections in HIV patients. Recently a small but increasingly number of HIV-negative patients with abnormal immunity, such as patients of connective tissue disease, organ transplant recipients, and long-term users of immunosuppressive agents, were reported to be infected. It rarely infects immunocompetent people, though when it happens the mortality were higher, maybe due to delayed diagnosis (2, 3). Here we presented an immunocompetent Ningbo native suffered from T. marneffei which was hard to identify by conventional detection methods. Finally, the fungus was confirmed by mNGS and prolonged sputum culture.



CASE REPORT

A 79-year-old man was presented to our hospital with 1-month cough and fever. He has visited two other local hospitals for more than three times where a series of examinations were performed. His chest computerized tomography (CT) scan revealed ground-glass nodules in the upper lobe of the right lung with multiple enlarged lymph nodes in the mediastinum which were suspected of tumors (Figure 1A). In order to clarify the nature of the lesion he further took a needle biopsy of lymph nodes under bronchoscope while pathological results showed no evidence of tumors. Presumed to be pulmonary infection, he was then given piperacillin-tazobactam, moxifloxacin, and empirical anti-tuberculosis treatment successively. His body temperature gradually returned to normal, but the cough still exists. One week later, his cough worsened without fever. Outpatient blood routine examination revealed that white cells count (WBC) 13.1 x 109/L, C-reactive protein (CRP) 183.51 mg/L. Re-examination of chest CT showed infectious lesions in both lungs, left hilar shadow increased, and mediastinal lymph nodes slightly enlarged (Figure 1B). For further treatment, he was admitted to the Department of Infectious Diseases of Ningbo First hospital. His initial diagnosis was bacterial pneumonia.


[image: Figure 1]
FIGURE 1. Chest CT scans in different phases. (A) Ground-glass nodules in the upper lobe of the right lung with multiple enlarged lymph nodes in the mediastinum which were suspected of tumors. (B) Infectious lesions in both lungs, left hilar shadow increased, and mediastinal lymph nodes slightly enlarged. (C) The area of pneumonia was larger than before and pleural fluid appeared. (D) Pneumonia and pleural effusion were both absorbed obviously.


He has not taken any immunosuppressants or glucocorticoids before. He had hypertension for more than 10 years treated by amlodipine and bisoprolol, diabetes mellitus for 3 years treated by insulin with unsatisfactory glycemic control, and eczema for 10 years without therapy. He did not have chronic airway disease although he had smoked for 20 years and quitted smoking for more than 20 years. Three years ago, he had undergone Permanent Cardiac Pacemaker implantation. As a Ningbo native, he had retired from a Metal Instrument Factory where he worked as an installer of metallic parts for more than 20 years. And he hasn't been to the wild recently. He has no prior family history of malignancy, infectious diseases or psychosis. Physical examination showed large eczema-like scars on two legs and found no other positive signs.

After admission, we examined his cellular immune function for lymphocyte subsets analysis (Table 1), immunoglobulins, cytokines, and found no obvious immune deficiency. And his tuberculosis T-SPOT. TB test, human immunodeficiency virus (HIV) test, tumor biomarkers (including carcinoembryonic antigen, carbohydrate associated antigen 199, alpha-fetoprotein, and cancer antigen 125), Antinuclear antibody (ANA) and Antineutrophil autoantibodies (ANCA), serum cryptococcal antigen colloidal gold test, and serological test for syphilis were all negative.


Table 1. Lymphocyte subsets analysis.
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Since he has used broad-spectrum antibiotics with poor efficacy, we performed meropenem, tigecycline consecutively (Table 2). However, the peak temperature did not drop (Figure 2), and the inflammation indexes did not improve (Table 3). During hospitalization, his galactomannan (GM) was positive in serum. Thus, we empirically add caspofungin for antifungal treatment. Meanwhile, we replaced tigecycline with linezolid. Since then, the fever seems to have gradually eased but WBC increased slowly (Figure 3). We ordered another chest CT scan which indicated the lesions of pneumonia were larger than before and pleural fluid appeared (Figure 1C). On November 5, he underwent a fiberoptic bronchoscopic examination (Figure 4) and lavage of the basal segment of the left lower lobe. Bronchoalveolar Lavage fluid (BALF) was tested for mNGS, culture, liquid-based cytology. At the same time, blood sample was sent for mNGS examination.


Table 2. The details of therapy strategies.
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FIGURE 2. Temperature curve. The horizontal axis indicates the date and the vertical axis indicates highest daily ear temperature.



Table 3. Routine blood test, hsCRP and procalcitonin (PCT).
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[image: Figure 3]
FIGURE 3. The result of prolonged sputum culture. A diffusible red pigment produced by Talaromyces marneffei, diffuses to the surrounding medium.



[image: Figure 4]
FIGURE 4. Fiberoptic bronchoscopy. (A,B) showed the mucosa of the left and right main bronchus is scattered with nodules. (C) Longitudinal change of mucosa in the basal segment of the left lower lobe.


Four days later, we changed antibiotics to intravenous voriconazole and piperacillin-tazobactam since mNGS suggested Penicillium marneffei infection (Table 4). Moreover, we prolonged sputum culture time to one week and the fungus was further validated by culture (Figure 3). After he was prescribed targeted anti-fungal agent of voriconazole 200 mg twice daily, the clinical presentations and laboratory indicators were gradually returning to normal (Table 3). The whole process was concluded (Figure 5).


Table 4. Results of mNGS of BALF and blood.
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[image: Figure 5]
FIGURE 5. Timeline of the case.


Prior to follow-up, he carried on taking voriconazole 200 mg twice daily regularly without relapse. On December 9th, his repeated chest CT scan showed that pneumonia was cured and pleural effusion were absorbed obviously (Figure 1D).



DISCUSSION

As the only thermal dimorphic fungus of Penicillium, Talaromyces marneffei grows as yeast in vivo at 37°C as pathogenic mode and as mold in vitro at 25°C (4). It was originally taken from the hepar of Rhizomys in 1956 while three years later, the first case of human infected by Talaromyces marneffei was found derived from the laboratory (1, 2). Talaromyces marneffei proliferates in macrophages and spreads through reticuloendothelial system. T cells, especially CD4+ Cells, are vital to remove Talaromyces marneffei. In theory, Talaromyces marneffei can be cleared in 2–3 weeks in healthy hosts while it may be fatal to immunocompromised patients (1). Thus, it tends to be found on hosts with cellular immune deficiency. The most common hosts are HIV patients followed by other immunocompromised hosts, such as patients who suffer from connective tissue diseases or hematopathy, organ transplant recipients, and long-term users of immunosuppressants. It rarely persists in immunocompetent hosts.

The pathological changes caused by talaromycosis may be divided into three groups as granuloma, reactive necrosis and purulent inflammation (1). The most common clinical symptoms are fever, coughing, anemia, wasting, and characteristic umbilicated skin lesion (5, 6) which are usually nonspecific and of little help to the judgment. Chest CT scan of pulmonary talaromycosis often lacks specificity. As is reported, it can be multiple cavities with uneven thick wall and clear edge, enlarged mediastinal lymph nodes, ground glass opacity, or pleural effusion (1, 7). Thus, without enough suspicion, it is easy to be misdiagnosed as bacterial pneumonia, cancer, tuberculosis, and other fungal infection.

In recent decades, increasing incidents of talaromycosis in healthy hosts are reported (8). The fatality rate of talaromycosis in non-HIV patients is higher than HIV-infected patients which is probably due to delayed diagnoses and treatments (2, 3). Without timely diagnosis and targeted therapy, the mortality rate of talaromycosis can be above 90% (9). We herein reported a case of HIV-negative talaromycosis with pleural effusion from nonendemic region, and without history of recent contact with wildlife. The old man suffered from diabetes with unsatisfactory blood glucose control, cardiac disease and eczema which maybe risk factors of talaromycosis. However, lymphocyte subsets analysis showed his CD3, CD4/CD3, CD8, and CD4/CD8 were all normal in addition to the negative HIV test. Like many other immunocompetent talaromycosis patients, he had been misdiagnosed as bacterial pneumonia and tuberculosis until mNGS cleared away the confusion. Furthermore, prolonged sputum culture verified the pathogen showing bright red surrounding molds which is the unique feature of Talaromyces marneffei as it can product a soluble red pigment (3) whose essence maybe monascorubramine encoded by pks3 and other four genes (10). Blood dissemination can be determined from the mNGS of blood. According to literature, disseminated talaromycosis usually has worse prognosis than localized ones since it may be accompanied with multiple organ dysfunction (1). We speculated his anemia maybe related to Talaromyces marneffei (11) although it needs further investigation and verification.

Amphotericin B is the first line agent for talaromycosis with HIV suggested by guideline (12). However, severe nephrotoxicity limits the clinical use of amphotericin B. As a broad-spectrum antifungal agent, voriconazole was reported to be effective for talaromycosis (13, 14). Therefore, we chose voriconazole to treat this patient since it is safe, strong and within his economic affordability. The result was satisfactory.

There are some take-away lessons from this case. Since routine culture often cannot cover all bacteria and fungi, timely communications between clinicians and microbiologists is necessary when a particular pathogen is suspected. Microbiologists may then adjust culture methods to improve detection rate of rare pathogens. When traditional anti-infection treatments are not effective and the pathogen is difficult to be detected by routine examinations, mNGS is recommended since it may detect some rare pathogen faster than culture. Then the patient may get the appropriate treatments sooner and have a better prognosis.

Some limitations were discovered in this case. First, in the course of empirical medication, we changed agents frequently which may be influenced by patient's anxiety and high expectations. Second, we lacked suspicion to this rare fungus and initially did not have close communication with microbiology experts which we later rectified. Last, we still don't understand if his thrombocytosis and refractory pleural effusions are related to talaromycosis when his albumin concentration was above 30 g/L.

In conclusion, we should be alert of rare fungi when routine anti-infective therapies were useless even in immunocompetent hosts. As an advanced test method, mNGS may detect pathogens fast and exactly.
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Background: Pulmonary infections remain a significant cause of morbidity and mortality in immunocompromised patients. The pathogens spectrum of pulmonary infection that can affect patients with human immunodeficiency virus (HIV) is wide such as bacterial, fungal, viral, parasitic organisms, and so on. The risk of multi-pathogenic pneumonia is higher in HIV-infected patients. However, the fast and accurate diagnosis of multi-pathogenic pneumonia is challenging because of the limitations of current conventional tests.

Case Presentation: Here, we report a case of pneumonia due to Pneumocystis jirovecii and cytomegalovirus (CMV) in a 22-year-old male with newly diagnosed HIV infection. Blood tests revealed a low CD4 count, a chest computed tomography (CT) scan showed extensive ground-glass opacities in the bilateral lung with multiple cavity lesions in the left upper lung. Microscopic examination of stained sputum and bronchoalveolar lavage fluid (BALF) smear specimens did not find any pathogens. There was also no evidence of pathogens known to cause pneumonia in bacteria and fungi culture tests and virus antibodies such as EBV, CMV, and COVID-19. The nucleic acid of CMV in blood was reported by quantitative PCR. Next-generation sequencing (NGS) analysis of BALF specimens identified a large number of P. jirovecii and CMV reads, and confirmed the diagnosis of pneumonia due to P. jirovecii and CMV. Following the patient's treatment with anti-PCP and anti-CMV, the patient was cured and discharged.

Conclusions: This case highlights the combined application of NGS in the clinical diagnosis of multi-pathogenic pneumonia in an HIV-infected patient. NGS is proposed as an important adjunctive diagnostic approach for identifying pathogens of multi-pathogenic pneumonia in HIV-infected patients.

Keywords: next-generation sequencing, Pneumocystis jirovecii, cytomegalovirus, bronchoalveolar lavage fluid, pneumonitis, HIV


INTRODUCTION

Pulmonary infections can be caused by a variety of microbes including bacteria, fungi, and viruses, which can be severe and fatal particularly among immunocompromised individuals (1–3). The risk of mixed pulmonary infection is high in immunocompromised patients such as patients with HIV infection (4, 5). Compared to patients with monomicrobial pulmonary infection, patients with mixed pulmonary infection may have a more severe clinical manifestation and are difficult to diagnose. The diagnosis of multi-pathogenic pneumonia must be as fast and accurate as possible, because severe clinical manifestation and combined treatment have many potential side effects. However, fast and accurate diagnosis of multi-pathogenic pneumonia is challenging because of the limitations of current conventional tests (6). Occasionally, we still cannot draw a correct conclusion according to these tests. Next-generation sequencing (NGS), a highly sensitive method for analyzing the microbiome, could provide additional valuable information for the detection of pathogens. Here, we report a patient with newly diagnosed HIV infection who developed multi-pathogenic pneumonia revealed by NGS of bronchoalveolar lavage fluid (BALF).



CASE REPORT

A 22-year-old Chinese male form Zhejiang province initially presented to the local community hospital. He complained of 10 days of intermittent fever with a temperature of up to 38.7°C and 3 days of progressive dyspnea and dry cough. He was given moxifloxacin at the local community hospital. However, he contracted chest thrush after using moxifloxacin, so this treatment was stopped and he was given ambroxol hydrochloride. Due to a history of male sexual partners and weight loss, an HIV test was obtained which returned positive. Then he came to our institution, the infectious disease department of the First Affiliated Hospital, School of Medicine, Zhejiang University, and hospitalized.

Upon presentation at our institution, he still had fever, dyspnea, fatigue, cough with a small amount of pale sputum, and occasionally pectoralgia and dyspnea during activity. Physical examination found a body temperature of 37.4°C, blood pressure of 113/50 mmHg, a pulse of 115 beats per minute, a respiration rate of 23 breaths per minute, and SpO2 93% using fingertip pulse oximetry. The bilateral lung presented moist rales. The patient did not have a skin rash. The laboratory results were as follows: white blood cell count 7.7 × 109/L, with a neutrophil ratio of 65.7%, hemoglobin 133 g/L, and platelet count 365 × 109/L; C-reactive protein (CRP) 8.5 mg/L; erythrocyte sedimentation rate (ESR) 5 mm/h; and procalcitonin 0.08 ng/mL. Blood biochemical index results showed that lactate dehydrogenase content increased to 401 U/L (reference range 150–250 U/L), and -hydroxybutyrate dehydrogenase content increased to 326 U/L (reference range 72–182 U/L). The 1,3-beta-D-glucan test (G test) result (251.64 pg/ml) was positive, while galactomannan test (GM test) (0.1 μg/L) and cryptococcus capsular antigen test results were negative. His CD4 count was 16 cells/μL. Arterial blood gas analysis (with O2 3 L/min via nasal catheter) showed pH 7.51; pCO2 27 mmHg; pO2 98 mmHg; HCO3 −21.9 mmol/L; SBE −0.8 mmol/L; lactate 0.8 mmol/L; and O2 saturation 99%. A chest computed tomography (CT) scan showed extensive ground-glass opacities in the bilateral lung with multiple thin-walled cavity lesions in the left upper lung (Figures 1A,B). The IgG and IgM antibodies of coronavirus disease 2019 (COVID-19) were negative. The nucleic acid detection of COVID-19 was negative. Nucleic acid detection of common respiratory pathogens (including Mycoplasma pneumoniae, Chlamydia pneumoniae, adenovirus, respiratory syncytial virus, parainfluenza virus, and influenza A and B) was negative. The IgG antibodies of Epstein-Barr virus (EBV) and human cytomegalovirus (CMV) were positive, while the IgM antibodies of EBV and CMV were negative. The nucleic acid of CMV in the blood was reported at 1.86 × 104 copies/mL by quantitative PCR. Mycobacterium tuberculosis (MTB) was negative based on blood test with T-SPOT.TB as well as acid-fast staining of sputum smear and GeneXpert. The blood, sputum, and urine smear and culture of bacteria and fungi were negative. We also sent the sputum sample to perform Gomori-Grocott methenamine silver nitrate staining (GMS) for Pneumocystis jirovecii detection and obtained a negative result. Given the patient's hypoxia and demonstration of diffuse ground-glass opacities on CT of the chest, a clinical diagnosis of P. jirovecii pneumonia (PCP) was made. Oral trimethoprim-sulfamethoxazole (TMP-SMX, TMP 0.24 g /SMX 1.2 g, q8h), intravenous clindamycin (0.6 g, q12h), and methylprednisolone (40 mg daily) were administered, which resulted in the improvement of general conditions and abatement of fever and dyspnea in 3 days.


[image: Figure 1]
FIGURE 1. CT scan of the lung. (A,B) On the 1st day of admission, a CT scan showed diffuse bilateral ground-glass opacities with thin-walled cavity lesions (white arrow) in the left upper lung. (C,D) After 2 weeks of treatment, a CT scan showed that lesions were significantly absorbed except for a faint patchy opacity in the lateral segment and thin-walled cavity lesions (white arrow) in the left upper lung. (E,F) Two months later, a CT scan exhibited no abnormal finding except for a faint patchy opacity (white arrow) in the left upper lateral segment.


To verify pathogen-induced pneumonia, the patient underwent a bronchoscopy examination with a collection of BALF specimens on day 5 of admission. The BALF was sent to the laboratory for conventional tests and an NGS test [using the MGISeq 2000 platform (MGI Tec Co. Ltd, Shenzhen, China)]. The BALF Gram stain and acid-fast stain were negative. The G test and GM test of BALF were negative. In addition, a BALF culture of fungal and bacteria showed no organisms. Microbiological tests of BALF were negative for MTB by the smear and GeneXpert MTB/RIF assay. Two days later, the NGS results showed that P. jirovecii (1,000,078 reads) and CMV (4,192 reads) were found in the BALF. The other microorganisms detected by NGS were bacteria and are listed in Table 1, but they were not regarded as responsible for the invasive pulmonary infection. Based on the report, the diagnosis of multi-pathogenic pneumonia due to PCP and CMV was made in this patient, and intravenous ganciclovir (0.25, Q12H) was started.


Table 1. The other microorganisms detected by next-generation sequencing (NGS) in the BALF of the case.
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After 2 weeks of hospitalization, his symptoms disappeared, general conditions returned to normal, and laboratory findings improved. The chest CT scan showed that lesions had been significantly absorbed except for a faint patchy opacity in the lateral segment and thin-walled cavity lesions in the left upper lung (Figures 1C,D). So, the patient began antiretroviral therapy with Truvada (emtricitabine and tenofovir disoproxil fumarate tablets, 500 mg QD) and dolutegravir (50 mg QD). He was discharged to complete 1 week of TMP-SMX and 2 weeks of oral ganciclovir (500 mg, three times daily) at home, and then switch to prophylactic doses of TMP-SMX until CD4 count recovery. At his 2-week follow-up visit, he had no symptoms. At his 2-month follow up, he appeared healthy with no symptoms and a chest CT scan exhibited no abnormal findings except for a faint patchy opacity in the left lateral segment (Figures 1E,F).



DISCUSSION

With the widespread use of highly active anti-retroviral therapy (HAART), the incidence of AIDS-related opportunity infections has declined dramatically (7–9). However, a rapid growth of HIV-infected cases, poor adherence to medications, and the emergence of virological and immunological failure have caused infections to thrive (10, 11). The risk of multi-pathogenic pneumonia is higher in HIV-infected patients and the spectrum of pathogens is broad including bacterial, fungal, viral, and parasitic organisms (7, 12). So, consideration of the possibility of a multi-pathogenic pneumonia is essential in HIV-infected patients and early bronchoscopy is recommended. Conventional tests including microscopy, specific antigen or antibody detection, PCR amplification, and culture have been utilized in clinical work. However, these conventional tests have limitations in terms of sensitivity, speed, spectrum for pathogen detection, and simultaneous multi-pathogen detection (6, 12). So, the prompt appropriate diagnosis of multi-pathogenic pneumonia in HIV-infected patients is still challenging.

Next-generation sequencing (NGS) is a highly sensitive, culture-independent, and unbiased method that can identify all potential known and new or unexpected pathogens (13, 14). NGS has been successfully used as a diagnostic tool for various infectious diseases in immunocompromised hosts (5, 15). Its application to diagnose multi-pathogenic pneumonia due to PCP and CMV in HIV-infected patients has never been reported until now. Here we report a case of PCP and CMV multi-pathogenic pneumonia diagnosed by NGS of BALF following negative results in multiple conventional diagnostic tests.

PCP is serious and sometimes critical infections caused by P. jirovecii occur in immune-suppressed patients (16, 17). Up until now, the definitive diagnosis of PCP is confirmed upon finding P. jirovecii in respiratory secretion, tissue, or a BALF sample. A Wright-Giemsa stained smear was the most common conventional diagnostic method in the past few decades and other methods such as methenamine silver and cresyl echt violet fluorescence staining and nucleic acid amplification testing may further increase the detection sensitivity. Despite high incidence of PCP in HIV-infected patients, the diagnosis of PCP remains challenging due to its non-specific signs and symptoms and inadequate performance of conventional diagnostic methods (18). CMV pneumonitis is uncommon, and its diagnosis is challenging as the clinical manifestations and radiological features of CMV pneumonia are also non-specific (7, 10, 18, 19). The challenges of prompt appropriate diagnosis of PCP and CMV-mixed pulmonary infection are well-reflected in the present case report. Consistent with our patient, HIV-infected patients with a CD4 count <100 cells are at higher risk for CMV infection and/or reactivation. As a result of viral shedding, it is common for CMV to present in the BALF of HIV-infected patients; thus, its presence is insufficient for the diagnosis of invasive CMV pneumonitis. The definitive diagnosis of CMV pneumonitis relies on BALF cytology or a lung biopsy demonstrating cells with inclusion bodies, after excluding other etiologies (7, 20). So, CMV pneumonitis was reported in only 5–8% of HIV patients undergoing BALF testing (19). Quantitative polymerase chain reaction (PCR) of CMV viral load has been investigated as a marker of invasive CMV disease, with a sensitivity of 86% and specificity of 87% when the cut-off is applied at >5,000 copies/ml, but mainly in transplant recipients (21–23).

CMV and PCP coinfection has been previously reported in the literature (10). However, there have only been two study reports of 12 cases on the successful use of NGS to diagnose pulmonary infections involving PCP and CMV in BALF or blood or lung biopsy (Table 2) until now (5, 15). The study reported that NGS is more sensitive than conventional methods (non-PCR based). However, the numbers of sequence reads for P. jirovecii (5–303,572) and CMV (4–23,282) are highly variable among cases (5, 15). So, the cut-off reads of NGS to be used as a marker of invasive PCP and CMV disease is uncertain. A study suggested that specific reads of P. jirovecii ranking among the top 15 or its relative reads proportion in fungi higher than 85% might be satisfactory cut-off values for clinical diagnosis of PCP (18). In patients with PCP, the co-presence of CMV in BALF has traditionally been presumed to be non-invasive and there were no difference in outcome between anti-CMV-treated and CMV-untreated groups (24). However, several reports have highlighted a poor outcome among HIV patients who were co-infected with PCP and CMV (25, 26). A study reported a 2-fold higher mortality at 3 months in patients with PCP who also had CMV cultured from BALF with corticosteroids treatment (27). In our case, the P. jirovecii and CMV reads were 1,000,078 and 4,192, respectively, and the patient was treated with corticosteroids. So, additional antiviral therapy with ganciclovir was given and the patient was treated successfully according to the diagnosis based on NGS. This case demonstrates that the addition of anti-CMV therapy may benefit such patients in the right clinical scenario. Furthermore, NGS might be beneficial to HIV-infected patients who develop pneumonia and are more likely to be infected by multiple pathogens. Nevertheless, it is necessary to investigate which cut-off reads should be used as a diagnosis marker of invasive PCP and CMV disease. Multi-pathogenic pneumonia in severely immunocompromised patients presents a diagnostic and management dilemma. Consideration of multiple etiologies in immunocompromised patients is necessary, and early bronchoscopy and NGS are recommended. The resulting interpretation of NGS needs caution, along with other laboratory, radiological, and clinical findings. Furthermore, the application of NGS to clinical diagnosis is still challenging due to barriers in cost-effectiveness and the standardization of the entire process from sample collection to result interpretation (28). Clearly, all these issues need investigation in the future.


Table 2. Reports of PCP and CMV cases detected by next-generation sequencing (NGS).
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The continued global pandemic of coronavirus disease 2019 (COVID-19) poses a serious threat to global public health and social stability and it has become a serious global public health problem. Unfortunately, existing diagnostic and therapeutic approaches for the prevention and control of COVID-19 have many shortcomings. In recent years, the emerging CRISPR/Cas technology can complement the problems of traditional methods. Biological tools based on CRISPR/Cas systems have been widely used in biomedicine. In particular, they are advantageous in pathogen detection, clinical antiviral therapy, drug, and vaccine development. Therefore, CRISPR/Cas technology may have great potential for application in the prevention and control of COVID-19 and emerging infectious diseases in the future. This article summarizes the existing applications of CRISPR/Cas technology in infectious diseases with the aim of providing effective strategies for the prevention and control of COVID-19 and other emerging infectious diseases in the future.
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Introduction

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) first broke out in Wuhan, China, and rapidly grew into a global pandemic, seriously endangering human health and social development. By February 23, 2021, SARS-CoV-2 had become a global pandemic in 180 countries and regions, with the cumulative number of infections exceeding 110 million and the cumulative number of deaths exceeding 2.48 million. More importantly, with the ongoing mutation of SARS-CoV-2 and the coming winter and spring, these numbers may continue to increase (Grubaugh et al., 2020; Korber et al., 2020). In response to the SARS-CoV-2 pandemic, it is urgent to strengthen pathogen detection capacity and accelerate the development of vaccines and specific antiviral drugs. At present, the traditional nucleic acid detection method, mainly quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR), is recommended by WHO and some medical departments to detect pathogens. However, some researchers found that the results are unstable, and the sensitivity is even as low as 42.10%, and the sample processing requirements are very strict (Bustin and Nolan, 2020; Tesija Kuna et al., 2021). More importantly, the therapeutic effect of antiviral drugs has not achieved the expected effect, and symptomatic treatment is still the main treatment at present (Khan et al., 2020). Vaccine development is still in the clinical evaluation stage (Folegatti et al., 2020; Gao Q. et al., 2020; Tu et al., 2020), it will take some time before it can be applied, and even the mutation of the virus may make the vaccine less effective than expected (Becerra-Flores and Cardozo, 2020; Li Q. et al., 2020). Moreover, the vaccine may not be able to meet the huge global demand.

CRISPR (clustered regularly interspaced short palindromic repeats) consists of a gene encoding a Cas-related protein and the CRISPR array, which is a repetitive sequence within the prokaryotic genome, an immune weapon produced by the struggle between bacteria and phages throughout the history of evolution (Bondy-Denomy et al., 2013; Koonin et al., 2017). Therefore, bacteria can protect themselves by using the CRISPR/Cas system to eliminate foreign invading phage genes. Since 1987, CRISPR/Cas was discovered by Ishino in E. coli, scientists have been developing several biotechnologies based on this basic principle (Ishino et al., 1987). The development and application of the CRISPR/Cas system have given new impetus to the development of life sciences and biotechnology (Knott and Doudna, 2018). Especially in medical science, CRISPR/Cas has made remarkable achievements in gene editing, nucleic acid detection, functional gene screening, and so on (Zhou et al., 2014; Kurata et al., 2018; Pickar-Oliver and Gersbach, 2019; Wang et al., 2019; Yan et al., 2019). Also, in recent years, scientists have used the CRISPR/Cas system broadly in the prevention and control of infectious diseases. In the article, we reviewed recent advances regarding the application of the CRISPR/Cas system in the prevention and control of COVID-19 and other infectious diseases, such as in molecular diagnostics, infectious disease treatment, the antiviral drug, and vaccine development. And provide effective strategies for the prevention and control of COVID-19 and other future emerging infectious diseases.



Application of CRISPR/Cas in Pathogen Detection


Inadequacy of Existing Pathogen Detection

Pathogen detection is crucial for the prevention and control of infectious diseases. Early identification of pathogens enables identification of the source of infection and timely quarantine, so that appropriate anti-infective protocols can be developed to improve patient prognosis, especially for severe emerging infectious diseases such as COVID-19. However, the current detection of SARS-CoV-2 is mainly by qRT-PCR, which is time-consuming and dependent on specialized equipment and operators, which may not be available in developing countries or remote rural hospitals, and is not suitable for field testing (Corman et al., 2020; Lu et al., 2020). Besides, limited sensitivity may prevent the detection of asymptomatic infected persons, or some patients during the time-window of viral replication, who are likely to contribute to further transmission without medical treatment (Li Y. et al., 2020; Younes et al., 2020; Yu et al., 2020). overcome the shortcomings of qRT-PCR technology, some experts have suggested using a combined antibody assay to detect SARS-CoV-2 (Li Z. T. et al., 2020). Although enzyme‐linked immunosorbent assay (ELISA) has been successfully used to detect SARS-CoV-2, specific antibodies need to be produced after more than 7 days of infection with the virus (Lin et al., 2020; Lisboa Bastos et al., 2020; Wang Q. et al., 2020). In addition, antibody detection can produce cross-reactivity, and people with poor immunity may produce fewer antibodies, which can affect test results (Liu W. et al., 2020). Furthermore, isothermal amplification detection technology has a great prospect of application because of its simple operation and can be applied to field detection. However, the current isothermal amplification technology has its inherent defects in sensitivity, specificity, and anti-interference. Therefore, highly sensitive and specific, field-applicable pathogen detection is necessary for the detection of emerging infectious diseases (Table 1).


Table 1 | Available diagnostic methods for COVID-19.





Application of CRISPR/Cas-Based Systems for Rapid, Accurate Point-of-Care Diagnostics

In recent years, emerging nucleic acid detection technologies based on CRISPR/Cas developments have opened up new opportunities for pathogen detection. SHERLOCK (Cas13a), DETECTR (Cas12a), CDetection (Cas12b) and Cas14-DETECTR, which have successfully performed rapid, highly sensitive and accurate detection of a variety of pathogens (Gootenberg et al., 2017; Chen et al., 2018a; Chen et al., 2018b; Harrington et al., 2018; Teng et al., 2019) (Figure 1). Compared to traditional assays, CRISPR/Cas system has advantages in terms of rapidity, low cost, portability, ease of operation and extension, while maintaining high sensitivity and specificity (Zhou et al., 2018). In addition, the low sample quality requirements and high interference resistance mean that rapid sample pre-processing such as HUDSON can be combined to enable nucleic acid extraction on site without relying on specialized equipment (Gootenberg et al., 2017; Wang M. et al., 2020). In combination with lateral flow test strip technology for visualizing point-of-care diagnostics with the naked eye (Dai et al., 2020; Van Dongen et al., 2020). Fluorescence readout also can achieve point-of-care diagnostics with portable fluorescence collectors or colorimetric analysis (Yuan et al., 2020; Cheng et al., 2021).




Figure 1 | Experimental protocol for SARS-CoV-2 detection on CRISPR/Cas detection platform. (1) The extracted SARS-CoV-2 viral RNA is first pre-amplified (RT-RPA and RT-LAMP) into double-stranded DNA (dsDNA). (2) For Cas13a-SHERLOCK assay, dsDNA is first T7 transcribed into single-stranded RNA (ssRNA), followed by activation of the Cas13a cleavage reporter. (3) For Cas12a or Cas12b assays, direct detection of pre-amplified dsDNA enables activation of the Cas12a or Cas12b cleavage reporter. (4) Visualization of CRISPR/Cas assay results by fluorescence and lateral flow readouts.



CRISPR/Cas based detection of SARS-CoV-2 has been actively researched by scientists since the COVID-19 outbreak (Table 2). For example, James P. Broughton can successfully detect SARS-COV-2 within 30-40 minutes using the CRISPR-Cas12a-based method with a limit of detection (LoD) of up to 10 copies/µL, and the combination of lateral flow strip technology enables visible detection results in the field (Broughton et al., 2020b). Similarly, based on the CRISPR/Cas13a method, the SHERLOCK platform has been successfully validated in 534 clinical samples with a LoD of 42 copies/µL and 100% sensitivity for fluorescence readout and 97% for lateral-flow detection (Patchsung et al., 2020). Feng Zhang’s team developed the SARS-CoV-2 detection platform STOPCovid.v2 based on AapCas12b, which enables point-of-care diagnostics to be performed quickly and easily within 1 hour, without relying on specialized equipment. Also, it has obtained the FDA (US Food and Drug Administration) emergency use right of SARS-CoV-2 detection (Guglielmi, 2020; Joung et al., 2020). Besides, researchers using the Cas12a-based opvCRISPR platform were able to visualize fluorescence detection of SARS-CoV-2 with the naked eye in 45 min (Wang et al., 2021). It is worth noting that CRISPR/Cas technology allows not only rapid detection but also massively multiplexed nucleic acid detection. For example, Cheri M. Ackerman developed Combinatorial Arrayed Reactions for Multiplexed Evaluation of Nucleic acids (CARMEN) based on CRISPR/Cas13, which allows for the simultaneous differentiation of 169 viruses associated with humans, as well as the multiple identifications of various subtypes and even drug resistance mutations, thereby increasing detection rates while reducing detection costs (Ackerman et al., 2020).


Table 2 | Summary of the CRISPR/Cas platform for SARS-CoV-2 detection.



Moreover, CRISPR/Cas technology has the unique ability to detect single nucleotide polymorphisms (SNP) compared to other above-mentioned detection technologies. Compared with conventional sequencing for SNP detection, CRISPR/Cas technology is simpler, faster, and cheaper, and more importantly, can detect low-frequency mutations. Faced with SARS-CoV-2 mutations such as the D614G and N501Y locus mutation. These mutations may increase the infectivity of SARS-COV-2 and even pose a significant threat to existing therapies and vaccines (Li Q. et al., 2020; Yurkovetskiy et al., 2020). So the identification of mutant strains based on high-specificity CRISPR/Cas technology has great significance. Although no researchers have yet performed CRISPR/Cas-based detection of the SARS-COV-2 mutation site, some scientists have successfully used Cas13a to detect the HBV drug resistance site rt204 (Gootenberg et al., 2017; Wang S. et al., 2020).




CRISPR/Cas in Clinical Antiviral Therapy


Application of Cas9 Gene-Editing to Clinical Antiviral Therapy

In the face of emerging infectious diseases such as SARS, MERS, and COVID-19, existing antiviral drugs are often ineffective. However, developing an effective antiviral drug is an arduous process. Therefore, clinical treatment is mainly supportive and to prevent complications, but in the absence of specific antivirals, this approach may result in a higher case fatality rate. The scientific community has been searching for ways to eliminate viruses more quickly and accurately, which could have significant implications for early source prevention and control of emerging infectious diseases. In recent years, experts using CRISPR/Cas9 gene-editing technology to treat many clinically refractory diseases. For one thing, the researchers used CRISPR/Cas9 targeting virus-specific sequences for gene editing to directly eliminate the virus to treat the disease. For example, The Edward M. Kennedy in the cell-free system trial used Cas9 to specifically target the HPV E6E7 gene to eliminate HPV infection to treat cervical cancer (Kennedy et al., 2014). Zhen has validated in animal studies that Cas9-targeted elimination of covalently closed circular DNA (cccDNA) is effective in the treatment of hepatitis B (Zhen et al., 2015). In addition, scientists also successfully used Cas9 to accurately eliminate Cytomegalovirus, Epstein-Barr virus infections in vitro (Ebina et al., 2013; Hu et al., 2014; Huo and Hu, 2019; Chen S. J. et al., 2020). For another thing, some researchers have used Cas9 to engineer T cells with the ability to treat specific diseases and thus indirectly eliminate viral infections (Zhao et al., 2018; Stadtmauer et al., 2020). For example, Cas9 was developed to improve CAR-T (Chimeric Antigen Receptor T-Cell Immunotherapy) therapy to treat incurable cancers such as B-cell leukemias and lymphomas (Brentjens et al., 2011; Porter et al., 2016; Eyquem et al., 2017; Labanieh et al., 2018). Moreover, many in vivo trial studies show Cas9 gene editing modifies CD4+ T cells to be effective in treating HIV infection, which may provide a new approach to refractory infectious diseases (Ebina et al., 2013; Liu et al., 2017; Hultquist et al., 2019; Xiao et al., 2019). With SARS-CoV-2 and other difficult to treat emerging infectious disease, CRISPR/Cas9 gene editing is likely to be one of the best treatments in the future (Grifoni et al., 2020) (Figure 2). In addition, with ongoing research and development, Cas12a and Cas14 also hold great potential for gene editing to treat infectious diseases in the future (Gao Z. L. et al., 2020).




Figure 2 | Mechanisms of CRISPR/Cas systematic elimination of SARS-CoV-2. (1) SARS-CoV-2 targets the ACE2 receptor to release viral RNA into cells. (2) After reverse transcription of the viral RNA to form dsDNA, the pre-designed sgRNA-Cas9 identified and specifically cleaved the viral DNA. (3) For Cas13 the system can directly identify and eliminate viral RNA. (4) The CRISPR/Cas system eliminates the SARS-CoV-2 gene, thus making the viral RNA unable to replicate and the viral gene unable to be expressed, and eventually making SARS-CoV-2 unable to replicate.





Cas13 Specifically Targets RNA Viruses for Degradation

Compared to Cas9, gene editing of Cas13-targeted RNA may offer a new approach to RNA virus therapy (Freije et al., 2019). LshCas13a system specifically targeted E6E7mRNA of HPV has a positive effect on inhibiting human cervical cancer in vivo testing (Chen Y. et al., 2020). Besides, Hao Li used Cas13a cleavage of the Dengue virus NS3 gene to efficiently inhibits viral replication in vivo testing (Li H. et al., 2020). Interestingly, Timothy R. Abbott used Cas13d to develop the PAC-MAN platform (prophylactic antiviral CRISPR in human cells) for viral inhibition that can effectively degrade RNA from SARS-CoV-2 sequences and live influenza A virus (IAV) in human lung epithelial cells. Notably, this approach provides a novel treatment strategy for SARS-CoV-2 and influenza virus, among others (Abbott et al., 2020; Nguyen et al., 2020) (Figure 2).




Application of CRISPR/Cas Systems in Vaccine and Drug Development


CRISPR/Cas9 Assisted Drug Development and Target Screening

The rapid development of effective antiviral drugs is also essential for the treatment of COVID-19 (Table 3). However, existing antiviral drugs are often ineffective in the treatment of emerging infectious diseases, mainly due to the lack of effective targets for the treatment of emerging viruses. Unfortunately, the main reason for the failure of antiviral drug development is also the difficulty in identifying effective targets, which makes development more difficult, expensive, and time-consuming. Moreover, host factors associated with viral action are critical to the success of treatment and drug development (Li B. et al., 2020; Wei et al., 2020). Therefore, how to identify functional targets more quickly and accurately is one of the challenges plaguing drug development. Although RNAi is undoubtedly a widely recognized and powerful method, it may produce misleading results due to off-target effects. As a result, the off-target effect may affect many functionally important genes (Settleman et al., 2018; Haley and Roudnicky, 2020). The emergence and development of CRISPR/Cas technology can more easily and quickly find potential drug targets to inhibit the replication of viruses, and provide safer and more feasible strategies for the treatment and prevention of diseases (Behan et al., 2019) (Figure 3). For instance, Flint used CRISPR/Cas technology to screen the genome-wide library and found that N-acetylglucosamine-1-phosphate transferase subunits alpha and beta (GNPTAB) were potential targets for the anti-Ebola virus (Flint et al., 2019). Interestingly, researchers on the bat cells of genome-wide screening explore the target of widespread antiviral treatment, after screening detects MTHFD1 targets is a potential target for broad-spectrum antiviral drugs. MTHFD1 inhibitor caprolactone broad antiviral activities against the Zika virus, mumps virus, and importantly, SARS-CoV-2 (Anderson et al., 2020). Furthermore, CRISPR/Cas screening can reveal host genes that regulate SARS-CoV-2 infection, such as SRSF protein kinases 1 and 2, ACE2, and HMGB1 (Heaton et al., 2020; Hoffmann et al., 2020; Wang R. et al., 2020; Wei et al., 2020). This provides insight into the signaling pathways underlying viral action. Although these articles have not been peer-reviewed, these ideas provide good insights and thoughts for exploring responses to emerging infectious diseases such as SARS-COV-2.


Table 3 | Summary of current antiviral drugs or approaches to treat COVID-19.






Figure 3 | Application of CRISPR/Cas9 in medical sciences. The application of Cas9 is not only for antiviral but also for functional gene screening, drug development, animal model vector construction, and signaling pathway research.





Application of CRISPR/Cas9 in Vaccine Development

The prevention and control of outbreaks and epidemics of COVID-19 and other emerging infectious diseases require not only specific antiviral drugs but also vaccines. Vaccination is one of the most economical and effective public health interventions for the prevention and control of infectious diseases and one of the effective ways to prevent the large-scale spread of infectious diseases. However, the development of a vaccine is a long, complex process, and expensive. How to develop specific vaccines quickly and easily is a difficult problem for scientists. In response to emerging infectious diseases, CRISPR/Cas9 could boost progress in vaccine development. For example, Mustafa Ozan Atasoy developed and applied a highly efficient and rapid NHEJ-CRISPR/Cas9 (non-homologous end-joining, NHEJ) and Cre–Lox-mediated genome-editing approach for simultaneous deletion of virulence factors and insertion of antigens into the infectious laryngotracheitis virus to generate recombinant, multivalent, and safer vaccine vectors (Atasoy et al., 2019). Homology-directed repair (HDR) CRISPR/Cas9 and erythrocyte binding be used for the rapid generation of recombinant turkey herpesvirus-vectored avian influenza virus vaccines (Chang et al., 2019). In addition to Manuel used the CRISPR/Cas9 gene-editing system to produce recombinant African swine fever virus (ASFVs) (Borca et al., 2018). And the recombinant ASFV has great significance for the development of the live attenuated vaccine. Significantly, the researchers generated mouse models expressing human angiotensin-converting enzyme II (hACE2) using the Cas9 knock-in technique, which was used to study the transmission and pathogenesis of SARS-CoV-2 and to provide a useful tool for evaluating COVID-19 vaccines and therapeutic agents (Sun et al., 2020) (Figure 3).




Limitations and Improvements of the CRISPR/Cas System

Despite the many advantages of the emerging CRISPR/Cas system mentioned above, it also has some limitations. For example, Cas9 may have limited specificity of the recognition site during gene editing, which may cause a high off-target effect and eventually lead to permanent damage to the genome, such as cancer (Fu et al., 2013). In addition, Cas12 and Cas9 also need to recognize protospacer adjacent motif (PAM) sequences before activation, and PAM sequences may limit targeting and affect editing efficiency and flexibility (Mojica et al., 2009; Marraffini and Sontheimer, 2010). More importantly, the transport vector of the CRISPR/Cas system is also a major problem (Komor et al., 2017; Glass et al., 2018). Currently, viruses are mainly used as transport vectors, which may cause potential harm to the human body. In addition, the human body may be immune to sgRNA and Cas proteins, thus affecting the proper role of the CRISPR/Cas system (Kim et al., 2018). Beyond that, it is noteworthy that the CRISPR/Cas system may have implications for medical ethics (Brokowski and Adli, 2019).

As the CRISPR/Cas system has been deeply researched, some limitations have been addressed. Jennifer Doudna’s team used the anti-CRISPR protein AcrllA4 to reduce the incidence of off-target effects by a factor of four, without any disruption to gene editing (Chen et al., 2017; Harrington et al., 2017; Jiang et al., 2019). In terms of optimizing the delivery carrier of the CRISPR/Cas system, scientists have made gradual progress in using nanocarriers to replace virus carriers (Lee et al., 2017). Another approach is to use smaller Cas proteins such as Cas14 (Harrington et al., 2018). Even more exciting is that although the CRISPR/Cas system needs to recognize specific PAM sequences, recent SCIENCE reports that using near-PAMless engineered can almost eliminate the limitations of PAM. Thus, high precision targeting can be realized in the application of genome editing, while further reducing off-target effect (Nishimasu et al., 2018).



Conclusions

Although the clinical application of the CRISPR/Cas system is still in its infancy, its emergence provides many possibilities in the biomedical field. We should be more supportive and inclusive of emerging technologies. With continued in-depth research and clinical validation, we believe that the application of CRISPR/Cas system will play an irreplaceable role in the prevention and control of emerging infectious diseases in the future.
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As the COVID-19 pandemic continues, people are becoming infected at an alarming rate, individuals are unknowingly spreading disease, and more lives are lost every day. There is an immediate need for a simple, rapid, early and sensitive point-of-care testing for COVID-19 disease. However, current testing approaches do not meet such need. Recently, clustered regularly interspaced short palindromic repeats (CRISPR)-based detection methods have received substantial attention for nucleic acid-based molecular testing due to their simplicity, high sensitivity and specificity. This review explores the various CRISPR-based COVID-19 detection methods and related diagnostic devices. As with any emerging technology, CRISPR/Cas-based nucleic acid testing methods have several challenges that must be overcome for practical applications in clinics and hospitals. More importantly, these detection methods are not limited to COVID-19 but can be applied to detect any type of pathogen, virus, and fungi that may threaten humans, agriculture, and food industries in resource-limited settings. CRISPR/Cas-based detection methods have the potential to become simpler, more reliable, more affordable, and faster in the near future, which is highly important for achieving point-of-care diagnostics.
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Introduction

The relatively recent outbreak of coronavirus disease 2019 (COVID-19) in Wuhan, China has now become a global pandemic. COVID-19 is caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), better known as coronavirus. Yet, SARS-CoV-2 is not the only virus that has recently emerged. Although coronavirus is the most recent case, one virus has emerged each year (Howard and Fletcher, 2012), threatening public health, the global economy, and even personal freedom. The spread of coronavirus primarily occurs via local community transmission (Liu et al., 2020), and this global pandemic has shown that most countries were not prepared for an outbreak due to a lack of rapid, reliable, point-of-care detection and treatment, which has enabled further spreading of the virus. As of February 2021, more than 102 million people around the globe have been infected, with over two million deaths due to this virus (“WHO Coronavirus Disease (COVID-19) Dashboard | WHO Coronavirus Disease (COVID-19) Dashboard” n.d.). Thus, there is an immediate need for simple, rapid, and affordable testing for every facility around the world, from developing to first-world nations.

Coronaviruses are single-stranded RNA (ssRNA) viruses that belong to the family of Coronaviridae. These viruses have eight accessory proteins and four major structural proteins. Different laboratories around the world have targeted different components of SARS-CoV-2 to enable its detection, including the spike protein (S), small envelope protein (E), nucleocapsid protein (N), and RNA-dependent RNA polymerase (RdRp) gene of the ORF1ab sequence (Wang H. et al., 2020).

Numerous detection methods exist for COVID-19, including molecular, antigen, and antibody tests, each with their own benefits and drawbacks (“Coronavirus Testing Basics | FDA” n.d.). Currently, the most common detection method is the molecular test, also known as the nucleic acid detection, which determines whether patient sample (e.g., nasopharyngeal swab, saliva) has SARS-CoV-2 genetic material (Lisboa Bastos et al., 2020). To perform this test, viral RNA is first isolated and extracted from patient samples. Then, the purified RNA is subjected to reverse transcription quantitative polymerase chain reaction (RT-qPCR), which converts the virus RNA to DNA and amplifies the DNA to produce millions of copies. Finally, a detection probe can determine whether the patient has viral genetic material (“Coronavirus Testing Basics | FDA” n.d.). While the RT-PCR method is considered as the gold standard method, it does have some drawbacks. For instance, this test can produce false negative results (Chen Z. et al., 2020), there are shortages of test kits (American Society of Microbiology, 2020), and a period of several hours to few days is needed to obtain results. Moreover, this method requires expensive equipment, a molecular laboratory, and a trained scientist (Rao et al., 2020). Having a simple, reliable point-of-care testing (POCT) method will help physicians and patients fill in the gaps of our current testing for SARS-CoV-2.

Recently, clustered regularly interspaced short palindromic repeats (CRISPR), has received substantial attention for nucleic acid detection due to its simplicity, speed, high sensitivity and specificity. With the help of CRISPR RNA (crRNA), CRISPR proteins can specifically cut the target region that is complemented with the crRNA sequence. There are two components in the CRISPR detection: first, the CRISPR-RNA complex will cut the target region, this activates the next step, collateral cleavage of the surrounding nucleic acids. CRISPR Cas12, Cas13, and Cas14 effector proteins have a unique collateral cleavage ability, which enables these tools to indiscriminately cleave surrounding nucleic acid once they bind to the target site (Figure 1). With regard to cleavage activity, Cas12 recognizes double-stranded DNA (dsDNA) more efficiently than single-stranded DNA (ssDNA), but it still exhibits collateral activity for ssDNA. Cas14 recognizes ssDNA more effectively than dsDNA with respect to cleavage activity and also exhibits collateral activity for ssDNA. Cas13 is unique because it recognizes and exhibits collateral activity for ssRNA (van Dongen et al., 2020). By introducing appropriate nucleic acid reporters (ssDNA, ssRNA, dsDNA), different detection signals (e.g., fluorescent, colorimetric, electrochemical) can be specifically detected. Because of this collateral cleavage activity, CRISPR can be combined with isothermal nucleic acid amplification to simplify the detection method by visualizing the result of positive or negative samples with the naked eye, LED or UV lamps, or by observing the lateral flow strips. Traditional methods like PCR or RT-qPCR need expensive, bulky equipment, especially PCR needs to either run on an agarose gel for visualization of the target DNA. This takes longer, requires labor-intensive work and opening the amplified tube increases the contamination rate. Moreover, isothermal amplification like recombinase polymerase amplification (RPA) and loop-mediated isothermal amplification (LAMP) alone is not specific enough and single-nucleotide polymorphisms (SNPs) cannot be discriminated (van Dongen et al., 2020). However, combination of isothermal amplification and CRISPR improves the sensitivity and specificity because the crRNA only binds to the target region and can even detect SNPs for human genotyping (Gootenberg et al., 2017).




Figure 1 | Nucleic Acid Detection of SARS-CoV-2 Using CRISPR/Cas Assays. (A) Patient specimens can be collected from different types of clinical samples. (B) RNA is extracted from the specimen. (C) From the nucleic acid extraction, the DNA must be amplified. (D) The nucleic acid of SARS-CoV-2 can now be detected. If a person has COVID-19 (Scenario I), then the CRISPR/Cas complex will bind to the target region of the amplified nucleic acid and collateral cleavage activity can occur by cleaving the nearby fluorescence reporter nucleic acids. This can be detected by either by using the naked eye under specific light, a fluorescence plate reader, or a lateral flow assay that can indicate the presence of the virus’s nucleic acid. If a person does not have COVID-19 (Scenario II), then the CRISPR/Cas complex will not bind to the target region of the amplified nucleic acid and collateral cleavage activity will not be initiated; this means that there will not be any viral signal (glow) from the sample observed by the naked eye, a plate reader, or a lateral flow assay.



POCT methods can rapidly generate results at a location close to the patient (Vashist, 2017), which reduces the duration for which a patient must stay at a clinic. Demand for POCT has increased over the last 40 years (St John and Price, 2014) and is especially high today because of the current global pandemic. Popular POCT technologies, such as glucose biosensor strips and lateral flow assays, have been widely used for home healthcare and disease detection. These devices eliminate the need to return to the doctor’s office multiple times, thus saving the patient money (St John and Price, 2014), which is especially important in countries without affordable healthcare. These devices are also extremely beneficial for remote regions and cities that do not possess extensive, costly diagnostic tools (Tideman et al., 2014). In particular, there is substantial interest in integrating CRISPR-based molecular testing into lateral flow detection and microfluidic technology, enabling simple, rapid and reliable point-of-care diagnostics.

In this review, we focus on CRISPR-based diagnostic tools as well as their benefits and drawbacks. We review CRISPR as a nucleic acid detection tool for SARS-CoV-2 and report on research efforts occurring worldwide to improve the specificity, sensitivity, and speed of methods for detecting this virus. For those tools that are not ready for POCT, we discuss current challenges and future directions.



CAS12-Effector-Based COVID-19 Diagnostic Tools

The breakthrough of using Cas12a in nucleic acid detection was first reported by Chen et al. who developed DNA endonuclease-targeted CRISPR trans reporter (DETECTR) for human papillomavirus (HPV) in 2018 (Chen J. S. et al., 2018). Due to the discovery of collateral activity in Cas12a, Chen et al. have explored its potential as a diagnostic tool. DETECTR was developed using crRNA and ssDNA fluorophore quencher (ssDNA-FQ) reporter by combining recombinase polymerase amplification RPA with Cas12a-based fluorescence detection. RPA conveniently eliminates the need for a labor-intensive, temperature-sensitive PCR method because RPA operates under isothermal conditions (e.g., ~37°C). With RPA assay, this tool is close to POCT. However, the fluorescence detection by using a fluorescence plate reader is not ideal for POCT applications. Recently, Broughton et al. adapted DETECTR to lateral flow assay for SARS-CoV-2 detection (Broughton et al., 2020). This version utilizes reverse transcription loop-mediated isothermal amplification (RT-LAMP) instead of RPA because the patient samples consist of RNA from nasopharyngeal or oropharyngeal swabs. The RT-LAMP-DETECTR reaction performs well at 62°C, which is less convenient than the RPA-DETECTR for the HPV virus, which worked at 37°C. Broughton et al. designed the crRNA around the N and E gene regions of SARS-CoV-2, because the detection methods utilized by the World Health Organization and US Centers for Disease Control (CDC) and Prevention operate around those regions. The detection results can be obtained more quickly with this method than with previous DETECTR detection methods (30-40 min vs. >1 h). In particular, they employed a lateral flow strip instead of a fluorescence plate reader, bringing this method closer to POCT and eliminating the need for bulky instrumentation. Broughton et al. compared the lateral flow strip method against the currently most commonly used CDC assay to test their limit of detection (LoD). The CDC assay could detect the virus at levels as low as 1 viral copy per µL while DETECTR could detect the virus at levels as low as 10 viral copies per µL using in vitro transcribed viral nucleoprotein RNA (Broughton et al., 2020). The authors then tested 11 clinical respiratory samples using this device. One of the samples had a quality control failure, and another gave the wrong result, but the results for the remaining nine samples matched the clinical test results. Thus, the performance is promising, but not perfect. The reason that two of their samples failed is because the samples contained fewer than 10 viral copies per µL. These researchers increased their sample size and compared results for 60 nasopharyngeal swab samples with CDC RT-qPCR assay results and claimed to obtain similar results. Interestingly, their crRNA was designed to target the E gene of SARS-CoV-2 in order to detect other coronavirus strains. But this may influence the detection specificity. The researchers tested the sensitivity of this assay at femtomolar (fM) levels rather than attomolar (aM) levels, as had been previously done. It would be interesting to determine whether aM detection sensitivity is achieved for this specific virus as well.

Several other groups have designed detection methods very similar to DETECTR for SARS-CoV-2. One such method is the CRISPR-based fluorescent detection system (CRISPR-FDS); however, this method requires a micro-plate fluorescent reader, which is not a substantial improvement in terms of POCT (Huang et al., 2020). Another group developed the in vitro specific CRISPR-based assay for nucleic acid detection (iSCAN) (Ali et al., 2020). The authors also developed this CRISPR Cas12a-based detection method with RT-LAMP. Their LoD was 10 RNA copies per reaction, which is difficult to compare with that of DETECTR, because these two LoD are in different units. The E gene employed in SARS-CoV-2 detection had a low sensitivity (38% accurate for positive, 100% accurate for negative SARS-CoV-2 samples), while the N gene detection was better (86% accurate for positive, 100% accurate for negative SARS-CoV-2 samples). To bring this method closer to POCT, the authors developed the assay as a one-pot technique. For this purpose, they replaced Cas12a with Cas12b because Cas12b can function at the same temperature as RT-LAMP; however, the efficiency of one-pot assay was low. To this end, they added CRISPR/Cas12b on the tube wall as a droplet, which remained until the RT-LAMP process was completed. They then mixed the sample and finally obtained a similar sensitivity (86% accurate for positive, 100% accurate for negative SARS-CoV-2 samples). Another group developed a similar method by adding mineral oil on top of the RT-LAMP sample to act as a barrier and then added the CRISPR Cas12a reagent to the top of the microcentrifuge tube (Chen Y. et al., 2020). The authors shook the samples by hand after RT-LAMP was performed. Adding CRISPR-Cas12b as a droplet can be risky because if the droplet is not sufficiently large, the CRISPR reagents can evaporate during the 30-min amplification step. In addition, the droplet could slide down and mix with the sample. As an advantage, the likelihood of introducing contamination is lower than cases in which the tube is reopened to add enzymes. However, the efficiency of this assay is not sufficient to replace current RT-qPCR CDC assays.

Two different groups independently developed an improved CRISPR-based detection method to visualize fluorescence signals using the naked eye. This feature is a great advantage because it can eliminate the need for an ultraviolet (UV) light source, which can be bulky and expensive. CRISPR/Cas12a-based detection with the naked eye readout (CRISPR/Cas12a-NER) utilizes reagents similar to those for other methods, with the exception of reagents for reverse-transcription recombinase-aided amplification (RT-RAA) (Wang X. et al., 2020). This method is a two-pot assay because the RT-RAA occurs at 39°C while the CRISPR/Cas12a process operates at 37°C. Conversely, the samples can be visualized under a blue light-emitting diode (LED). Another group developed AIOD-CRISPR (all-in-one dual CRISPR-Cas12a), which can also be visualized under blue LED light or UV light and, in some cases, even under ambient light without excitation (Ding et al., 2020). These researchers used RT-RPA, which occurs at 37°C, along with the CRISPR/Cas12a activity, making this assay a true one-pot approach. More importantly, this method utilizes two crRNAs that are not limited by a protospacer adjacent motif (PAM) site. This is significant because Broughton et al., 2020 stated they could not design crRNAs in the N1 or N3 regions of SARS-CoV-2 due to the lack of suitable PAM site (Broughton et al., 2020). However, Ding et al. demonstrated the feasibility of designing crRNAs without being limited by the PAM site. Additionally, the authors showed that the use of two crRNAs could improve the assay sensitivity (Ding et al., 2020). Ding et al. reported that although the use of PAM-limited crRNA is the fastest method for detecting SARS-CoV-2 plasmid, the combination of two crRNAs that are not limited by the PAM could still be useful for detection. This finding can greatly help scientists in the design of crRNAs for detection methods, indicating that these designs do not need to be restricted by the availability of the PAM site in the targeted region. By eliminating the separate pre-amplification step, the authors created a one-pot assay. Out of 28 clinical samples, this assay detected 8 RNA extracts as positive for SARS-CoV-2. This device needs to be performed on larger, more diverse clinical samples and some improvements on nucleic acid sample preparation are still needed for POCT. Further improvement may be achieved by integrating simple nucleic acid preparation with their AIOD-CRISPR assay, enabling simple, rapid, and “sample to answer” SARS-CoV-2 detection.

Similar to Y. Chen et al., R. Wang et al. developed one-pot visual RT-LAMP-CRISPR (opvCRISPR), which combines a one-pot assay based on mineral oil separation between the nucleic acid amplification and CRISPR/Cas12a detection steps. The authors used blue-light naked-eye detection, as employed by the two groups mentioned above. Wang et al. used RT-LAMP, which occurs at 65°C at the bottom of the tube, while the CRISPR/Cas12a complex is maintained on the lid and separated by mineral oil (Wang R. et al., 2021). Although one-pot assays are superior to two-pot assays due to the lower potential for contamination, one must consider the possibility of the reagent on the lid evaporating or mixing with the reagent underneath in order to avoid any interference with the assay specificity.

Another group proposed the use of dual crRNAs to increase detection. These researchers added divalent cations to improve the sensitivity of this method. They demonstrated that using Mn2+ increased the efficiency and, most importantly, the specificity. Thus, they termed this technique manganese-enhanced Cas12a (MeCas12a) (Ma et al., 2020). It has been found that Mn2+ helps to stabilize the most stable bond between CRISPR and target DNA (Sundaresan et al., 2017). The addition of Mn2+ aided in detecting virus in clinical samples from patients with both SARS-CoV-2 and Middle East respiratory syndrome-related coronavirus (MERS-CoV). These viruses share highly conserved regions in their nucleic acid and differ by only a few single-nucleotide polymorphisms. Therefore, the addition of Mn2+ improved the detection of both viruses, without false detection of one virus over the other. Notably, the authors showed that Mn2+ helped improve the efficiency of Lachnospiraceae bacterium (LbCas12a), but not Acidaminococcus sp. (AsCas12a) in this paper. For AsCas12a, Mn2+ activated Cas12a even in the absence of target DNA, increasing the nonspecificity. This detection technology was not designed for POCT applications, but this higher-specificity method can be applied to future studies for POCT.

Guo et al. developed CASdetec (CRISPR-assisted detection), which has a LoD of 10 RNA copies per µL (Guo et al., 2020). This study was unique because of their careful study of each platform parameter. As a prime example, the authors found an optimal combination of crRNA concentration and ssDNA-FQ reporter length with the best fluorescence signal; in contrast, other studies are lacking in this regard. Similar to others, Guo et al. attempted to develop a one-pot reaction by placing the CRISPR complex in the cap of the tube, which carries the risk of premixing prior to the reaction, as stated above. As another unique aspect, the authors based their detection method on the RdRp locus of the virus, in contrast to the other studies. Other studies showed that RdRp tends to mutate more than other regions of the virus nucleic acid (Eskier et al., 2020), which could interfere with the detection sensitivity. Moreover, this study lacked clinical data, which would be useful to obtain.

Another group modified a component of the CRISPR-based assay to improve its sensitivity. This method was called ENHANCE (enhanced analysis of nucleic acids with crRNA extensions) and was developed to find the optimal length of crRNA extension to increase the collateral cleavage activity of Cas12a (Nguyen et al., 2020). The authors discovered that a 3’ DNA with 7-mer extensions showed the brightest fluorescence for some orthologs of Cas12a. They studied the crystal structure of Cas12a to form a hypothesis regarding crRNA extension and its influence on collateral cleavage activity. Interestingly, this study produced results that contradicted those of Ma et al., 2020. The authors found out Mn2+ inhibited the LbCas12a activity, in contrast to Mg2+, which increased the activity. This contradiction should be further studied with the same controls to determine the reason behind the two different results. This discrepancy may have arisen because the crRNAs were designed for different targets. All of the assays mentioned in this section are summarized below in Table 1.


Table 1 | Nucleic acid detection of SARS-CoV-2 using CRISPR/Cas12-based assays.





Cas13 Effector-Based COVID-19 Diagnostic Tool

Even before Cas12 was used as a detection method, scientists had been exploring the potential of Cas13 as a diagnostic tool. One of the first Cas13 nucleic acid detection methods was developed by Zhang and colleagues in 2017. This method, called Specific High-Sensitivity Enzymatic Reporter UnLOCKing (SHERLOCK), has been adapted by many different labs for various uses, such as the detection of the white spot syndrome virus in shrimp (Sullivan et al., 2019), the Ebola and Lassa viruses (Barnes et al., 2020), and malaria (Lee et al., 2020). As previously mentioned, Cas13 is a unique protein that can target an RNA sample, rather than a DNA sample like Cas12. This is advantageous because the SARS-CoV-2 is a single-stranded RNA virus (Carter et al., 2020). In fact, the investigators who originally developed SHERLOCK received FDA approval for COVID testing under emergency use purposes (Guglielmi, 2020). This was a big step toward the development and improvement of CRISPR-based detection and opened the door for many other efforts. SHERLOCK uses RPA technology with Cas13 and can detect aM sensitivity in synthetic virus samples (Gootenberg et al., 2017). However, minimal clinical data have been presented. Moreover, SHERLOCK requires a plate reader to detect the fluorescence reading, which is not ideal for POCT. Thus, the same researchers developed SHERLOCK version 2 (SHERLOCK v2) to detect multiple diseases from a sample and make the technology more applicable to POCT (Gootenberg et al., 2018).

Another lab has demonstrated that SHERLOCK can detect SARS-CoV-2 clinical samples (Patchsung et al., 2020). This group used RT-RPA to amplify the viral gene and designed their primers around the S, N, and ORF1ab regions. The results showed that detection of the S gene using SHERLOCK was the most sensitive, both with fluorescence readouts and a lateral flow strip, with a LoD of 42 RNA copies per reaction. We note that this sensitivity is not as good as the Cas12 nucleic acid detection mentioned earlier. Interestingly, this group had access to a large number of clinical samples and used 154 nasopharyngeal samples to test the S region of the virus. Their detection method was able to detect 100% (73/73) of the negative samples using either the fluorescence readout or lateral-flow strip readout; detection of the positive samples was 96% (78/81) and 88% (71/81), respectively. This reduced sensitivity may be due to a low amount of viral RNA in the samples. The researchers then implemented SHERLOCK as a quick (70 minute) pre-operative screening tool for patients in Thailand entering the operating room. However, the samples were all negative, due to overall low numbers of COVID cases in this country following nationwide lockdown to reduce viral spread. As a result, this method has not yet been tested in patients who are positive for SARS-CoV-2.

Another group developed a CRISPR-COVID test by targeting the ORF1ab and N genes of SARS-CoV-2 and demonstrated better sensitivity and specificity with ORF1ab detection (Hou et al., 2020). The LoD of this method was 7.5 RNA copies per reaction, which is an improvement. This group also presented clinical data with good specificity and sensitivity.

Recently, researchers developed another Cas13a-based detection method using a similar design approach as others, except without the nucleic acid amplification step (eliminating a step in Figure 1C). This technology made it possible to detect the virus in 30 minutes, although the LoD was 100 RNA copies/μL (Fozouni et al., 2021). This technology utilizes Cas13a and a quenched fluorescent RNA reporter, making it very simple and unique. The tool combines three crRNAs to efficiently detect the N and E gene of SARS-CoV-2, even though the samples are not amplified. To make their assay closer to POCT, these researchers used a mobile phone camera as a portable plate reader to eliminate the need for a fluorescence plate reader. They tested this intriguing idea on five clinical samples and demonstrated a LoD of 200 RNA copies/μL when using a mobile phone. Despite the potential of this approach, the current study has many flaws. The sample size of five clinical samples is small, and 200 even 100 RNA copies/μL is too high for a clinical test. Arnaout et al. showed in their preprint article that increasing LoD by a factor of 10 could increase the rate of false negatives by 13% (Arnaout et al., 2020). Perhaps combining this triple crRNA approach with isothermal amplification and a lateral-flow assay for measurement would improve the sensitivity and make substantial strides toward POCT.

Finally, researchers have designed Cas13-based, rugged, equitable, scalable testing (CREST) to be cost effective and widely accessible to the public. In this article, they opted for the miniPCR and P51 fluorescence visualizer, which are both portable and small devices. This method is cheaper and more effective at detecting the virus compared with other PCR methods (Rauch et al. 2021). Notably, a miniPCR is compatible with mobile devices, creating the possibility that clinics could acquire a patient’s data using a mobile phone and upload the data directly to the cloud. However, this assay is a ‘two-pot’ assay and must be performed by highly trained scientists. All the Cas13 effector-based COVID-19 diagnostic tools mentioned in this section are summarized in Table 2.


Table 2 | Nucleic acid detection of SARS-CoV-2 using CRISPR/Cas13 and Cas9-based assays.





Cas9 Effector-Based COVID-19 Diagnostic Tool

The Cas9 effector is well known for its applications in genome editing, though not for its ability to detect nucleic acids. This is because Cas9 lacks collateral activity. However, one group used Francisella novicida Cas9 (FnCas9) to develop an FnCas9 editor-linked uniform detection assay (FELUDA) to detect the presence of SARS-CoV-2 in their preprint article (Azhar et al., 2020). Because FnCas9 has a high specificity for mismatches, it can improve the assay’s specificity over the use of Streptococcus pyogenes (SpCas9), which is a very popular Cas9 ortholog used for gene editing (Chen F. et al., 2017). The findings using FELUDA are intriguing; however, this approach has not yet been compared to the other nucleic acid detection assays mentioned above (Tables 1 and 2). The results did not mention a LoD or how many clinical samples were used for testing (Table 2). It will be intriguing to see more data in the future, especially if this assay ultimately shows significantly higher specificity than the Cas12- and Cas13-based nucleic acid detection methods. More importantly, for a CRISPR-based diagnostic tool to reach the market, it must have as much if not more specificity and sensitivity than the current detection method.



Microfluidic Device for COVID-19 Diagnosis by CRISPR

In this section, we review microfluidic diagnostic devices that are beyond lateral flow strips. These approaches are more ‘advanced’ but also more complex. Some quantifiably measure SARS-CoV-2 using digital chip while others use engineering technologies such as microfluidic devices to detect the virus.

As the majority of the CRISPR-based diagnostic tools mentioned above lack the ability to measure the quantity of the virus, one group developed a RApid DIgital CRISPR Approach (RADICA) in their preprint article to quantifiably measure SARS-CoV-2 like RT-qPCR. This one-pot assay works in one hour using RPA, CRISPR-Cas12a, an ssDNA-FQ reporter, chip-based digital PCR, and a Clarity™ Reader for fluorescence detection (Wu et al., 2020). This device can analyze the proportion of positive to negative signals by partitioning a patient’s sample into 10,000 portions on a chip. The specificity is good, and the device can even differentiate SARS-CoV-2 from a similar coronavirus. It is important that the device can perform reverse transcription, because SARS-CoV-2 is an RNA virus. However, since the RPA/RT-RPA can be initiated at room temperature, their reaction mixture needs to be prepared on ice and loaded into chips within one minute to minimize premature target amplification.

To prevent undesired premature amplification and accurately quantify nucleic acid, another group developed a digital warm-start CRISRP (WS-CRISPR) assay, which is only initiated at above 50°C. In this preprint article, they use reverse transcription dual-priming mediated isothermal amplification (RT-DAMP), Mg2+, and pyrophosphatase (PPase) (Ding et al., 2021). The researchers take advantage of the mediation role of pyrophosphatase and phosphorothioate primers to develop a low-temperature RT-DAMP assay. Also, they optimize each concentration and the amount of each component to achieve higher specificity. This assay is clinically validated by quantitatively detect 35 clinical samples (32 swab samples and three saliva samples), showing 100% agreement with RT-PCR results. However, the detection process is labor intensive as it relies on fluorescence microscopy, and ImageJ software to count the number of positive spots on the chip compared to using a fluorescence reader like RADICA. By applying a fluorescence-automated reader, this device could be improved and simpler in the future.

With a similar goal of achieving faster, more accurate quantitative analysis, digitization-enhanced CRISPR/Cas-assisted one-pot virus detection (deCOVID) was developed using a similar approach as the devices mentioned above (Figure 2A). This device is faster but requires more components like WS-CRISPR (Park et al., 2020). The researchers used 0.1% Tween-20 to reduce the viscosity of the reaction mix to be compatible with digital PCR. They also used bovine serum albumin (BSA) to improve the reaction performance by reducing the adsorption of enzymes to the reaction tube. One interesting finding was that deCOVID’s reaction time stayed constant even when there was a small amount of RNA present in the sample, unlike other assays. Future work could simplify the device, and possibly incorporate the use of a mobile phone instead of fluorescence microscopy.




Figure 2 | SARS-CoV-2 detection on microfluidic diagnostic devices using CRISPR/Cas technology. (A) Fluorescence images of digitization-enhanced CRISPR/Cas-assisted one-pot virus detection (deCOVID) on microfluidic digital chips for SARS-CoV-2 detection (Digital CRISPR/Cas-assisted assay for rapid and sensitive detection of SARS-CoV-2 by Park et al., 2020 is licensed under CC BY 4.0). (B) Working principle of isotachophoresis-CRISPR (ITP-CRISPR) assay. The microfluidic chip has two channels for ITP extraction of nucleic acids (mode 1) and ITP–CRISPR detection (mode 2). In the mode 1, when an electric field is applied, nucleic acids selectively focus within the electromigrating LE–TE interface, leaving behind impurities. After off-chip RT-LAMP of ITP-extracted nucleic acids, in mode 2, ITP is used to detect target DNA by using a CRISPR-Cas12. A positive sample shows a strong fluorescent signal, while negative control not (Electric field-driven microfluidics for rapid CRISPR-based diagnostics and its application to detection of SARS-CoV-2 by Ramachandran et al., 2020 is licensed under CC BY 4.0).



All the devices mentioned above lack the ability to extract and purify nucleic acid from nasopharengeal or any other clinical samples. Rather, these devices rely on samples that are already extracted and ready to use. This is a big remaining hurdle because nucleic acid extraction and purification usually takes an hour and is an important step for accurate detection (Ramachandran et al., 2020). To this end, one group developed isotachophoresis-CRISPR (ITP-CRISPR) using microfluidics and an on-chip electric field (Figure 2B). ITP can be applied for nucleic acid extraction and purification from biological samples and the on-chip electric field enables the detection of SARS-CoV-2 by CRISPR. ITP-CRISPR is remarkably fast, with the nucleic acid extraction and purification and detection of the sample taking less than 40 minutes (Ramachandran et al., 2020). Another advantage of this assay is a reasonable reaction volume requirement, making it cost effective for the reagent that is used. Using a large number of clinical samples, ITP-CRISPR was able to detect 30 out of 32 positive samples (93.8%) and 32 out of 32 negative samples (100%). But this assay required off-chip manual steps for RT-LAMP and sample lysis. Off-chip steps potentially increase the risk of contamination, especially if tasks are not performed by someone who is well trained. Nonetheless, it is important to consider nucleic acid extraction, as it is the initial step for fully integrated nucleic acid detection. Several microfluidic diagnostic devices mentioned in this section are summarized in Table 3.


Table 3 | SARS-CoV-2 detection on microfluidic diagnostic devices using CRISPR technology.





Challenges and Perspectives

Faster nucleic acid-based molecular detection methods are needed during this pandemic, but it is especially important that these detection methods are POCT so that they can be easily applied in developing countries and to people who live hours away from clinics and hospitals. Faster and more accurate detection methods could improve the speed of contact tracing and help control the pandemic (Koetter et al., 2020). Reduced costs and waiting times for results would also be beneficial to both national economies and patients’ medical bills. Many groups have designed assays that are faster, easier to use, and more applicable to POCT of SARS-CoV-2. RT-qPCR is time consuming, and requires specific temperatures, bulky instruments, and highly trained scientists. However, it is not yet possible to replace RT-qPCR due to the trade-off with other technologies between being POCT friendly and having reduced sensitivity. All the emerging CRISPR approaches detailed in this paper must be tested using clinical data from different sources, such as blood, saliva, and oropharyngeal specimens, in order to prove their specificity, sensitivity, and duration. The assays will also need to be tested on clinical samples of SARS, MERS, and other coronaviruses to prove that they can distinguish between similar viruses despite shared conserved genomic regions. Moreover, not all the assays have shown aM sensitivity, which will be required before replacing RT-qPCR.

It appears that the performance of the CRISPR protein can vary depending on which organism it is isolated from, (Gootenberg et al., 2018; Ali et al., 2020; Nguyen et al., 2020). For example, addition of Mn2+ does not improve the sensitivity of all Cas12a proteins, because of the differing function depending on which organism the Cas12a is isolated from (Ma et al., 2020). There have also been contradictions between some studies. One study mentioned that Mn2+ improved the sensitivity of LbCas12a, whereas another study stated that it inhibited the activity of LbCas12a (Ma et al., 2020; Nguyen et al., 2020). It is important to choose the right organism, the right protein, and the right kind of modification. Several of the studies above also demonstrated that using multiple crRNAs is more effective than using one. There are other proteins similar to CRISPR that have been developed. For example, Thermus thermophilus (TtAgo) is guided by ssDNA to cut the target DNA (Song et al., 2020). It does not get limited by the PAM site and uses DNA rather than RNA for the guide, which makes it more versatile. However, it is still new to the nucleic acid detection field, more studies are needed to compare this with CRISPR in terms of its efficiency.

We also note the importance of potential contamination and the presence of ribonuclease (RNase) in preparing an assay to be market ready. Especially in a clinical setting, the presence of RNase can interfere with the result, since they can degrade crRNAs and RNA. Such degradation could lead to a false signal (Patchsung et al., 2020). Therefore, researchers should consider adding RNase inhibitors and implement methods to detect the presence of RNase, such as the assay developed by Patchsung et al. In general, it is imperative to avoid any contamination, especially for assays that will need to be manufactured at large quantities and distributed globally. For these reasons, ‘one-pot’ assays are preferable over ‘two-pot’ assays to avoid the need for opening a tube multiple times.

To improve these assays and bring us closer to POCT, lyophilization of reagents could improve transportation and storage and prevent protein and RNA damage, because protein and RNA are temperature sensitive. Qian et al. also showed that using trehalose and pullulan to dehydrate Cas12a protein makes it possible to store the protein for more than a month at room temperature (Qian et al., 2020).

Even with all these improvements, DNA/RNA extraction is the biggest hurdle for bringing nucleic acid detection to POCT, because few nucleic acid extraction methods are POCT friendly. Not only does the extraction step require an extensive multi-step process, trained technicians and bulky equipment, but most of the extracted DNA/RNA needs to be purified before the amplification step to remove potential inhibitors that could further interfere with the downstream application (Zou et al., 2017). As a result, patients still need to visit a clinic for COVID-19 testing, because nucleic acid extraction must happen before CRISPR can be used on the samples. Complicating things further, the extraction method varies depending on the origin of the samples, because the component that is required is different for each sample. It would be convenient to use raw samples right away for detection without extracting and purifying it, but there are still remaining challenges for accurate diagnostics. Depending on which samples are used, some of the samples need to be diluted, for example blood and mucus samples (Paul et al., 2020). Others such as, saliva or nasopharyngeal samples need enough of the virus or pathogen genetic material present in it to be detected. Without the nucleic acid extraction method, most of the detection assays mentioned above would not be able to meet clinical diagnostic requirements due to reduced sensitivity and specificity.

Additionally, manufacturing the CRISPR protein could be a hurdle in the development of CRISPR-based testing. Currently Cas13 and Cas14 proteins are not commercially available (“Cas13 — Zhang Lab” n.d.). This means that laboratories are currently expressing and purifying these proteins themselves, which could lead to variations between labs. Manufacturing CRISPR using good manufacturing practice (GMP) and making it widely available would hasten the improvement of CRISPR-based detection assays and the time to market.

In summary, CRISPR-based nucleic acid detection is an innovative approach that has progressed rapidly and has the potential for further improvement. Ultimately, if this technology became available in a hospital setting, patients could potentially learn their COVID-19 testing result within an hour at little cost, which would be a great resource during this pandemic. Testing could save lives, because as much as 81% of the people who test positive can be asymptomatic virus carriers, according to testing that was performed in passengers of an Argentinian expedition cruise ship (Ing et al., 2020). It is crucial to perform testing as early as possible to prevent asymptomatic people from spreading to the virus unknowingly to others. If testing is affordable and has a fast turn-around time with good accuracy, then millions of lives could be saved. Following the necessary improvements laid out in this paper, CRISPR-based detection could hopefully become available in a clinical setting or even as an at-home detection kit in the near future. Importantly, this assay would be useful for detecting many other viruses and pathogens at the point of care.
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Nocardia genus is an aerobic, gram-positive, and opportunistic pathogen, which mainly affects cell-mediated immunosuppressed patients. Early diagnosis and treatment greatly improve prognosis. However, the limitation of golden standard-bacterial culture exists. Here, we report a 61-year-old male with pneumonia, sepsis and intermuscular abscesses induced by Nocardia farcinica. Venous blood culture reported negative results. Former improper diagnosis and treatment did not improve his condition. With the assistant of metagenomic next-generation sequencing, the pathogen was identified as Nocardia farcinica. He was then applied with accurate treatment and had a remarkable clinical and radiological improvement.

Keywords: case report, Nocardia, metagenomics next-generation sequencing, precise treatment, infectious disease


INTRODUCTION

Nocardia genus is an aerobic and gram-positive rod bacterium which belongs to the class: Actinobacteria, order: Actinomycetales, Family: Nocardiaceae and is an opportunistic pathogen (1, 2). Nocardia is widely distributed in plants, gardens and soil, and can be divided into more than 80 Nocardia species, of which more than 50 species can cause human diseases (3, 4).

Nocardiosis is the infection caused by Nocardia species, to which cell-mediated immunosuppressed patients are more susceptible (3, 5). Occasionally, the infection may occur in normal people. Inhalation of a spore or fragment of broken hyphae results in pulmonary nocardiosis, which is the most common primary nocardiosis (6).

Clinical manifestation of nocardiosis is a variable spectrum which makes nocardiosis difficult to diagnose. The traditional diagnosis of Nocardiosis is culture but with some limitations such as limited sensitivity (7). In recent days, a new approach, metagenomic next-generation sequencing (mNGS), is increasingly applied with high sensitivity and specificity and advantages of identification rare and difficult-to-detect pathogens from clinical samples, presenting superiority in infectious diseases (8).

Here we present a case of pneumonia, sepsis, intermuscular abscesses, and pneumonia infected by Nocardia farcinica and was identified by mNGS. With the quick and high sensitivity diagnosis method, the patient received prompt treatment and finally recovered.



CASE DESCRIPTION

On October 20, 2020, a 61-years-old male patient from Henan province, China, was admitted to intensive care unit (ICU) of our hospital due to “swelling and pain of skin for 7 days and listless for 1 day.” His blood pressure was 80/55 mgHg with the highest body temperature 38.4°C 1 day before. On examination, his neck, back, and left buttocks were multiple local tissue swelling and significant tenderness, with no skin damage and wound. His families reported no recent injury. He developed edema in his eyelids with a moon face and buffalo back.

Ten days before the admission, the patient had cough and yellow sputum but relieved. The magnetic resonance imaging (MRI) in the local hospital revealed multiple intermuscular abscesses on the neck, back, and left buttocks. The patient received treatment at the local hospital including carbapenem (detailed treatment remained unknown) but with no improvement even severer pain.

The patient had previously been diagnosed with diabetes for 2 months and nephrotic syndrome for 5 months, and had been taken corticosteroid drugs (prednisolone) and tacrolimus for 5 months.

The abnormal laboratory test results were as follows: leukocyte count, 14.4 × 109 cells/L; red blood cell count, 3.16 × 1012 cells/L; hemoglobin, 95 g/L; neutrophils, 13.42 × 109 cells/L; activated partial thromboplastin time, 19.6 s; fibrinogen, 4.48 g/L; D-Dimer, 3.18 mg/L; fibrin degradation product, 41.32 mg/L; PH, 7.471; total protein, 58 g/L; albumin, 30.5 g/L; Hemoglobin A1C, 9.6%; blood glucose, 13.4 mmol/L; Interleukin 6 8.76 pg/ml. A computed tomography (CT) scan thorax indicated bilateral interstitial pneumonia, bilateral interlobular septal thickening, small nodular shadow and pleural effusion in both lungs (Figure 1). Venous blood cultures for 5 days but reported no bacterial growth. Considering the patient's clinical manifestations, laboratory tests and the history of corticosteroid drugs use, this patient was firstly considered as the infection of opportunistic pathogens. A treatment with linezolid intravenous 0.6 g twice a day and piperacillin/tazobactam intravenous 4.5 g three times a day was initiated to control the infection.


[image: Figure 1]
FIGURE 1. Chest CT imaging of the patient. (A,B) CT imaging on October 22, 2020; (C,D) CT imaging on November 3, 2020; (E,F) CT imaging on December 6, 2020.


At the same time, the blood sample was collected to perform metagenomic next-generation sequencing (mNGS) on the first day and detected Nocardia farcinica on the second day (Table 1). Taking into account the patient's clinical manifestations, history of glucocorticoid use, and the mNGS test results, the patient was diagnosed with Nocardia infection. Then anti-infective therapy was changed into compound trimethoprim-sulfamethoxazole (TMP-SMX) tablets 2 pills twice a day, intravenous linezolid, and piperacillin/tazobactam. After consultation in the nephrology department, tacrolimus was discontinued and corticosteroid drugs were gradually discontinued.


Table 1. Pathogenic microorganism identified in blood sample.

[image: Table 1]

Four days after the usage of TMP-SMX, the patient's temperature and leukocyte returned to normal and his symptoms improved significantly.

On the 7th day, bronchoalveolar lavage fluid (BALF) was collected for mNGS and suggested two bacteria, Pseudomonas aeruginosa and Nocardia farcinica (Table 2). On the 13th day, bronchoscopy showed that a moderate amount of thin secretion in the bronchus of the lower left lobe (Figure 2). On the 14th day, the puncture was performed under ultrasound guidance (Figure 2). Cyst puncture fluid culture for 2 days reported negative results. The patient's swelling and pain of the skin improved and pulmonary infection and sepsis were gradually under control. His mental state was markedly improved. Also, the laboratory tests and CT scan were in remission (Figure 1). He was discharged after 16 days of treatment. On December 6, 2020, 1 month after the discharge, the patient was admitted again for the review. CT scan showed the disappearance of purulent secretion (Figure 1). He made a great recovery. The patient's timeline was shown (Figure 3).


Table 2. Pathogenic microorganism identified in BALF.
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FIGURE 2. Bronchoscopy and ultrasound imaging of an abscess. (A,B) Right middle and left lower bronchoscopy, respectively. (C) Ultrasound imaging of an abscess in the left upper arm.



[image: Figure 3]
FIGURE 3. Timeline with relevant data from the case in our hospital; curves of body temperature and leukocyte counts. The arrows below indicate major events. Blue line shows body temperature values. Orange line shows leukocyte counts. TMP-SMX, trimethoprim-sulfamethoxazole; mNGS, metagenomic next-generation sequencing.




DISCUSSION

The common type species of Nocardia include Nocardia asteroides, Nocardia brasiliensis, Nocardia farcinica, Nocardia otitidiscaviarum, etc., all of which may cause a variety of diseases in both humans and animals. Nocardia is an opportunistic pathogen and mainly affects immunosuppression patients (3, 5), such as patients with acquired immune deficiency syndrome (AIDS) (9), chronic granulomatous disease (10, 11), transplant recipients (12, 13), and with drug-induced systemic immunosuppression (14). It is also found that one-third of nocardiosis patients are immunocompetent (15).

Pulmonary nocardiosis is the most common primary infection, through the inhalation of airborne spores or mycelial fragments from the environment, and is more common in immunosuppression individuals (16). Pulmonary nocardiosis can present as cough, fever, chest pain, and is similar with other pulmonary infection (6). Chest radiographic manifestations are variable, showing as large irregular nodules, nodules, pleural effusions (17), etc., in which pleural effusions account for one-third of all the manifestations (5). Other common Nocardia infections have also been reported as central nervous system (CNS) nocardiosis (18) and cutaneous nocardiosis (1, 19) and may be the secondary infection of pulmonary nocardiosis through hematogenous dissemination in immunosuppression patients (20). Primary cutaneous infections tends more common in immunocompetent patient due to the open injury (3). This patient firstly presented respiratory symptoms 10 days prior the admission and then developed skin swelling and pain, when was 7 days before the admission. This patient had taken corticosteroid drugs and tacrolimus for 5 months and he had not suffered open injury. Thus, we considered pulmonary nocardiosis as primary infection for this patient. It would be perfect if the intermuscular abscesses specimen was performed with mNGS. However, the cost of mNGS was a burden to this patient. Moreover, we considered the intermuscular abscesses were the result of primary pulmonary nocardiosis through hematogenous dissemination. Therefore, the necessity of intermuscular abscesses for mNGS could be limited.

The traditional diagnostic method of nocardiosis is culture. A culture of Nocardia usually takes 2–7 days, which may delay establishing the diagnosis. Moreover, most patients with nocardiosis may receive antibiotic treatment before samples collection, reducing microbial culture sensitivity (21). In 2005, 16S rRNA–based polymerase chain reaction (PCR) assay was reported to detect Nocardia on clinical samples, with high sensitivity and specificity (22), whereas the method requires the pre-considerations of Nocardia infection by clinicians. Metagenomic next-generation sequencing (mNGS) is a new approach with characteristics of high sensitivity, rapid detection and less affected by prior antibiotics usage (23, 24). This is an unbiased method and can theoretically detect all kinds of pathogens, which is suitable for difficult and atypical infectious diseases (24). The former study reported mean time to diagnosis was 42 days, which may lead to poor clinical prognosis especially in immunosuppression patients (14). In this case, mNGS only took 2 days to detect pathogens and significantly reduced hospital days. A recent study revealed that 14 samples were identified to be Nocardia spp. positive by mNGS, whereas only five of them obtained positive results of culture (25). This patient's negative blood culture may due to the influence of prior antibiotics usage.

mNGS also has its limitation. The expensive cost is a burden to some patients, which was one of the reasons that the intermuscular abscesses specimen was not performed with mNGS in this case. Moreover, the time of sample collection may influence the sensitivity. A former study indicated the false negative of mNGS in Angiostrongylus cantonensis detection, which maybe as the result of the improper sampling time during the life cycle of parasites (26). For pulmonary infection, sample types may also influence the sensitivity (27).

Treatment of nocardiosis is individualized (28). Sulfonamides were initially used as nocardiosis treatment (29). The most common treatment for Nocardia nowadays is trimethoprim-sulfamethoxazole (TMP-SMX) (5, 29). Linezolid and carbapenem are also used in nocardiosis (7, 30). In this case, previously carbapenem use did not control the infection, whereas treatment of TMP-SMX and linezolid provided symptomatic improvement.

Pseudomonas aeruginosa was also detected by mNGS in BALF. Carbapenem was applied at local hospital but without response. It could be deduced that the Pseudomonas aeruginosa of the patient responded less sensitive to carbapenem. There was another possibility that Pseudomonas aeruginosa was hospital-acquired infections in ICU of our hospital. Before the detection of Pseudomonas aeruginosa, the therapy of linezolid, piperacillin/tazobactam and TMP-SMX greatly relieved the patient's symptoms. Actually, linezolid and piperacillin/tazobactam also had clinical efficiency with Pseudomonas aeruginosa (31). Therefore, the former treatment was not changed and then patient completely recovered. Pseudomonas aeruginosa in this case may be more sensitive to piperacillin/tazobactam, or a combination of these drugs.



CONCLUSIONS

mNGS identified Nocardia farcinica of the patient and the appliance of accurate treatment made him complete recovery. mNGS, a new approach with high sensitivity and rapid detection, could assist to identify clinical infection disease pathogens, especially in culture-negative infections. We look forward that mNGS can provide more support for clinical diagnosis and treatment.
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Case Report: Metagenomic Next-Generation Sequencing in Diagnosis of Legionella pneumophila Pneumonia in a Patient After Umbilical Cord Blood Stem Cell Transplantation
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We report a case of hospital-acquired Legionella pneumonia that was detected by metagenomic next-generation sequencing (mNGS) of blood from a 7-year-old girl after umbilical cord blood stem cell transplantation (UCBT) with myelodysplastic syndrome. UCBT is traditionally associated with an increased risk of infection, particularly during the first 3 months after transplantation. Controlling interstitial pneumonia and severe infection is the key to reducing patient mortality from infection. Legionella pneumophila can cause a mild cough to rapidly fatal pneumonia. After mNGS confirmed that the pathogen was L. pneumophila, azithromycin, cefoperazone sulbactam, and posaconazole were used for treatment, and the patient's temperature decreased and remained normal. The details of this case highlight the benefits of the timely use of metagenomic NGS to identify pathogens for the survival of immunocompromised patients.

Keywords: metagenomic next-generation sequencing, Legionella pneumophila, myelodysplastic syndrome, umbilical cord blood stem cell transplantation, hospital acquired


INTRODUCTION

Legionella, which is widely found in the natural environment, including in water sources and soil, includes 58 species and 3 subspecies (1). More than 90% of legionellosis is caused by L. pneumophila, of which Lp1 is the most common strain (1–4). Mortality from Legionella depends on the severity of the disease, the suitability of the initial antimicrobial treatment, the location where the Legionella infection was contracted, and host factors (2, 5). Immunocompromised patients are the most susceptible hosts. Legionella is a commonly misdiagnosed pathogen that causes severe hospital-acquired pneumonia, and multiple studies have shown it to be both underdiagnosed and undertreated (2). But mNGS technology based on high-throughput sequencing has been widely studied for use as a non-targeted and broad-spectrum pathogen screening technology for identifying clinically moderate and severe infections (6, 7). Here, we report the first case of an umbilical-cord blood stem cell patient with pulmonary L. pneumophila infection who was diagnosed by mNGS before the blood culture results were obtained.



CASE DESCRIPTION

A 7-year-old girl with refractory anemia with excess blasts and type 2 myelodysplastic syndrome was admitted to the hematology department in March 2019, and blood analysis showed that the number of primordial blood cells had reached 19%. The patient was treated with allogeneic cord blood stem cell transplantation under electrocardiographic monitoring; 15 days after transplantation, the patient's neutrophils exceeded 0.5 × 109/L, and thus she was transferred to the general ward for further treatment.

Thirty-nine days after transplantation, the patient developed a high fever, and her blood neutrophil count and inflammation indicators increased (Figure 1). Therefore, hematologists treated the patient with imipenem, cilastatin, amikacin, linezolid, and liposomal amphotericin B. After 1 week of treatment, the patient's body temperature had not returned to normal, and CT showed double pneumonia, in which the upper lobe of the left lung was consolidated (Figure 2A). We sent the patient's blood samples for mNGS, and 8,112 raw reads belonged to L. pneumophila (Figure 3A). The anti-infection regimen was changed to azithromycin combined with cefoperazone, sulbactam, and posaconazole on May 10, 2019 (Figure 1). We then tested the urine for Legionella antigen and sent the bronchoalveolar lavage fluid (BALF) for Gram staining, mNGS, and culture on Legionella MWY selective agar. The phagocytosis of gram-negative bacilli by leukocytes in BALF was observed under a microscope (Figures 4A,B). The number of raw reads of L. pneumophila in BALF was 1,960 (Figure 3B). Six days later, several off-white colonies were visible on the MWY medium (Figure 4C). After Gram staining of the colonies, a large number of gram-negative bacilli were observed under microscopy (Figure 4D). The off-white colonies grown on the MWY medium were subsequently identified as L. pneumophila using time-of-flight mass spectrometry. The patient's body temperature returned to normal after 1 day of treatment with azithromycin and remained normal for 1 week (Figure 1), but 10 days after initiating azithromycin treatment, a CT scan still showed inflammation in both lungs (Figure 2B). A CT scan revealed that multiple lung lesions were absorbed 18 days later (Figure 2C). Finally, the patient's general condition improved after follow-up treatment, and she was discharged from hospital on June 3.


[image: Figure 1]
FIGURE 1. Timeline with relevant data from the episode of care; body temperature curves, leukocyte counts, and CRP. Major events are indicated with arrows. Yellow line shows the leukocyte counts in peripheral blood. Blue line on the top shows body-temperature values. Blue line on the bottom shows CRP values. Horizontal thick gray lines show the medications administered: IMP/CS, Imipenem and cilastatin sodium; AMK, Amikacin; LZD, Linezolid; AMB, Amphotericin B; ATM, Azithromycin; SCF, Sulbactam and cefoperazone sodium; PCZ, Posaconazole; CDZM, Cefodizime.



[image: Figure 2]
FIGURE 2. (A) Chest CT scan showing double pneumonia: the upper lobe of the left lung was consolidated; (B) Chest CT scan showing inflammation in both lungs after 10 days of treatment with azithromycin; (C) Chest CT scan revealed that multiple lung lesions were absorbed 18 days later.



[image: Figure 3]
FIGURE 3. Diagnosis of Legionella pneumophila infection using mNGS. (A) The majority of reads mapped to the L. pneumophila genome with coverage of 28.12%. (B) The majority of reads mapped to the L. pneumophila genome with coverage of 13.35%.
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Figure 4. (A,B) Gram stain of bronchoalveolar lavage fluid (BALF) with arrows indicating Legionella pneumophila, magnification ×1,000. (C) L. pneumophila colonies on MWY selective agar (red arrows) from BALF. (D) Gram stain of L. pneumophila colonies (magnification ×1,000).




DISCUSSION

The most susceptible hosts of hospital-acquired Legionella pneumonia are immunocompromised patients, including organ transplant recipients (8) and cancer patients (9), as well as those receiving glucocorticoid therapy. Multiple studies have shown Legionella infections to be underdiagnosed and undertreated (1, 10, 11). In this case report, the patient was fortunate to be treated in time and was discharged from the hospital in good health.

There are many kinds of Legionella detection techniques. The immunological methods are limited by the patient's immune status and cross-reactions with other pathogens (12), and at present, this technology can only detect L. pneumophila serogroups 1, 3, and 6 (13). For immunocompromised patients, it is important to identify the infectious agent as early as possible in the evolution of the disease. The culture of Legionella species from respiratory specimens is the gold standard for the diagnosis of Legionella pneumonia (14); however, a Legionella culture requires more than 3 days and a medium containing L-cysteine (15, 16). When the patient is in the acute infection phase, samples should be quickly transported to the laboratory for culture, preferably before initiating antimicrobial therapy. The diagnosis of Legionnaires' disease is confirmed by means of culture in only 5% of cases (1). The widely used time-of-flight mass spectrometry detection method can only be used to identify bacterial species after the colonies are cultivated by traditional methods. Thus, the turn-around time is too long for critically ill patients. Obviously, the culture results in this report were obtained very much later than the mNGS results. Other techniques for detecting Legionella nucleic acids include PCR (1), isothermal amplification (17), probe hybridization (18), and second-generation sequencing.

This is the first report describing the use of mNGS to detect hospital-acquired Legionella pneumonia in a patient after umbilical cord blood transplantation. NGS has unique advantages for the detection of pathogens that are difficult to cultivate (19), especially for cases without target pathogens (20, 21). In addition, mNGS is extremely suitable for detecting unknown pathogens (22, 23), rare pathogens (24, 25), and between-species transmitted pathogens (26, 27). Of course, there are also shortcomings, such as high testing costs, analytical sensitivity, a complex laboratory workflow, and susceptibility to contamination (28). In this case, the mNGS provided directions for choosing traditional diagnosis methods, and the cultured colonies and immunological results were consistent with the mNGS. Although mNGS is relatively expensive, the patient's family considered it worthwhile to identify the pathogen as early as possible to reduce the patient's symptoms. We believe that, with the reductions in sequencing costs and the continuous improvements in medical standards in China, mNGS-based pathogenic diagnosis can be increasingly used to greatly improve the pertinence and timeliness of clinical pathogenic treatment.
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Legionella pneumophila can cause pneumonia, leading to severe acute respiratory distress syndrome (ARDS). Because of its harsh growth requirements, limited detection methods, and non-specific clinical manifestations, diagnosing Legionella pneumonia remains still challenging. Metagenomic next-generation sequencing (mNGS) technology has increased the rate of detection of Legionella. This study describes a patient who rapidly progressed to severe ARDS during the early stage of infection and was treated with extracorporeal membrane oxygenation (ECMO). Although his bronchoalveolar lavage fluid (BALF) was negative for infection and his serum was negative for anti-Legionella antibody, mNGS of his BALF and blood showed only the presence of Legionella pneumophila (blood mNGS reads 229, BALF reads 656). After antibiotic treatment and weaning from ECMO, however, he developed a secondary Aspergillus and Klebsiella pneumoniae infection as shown by mNGS. Mechanical ventilation and antibiotic treatment were effective. A search of PubMed showed few reports of secondary Aspergillus infections after Legionella infection. Severe pneumonia caused by any type of pathogenic bacteria may be followed by Aspergillus infection, sometimes during extremely early stages of infection. Patients with severe pneumonia caused by Legionella infection should undergo early screening for secondary infections using methods such as mNGS, enabling early and precise treatment, thereby simplifying the use of antibiotics and improving patient prognosis.

Keywords: Legionella, invasive pulmonary aspergillosis, mNGS, ECMO, diagnosis


INTRODUCTION

Legionella pneumophila is a common atypical pathogen that can cause pneumonia, and is thought to be responsible for about 2–15% of patients with community-acquired pneumonia who require hospitalization (1, 2). Legionella pneumonia can rapidly lead to the development of acute respiratory distress syndrome (ARDS) and multiple organ dysfunction syndrome (MODS) (3).

Legionella bacteria often grow and multiply in water. Patients with Legionella pneumonia often have a non-specific epidemiological history (e.g., bathing, travel history, and cruises) and clinical symptoms, and laboratory tests lack specificity. These patients can present with slow pulse, gastrointestinal symptoms, and/or muscle pain, as well as with involvement of the kidneys and/or nervous system (4).

Traditional methods of culturing Legionella are often time-consuming, and cultures are easily contaminated. Moreover, harsh culture conditions are required, further decreasing the positivity rate of traditional cultures (5). Clinically, Legionella is often diagnosed by the presence of anti-Legionella antibodies.

Most patients, however, develop anti-Legionella antibodies around 3 weeks after the onset of the disease, resulting in delayed diagnosis (4). The emergence of metagenomic next-generation sequencing (mNGS) has markedly improved the rate of early diagnosis of Legionella pneumonia. Although extracorporeal membrane oxygenation (ECMO) treatment has increased the survival rate of patients infected with Legionella bacteria, nosocomial infections and secondary fungal infections are common and serious complications of ECMO treatment. Aspergillus infection has been reported after ECMO treatment, especially secondary pulmonary Aspergillus infection in patients with severe influenza or COVID-19, and in immunosuppressed patients (6–10). Few reports, however, have described patients with Legionella pneumonia co-infected with invasive pulmonary aspergillosis (IPA). The present report describes a patient with early IPA and sensitive Klebsiella pneumoniae secondary to Legionella pneumophila serogroup one infection after ECMO treatment. To our knowledge, this report is the first to describe a patient with severe Legionella pneumonia treated by venous-venous ECMO (VV-ECMO) who developed a secondary IPA infection after the first stage of improvement. This study showed that mNGS technology can improve the early detection and treatment of Legionella pneumonia and secondary Aspergillus infection.



CASE PRESENTATION

A 46-year-old man was admitted to the intensive care unit (ICU) on February 4, 2021, after experiencing fever (highest temperature 39.0°C), accompanied by chills and diarrhea with yellow watery stool, for 2 days and dyspnea for 1 day. A chest computed tomography (CT) scan showed multiple subpleural infectious foci and interstitial lesions in his left lower lobe. He had traveled to Aba Prefecture 1 week earlier and had a smoking history of about 20 pack-years. An earlier CT scan suggested pulmonary bullae. His hypoxia symptoms progressed rapidly, and he was started on high-flow oxygen treatment, along with the antibiotics imipenem, moxifloxacin, and oseltamivir. The patient, however, quickly progressed to ARDS. Because mechanical ventilation with a 100% oxygen supply could not maintain saturation (IPPV, VT 480 ml; FIO2, 100%; PEEP, 14 cmH2O; f, 20/min; saturation, 70%), he was transferred to the ICU for ECMO treatment. Laboratory examination showed a white blood cell (WBC) count of 6.99 × 109/L, a neutrophil rate of 91.7%, an aspartate transaminase concentration of 137.0 U/L, an alanine aminotransferase concentration of 25.0 U/L, a creatinine concentration of 414.0 μmol/L, a C-reactive protein (CRP) concentration of 259.39 mg/L, a procalcitonin (PCT) concentration of >200 ng/ml, a CD4+ lymphocyte count of 196/μl, and a CD8+ lymphocyte count of 27/μl. He was negative for β-(1,3)-glucan (BD), galactomannan, and influenza A and B. Chest CT showed multiple subpleural infectious lesions in the right lung, and interstitial changes in the lingual segment of the left upper lobe and left lower lobe (Figure 1A). The patient was treated with VV-ECMO at a flow rate of 3.8 L/min, a rotation speed of 7,400 rpm, and an airflow rate of 3.5 L/min. Later his blood and BALF mNGS showed only Legionella pneumophila infection (blood reads 229, BALF reads 656), and his antibiotic treatment was changed to moxifloxacin, azithromycin, and piperacillin-tazobactam sodium. Because of his acute kidney injury, ECMO was combined with continuous renal replacement therapy (CRRT). The patient's condition gradually improved, and he was weaned from ECMO on February 12 and from mechanical ventilation on February 13. A sputum smear showed no bacteria or fungi, sputum and blood cultures were negative, and he was negative for anti-Legionella antibodies. A comprehensive examination showed no evidence of immune system disease or tumor disease in this patient. A chest CT taken on February 19 showed significant improvement, and he was discharged to a local hospital for rehabilitation on February 20, 17 days after admission (Figure 1B). A blood test at that time showed a WBC count of 8.9 × 109/L, a total neutrophil count of 6.42 × 109/L, a neutrophil percentage of 72.2%, and a PCT concentration of 4.97 ng/ml.
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FIGURE 1. (A) CT scan taken on February 5 (day 2), showing multiple infectious foci and interstitial lesions in the right lung, the lingual segment of the upper lobe of the left lung, and the subpleura of the lower lobe of the left lung. (B) CT scan taken on February 19 (day 16), 7 days after the patient was weaned from ECMO, showing scattered patchy shadows and meshwork blurred shadows in both lungs, as well as some consolidation, indicative of significant improvements. (C) CT scan taken on February 24 (day 21), after the patient again presented with dyspnea and was re-admitted to the ICU. The CT scan showed patches in lobular segments of both lungs, honeycomb-like changes, partial consolidation, and lesion expansion. (D) CT scan taken on March 01 (day 26), showing patchy, gridded, cellulite-like changes, with bronchiectasis in multiple lobes of the lungs.


Four days after returning to the local hospital, the patient again presented with dyspnea, accompanied by chills and fever. Saturation could not be maintained by non-invasive positive pressure ventilation (NPPV). The patient was again intubated, and a large amount of bloody sputum was aspirated from his airways. The patient was re-admitted to the ICU, and a CT scan on February 24 showed scattered speckled shadows and reticular blurred shadows, with partial consolidation, consistent with infectious interstitial lesions (Figure 1C). Blood gas analysis showed pH 7.228, PO2 7.3 kpa, PCO2 9.64 Kpa, Lac 1.9 mmol/L, K+ 6.0 mmol/L, and 90% saturation (FIO2, 60%). The patient was started on treatment with meropenem plus moxifloxacin. He was positive for anti-Legionella IgM antibody, and his PCT was >200 ng/mL, but fungal BD and GM tests were negative. mNGS of bronchoalveolar lavage fluid (BALF) on February 27 revealed Aspergillus fumigatus and Klebsiella pneumoniae, with reads of 80 and 2,325, respectively (Figure 2). A culture of BALF in our hospital also suggested K. pneumonia. CT imaging showed bronchial wall thickening with local bronchiectasis and interstitial changes, and bronchoscopy showed airway erosion and congestion, resulting in a diagnosis of IPA and K. pneumoniae infection. Lung CT scan taken on March 1 indicated that the infection was still progressing (Figure 1D). After 16 days of mechanical ventilation, the patient was successfully weaned and transferred from the ICU on March 14. The treatment process is shown in Figure 3.
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FIGURE 2. Detection of pathogens by mNGS.
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FIGURE 3. Course of treatment of this patient over time.




DISCUSSION

Legionella is a genus of aerobic gram-negative bacillus widely distributed in artificial cold water, natural water sources, moist soil, and hospital hot water systems. Legionella can be divided into 58 species with more than 70 different serotypes. Legionella pneumonia, which is mostly caused by Legionella pneumophila type 1, can progress rapidly to ARDS. The clinical diagnosis of Legionella is difficult, which may delay its treatment. At present, Legionella is diagnosed clinically by culturing by detecting antibodies in serum and antigens in urine, and by molecular detection techniques such as PCR; however, positivity rates are low (11). The patient described in this report, who had traveled elsewhere within 2 weeks prior to diagnosis, experienced an acute onset in the community and rapidly progressed to ARDS, combined with diarrhea and kidney damage. All these symptoms strongly suggested Legionella infection. Serum samples at the time of admission were negative for anti-Legionella antibody, and sputum cultures were negative. mNGS assays of BALF indicated Legionella pneumophila. Legionella grows in particular conditions, the positive culture rate is low, and more than 50% of early-stage patients have no sputum (4). Although urinary antigen tests are widely performed in clinical practice, these tests are sensitive only to Legionella pneumophila type 1. Moreover, urinary antigen tests were unavailable in our hospital. Metagenomic sequencing can significantly improve the early diagnosis rate of infectious diseases (12). Imaging studies of patients with clusters of onset, ineffective initial empirical treatment, severe community-acquired pneumonia, and travel history within 2 weeks before onset suggest that patients with multilobed lung lesions and bilateral pleural effusion should be routinely screened for Legionella.

Fluoroquinolones or macrolides are regarded as first line treatments for patients with Legionella pneumonia choice, with combination treatments recommended for critically ill or immunocompromised patients (13, 14). ECMO support has dramatically improved the survival rate of patients with severe Legionella pneumonia. For example, the survival rate of patients with Legionella pneumonia treated with ECMO was found to be 70% (15). Moreover, a single-center observational study of 112 ECMO-treated patients found that 12 of these patients had Legionella pneumonia, with a survival rate of 85.7% (16). The patient described in this report was weaned off ECMO after 6 days and recovered.

However, 12 days after ECMO withdrawal, the patient again presented with dyspnea and coughed up considerable bloody sputum. BALF culture indicated the presence of K. pneumoniae, and mNGS indicated K. pneumoniae and A. fumigatus. IPA occurs frequently in severely immunosuppressed patients, including organ transplant recipients, HIV-infected patients, patients with long-term or severe neutropenia, patients with tumors, and patients with long-term use of glucocorticoids. IPA, however, is a less well-recognized complication in patients without traditional risk factors. More recent reports have described patients with non-neutropenia-related IPA, including patients with end-stage chronic obstructive pulmonary disease (COPD) and Child-Pugh C cirrhosis, and patients receiving immunosuppressive therapy (17). Patients with severe influenza admitted to the ICU due to respiratory failure are also at risk for IPA, a condition called influenza-related pulmonary aspergillosis (18). Accidental IPA has been observed in about 1% of critically ill patients who undergo lung biopsy after death. Factors associated with IPA in critically ill, non-immunocompromised patients include COPD, ARDS, liver failure, and organ dysfunction, as well as treatment with glucocorticoids or broad-spectrum antibiotics (19).

The diagnosis of IPA remains challenging in non-immunosuppressed patients. The criteria for IPA caused by neutropenia may be inapplicable to non-neutropenic patients. mNGS can be used to assist in the diagnosis of IPA. For example, a comparison of mNGS with traditional microbial diagnostic methods for diagnosing Aspergillus found that mNGS had an accuracy of 78.3%, owing chiefly to the difficulty of extracting nucleic acids from molds, but a specificity as high as 97.5% (20). A search of PubMed identified only six case reports describing patients with secondary invasive pulmonary Aspergillus infection after Legionella infection (21–26) (Table 1). Of these six patients, one was diagnosed by autopsy, one by histopathology, and four by microbiological isolation and culture. The earliest diagnosis time was 6 days, but this patient eventually died. To our knowledge, this was the first patient with early diagnosis of Legionella and IPA through mNGS who was successfully treated with ECMO. Legionella infection has been reported to be a potential risk factor for IPA infection (14). The risk factors of IPA in this patient may have included admission to the ICU, the use of broad-spectrum antibiotics, and the placement of the ECMO circuit. The incidence of VV-ECMO complicated by IPA was 7%, the median duration of ECMO treatment before Aspergillus isolation was 5 days, and immunosuppression and influenza virus infection may be risk factors (10). Physicians should therefore be highly vigilant for the occurrence of IPA in patients with influenza virus infection, immunodeficiency, and Legionella infection, especially those receiving ECMO support. These patients should undergo early fungal screening to avoid poor outcomes.


Table 1. Patients diagnosed with invasive pulmonary aspergillosis associated with Legionella pneumophila.
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CONCLUSIONS

The present study described a patient with severe Legionella pneumonia, diagnosed early by mNGS, who was found to have secondary IPA infection by mNGS. The patient was quickly diagnosed and successfully treated with ECMO and antibiotics. Legionella may enhance infection by invasive aspergillus. Patients infected with Legionella should undergo early complete screening of secondary infection using mNGS technology.
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A 51-year-old woman was transferred to the intensive care unit with such symptoms as fever, swollen left knee joint, pain and hypotension. After preliminary evaluation, she was diagnosed as suffering acute suppurative arthritis and septic shock. Then, she was rescued and prescribed to receive treatment with broad-spectrum antibiotics. However, there was no source of infection identified except for the knee joint. The bacterial and fungal cultures of blood samples and articular effusion were shown to be negative, while the results obtained from the next-generation sequencing of blood and articular effusion revealed that Mycobacterium tuberculosis was positive. The patient was then put on five combinations of anti-tuberculosis therapeutic treatment. Nevertheless, despite the active anti-tuberculosis treatment put in place, her general condition still deteriorated progressively. As the level of her bilirubin continued to rise, further treatment was affected, which prompted the change made to the anti-tuberculosis treatment program. Her clinical condition continued to deteriorate, which led to the development of unstable vital signs and the multiple organ dysfunction syndrome. In spite of our best efforts to save her life, the patient still ended up with death.

Keywords: Mycobacterium tuberculosis, sepsis, septic shock, intensive care unit, bloodstream infection


INTRODUCTION

Anti-synthetase syndrome (ASS) is referred to as a clinical classification of idiopathic inflammatory myopathy, which is mainly treated with hormones and immunosuppressants (1). The disease requires long cycle and low immunity during treatment, which makes it easy for infection to cause various complications (2). For clinicians, it is very difficult to distinguish between different types of pathogens that could cause infection, and most of them are acute and critical. Therefore, it is essential to identify what type the pathogens fall into and carry out early targeted anti-infective treatment (3). At present, there is a low positive rate of bacterial culture commonly used in clinical practice, and it requires a large amount of time, which hinders clinicians from carrying out targeted anti-infective treatment in a timely manner (4). As a novel diagnostic method, next-generation sequencing (NGS) technology can be applied to provide etiological basis at the genetic level and enable the identification of pathogens within 24 h (5). In addition, it can support the effort to make etiological diagnosis of difficult infection, for the early start of anti-infective treatment, which demonstrates significant clinical value. In this study, a dermatomyositis patient is reported who got admitted to the intensive care unit because of various clinical symptoms including knee joint redness, swelling, heat and pain, high fever, septic shock and multiple organ failure. As suggested by NGS, the pathogen was Mycobacterium tuberculosis. The late diagnosis rendered the prognosis of the patient's poor.



CASE PRESENTATION

A 51-year-old woman with a one-month history of redness and swollen left knee joint was transferred to our general intensive care unit (ICU) due to persistent high fever (up to 39.5°C) and sudden hypotension. After being diagnosed with dermatomyositis 2 years ago, she continued medication treatment on prednisone tablets with a 25 mg daily dose and cyclosporine capsule with a 75 mg dose twice per day. Last month, the results of blood culture and bacterial culture of joint cavity pus as obtained from other medical institutions were shown to be negative, with no special microbiological examination performed.

When the patient visited the rheumatology department for appointment with a doctor, she coughed up sputum intermittently and her body temperature reached up to 40°C. Physical examination revealed that the left knee was red and swollen with positive floating patellar test, along with red rash in the V area of face and neck. The right dark yellow pleural effusion displayed exudate and negative bacterial culture. Vancomycin was thus prescribed to reduce infection, and 20 mg of methylprednisolone was applied twice a day. Four days later, she was transferred to ICU due to hypotension (the detailed clinical course is shown in Figure 1). The patient exhibited low blood pressure and high heart rate, which was accompanied by elevated procalcitonin and multiple organ failure. Broad-spectrum anti-infective therapy (imipenem/cilastatin + linezolid) was initiated within the first hour of highly suspected septic shock. ECG suggested cardiac infarction and high myocardial enzyme index. In order to rule out the occurrence of acute cardiovascular event, no infarction was detected immediately after coronary angiography. Given the EF value of 30% for the patient, septic heart disease was suspected. At the same time, the patient suffered acute liver injury, acute renal injury and thrombocytopenia.


[image: Figure 1]
FIGURE 1. Daily maximum body temperature and maximum norepinephrine pump speed during hospitalization, and antibiotic adjustment process.


After the patient was transferred to ICU, joint cavity pus was also taken for culture in addition to blood culture samples (ultrasound: Figures 2A,B, MRI: Figures 2C,D). Considering that the patient had negative culture multiple times in the previous month, the NGS examination was conducted for joint cavity pus and blood samples at the same time. Subsequently, NGS results indicated that the pathogen was “M. tuberculosis,” with acid-fast bacilli unexpectedly visible in articular cavity effusion. After an inquiry made about her medical history, it was known that the patient had a history of contact with pulmonary tuberculosis, and such symptoms as night sweating, coughing and expectoration were manifested since around the last month. Thus, the septic shock associated with M. tuberculosis was suspected. Five combinations of anti-tuberculosis drugs (HRZEO: Isoniazid, Rifampicin, Pyrazinamide, Ethambutol, Ofloxacin) were prescribed, while imipenem/cilastatin was downgraded to piperacillin/tazobactam and vitamin B6 was prescribed as a supplement. The bronchoalveolar lavage fluid was found negative for acid-fast staining. The T-SPOT results of the patients remained negative. The T lymphocyte count of the patient was shown to be extremely low. After about 10 days of anti-tuberculosis treatment, the body temperature improved, the ST segment of ECG decreased, myocardial enzymes returned to normal, shock was alleviated, and the count of platelets increased. Unfortunately, liver function deteriorated for the patient gradually. Five days after the adjustment made to anti-tuberculosis drugs, the patients showed such tuberculosis poisoning symptoms as high fever and shock, norepinephrine of 1.2 ug/kg/kg·min, which was accompanied by a decline in the count of platelet again. Afterwards, both liver function and cardiac function further deteriorated. Re-examination of blood NGS remained suggestive of M. tuberculosis. Our advice against further treatment was rejected by her family members.


[image: Figure 2]
FIGURE 2. (A,B) Bedside ultrasonographic examination of knee joint cavity effusion in this patient. (C,D) Magnetic resonance imaging of the patient's knee cavity effusion, T1 image and T2 image, respectively.




DISCUSSION

In this study, a rare case of septic shock caused by the tuberculosis of the knee joint is reported. Sepsis puts a huge strain on global health care, and the severity of septicemia can affect the prognosis. For sepsis patients, the in-hospital mortality rate could exceed 10%, while the in-hospital mortality rate for the patients with septic shock and their serum lactate levels higher than 2 mmol/L could reach above 40% (3, 6–8). Additionally, there have been a large number of studies substantiating that the tuberculosis sepsis patients needing ICU treatment are at increased risk of in-hospital mortality (9–11). In one study, it was demonstrated that the previous medication on any antibiotics can cause delay to the diagnosis of M. tuberculosis (12). The latest evidence has been obtained to suggest that the delayed diagnosis of sepsis and late administration of antibiotics can increase the risk of mortality (13–16). In previous reports, the manifestation of M. tuberculosis septic shock was suggested as similar to that of bacterial septic shock, with early and appropriate antimicrobial treatment seemingly effective in reducing the risk of mortality (17). However, it is believed in this study that given the current routine bacterial culture of blood and other tissue samples, it is often difficult to identify early-stage tuberculosis septic shock in the absence of typical pulmonary lesions (18). A late start of anti-tuberculosis therapy will lead to the poor clinical outcomes (17). In this respect, NGS can provide more compelling evidence required for clinical diagnosis and treatment (19). Our patients showed a tendency to have their vital signs improved after NGS reported M. tuberculosis bacteremia and the timely use of anti-tuberculosis drugs, indicating the effectiveness of treatment. Due to late diagnosis and various complications, however, it failed to achieve a satisfactory outcome.

Though tuberculosis progressed slowly in most cases, it can be manifested in the form of disseminated tuberculosis with visible systemic symptoms. Tuberculosis sepsis shock (TBSS) is frequent to occur in those adults with low immunity, and the incidence is lower in children than in adults (20). TBSS can lead to such similar symptoms as fever, shortness of breath and multiple organ dysfunction to sepsis (17), especially in the patients with low immunity. In some studies, it has been suggested that TBSS can cause hyponatremia and anemia (9, 21–23). In this case, not only did the aforementioned situation occur following M. tuberculosis bacteremia, it also triggered various similar symptoms to G-bacilli bloodstream infection, for example, thrombocytopenia, elevated procalcitonin, persistent high fever and septic cardiomyopathy. Allowing for this, it is speculated in our study that TBSS may make it more difficult for clinicians to make accurate diagnosis in time than previously thought. A timely identification of pathogens and an early targeted use of antibiotics can be effective in improving prognosis for patients. However, active tuberculosis has long been the challenge facing clinical diagnosis and treatment. Due to atypical clinical manifestations and extrapulmonary tuberculosis infection, it is more difficult to make accurate diagnosis.

Given the microbiological characteristics of M. tuberculosis, the traditional etiological examination is disadvantaged by low sensitivity and long cycle, which cannot meet the urgent clinical needs for rapid etiological diagnosis of active tuberculosis (18). For quite long, the diagnosis of tuberculosis has been reliant on traditional acid-fast staining smears and the culture techniques of M. tuberculosis. Although culture remains the gold standard for the diagnosis of tuberculosis, it can not meet the requirements of rapid clinical diagnosis. In recent years, there have been a variety of new diagnostic techniques and methods for tuberculosis proposed. The emergence of molecular diagnosis technology in recent years achieves an important breakthrough, as represented by Xpert MTB/RIF detection kit (24, 25). WHO strongly recommends Xpert MTB/RIF for the preliminary screening of suspected drug-resistant tuberculosis among both adults and children. Besides, for such extrapulmonary specimens as cerebrospinal fluid, lymph nodes and other tissues derived from the patients suspected of extrapulmonary tuberculosis. Since its specificity exceeds 95%, it is applicable to the diagnostic test intended for tuberculosis. However, the sensitivity of both culture and Xpert MTB/RIF remains very low for the diagnosis of extrapulmonary tuberculosis. As a new laboratory method, next-generation sequencing (NGS) has been reported to be applied to assist the diagnosis of various pathogens, and in active pulmonary tuberculosis (19, 26). Plenty of studies have confirmed that NGS is quick to detect M. tuberculosis complex in various samples, with its sensitivity and specificity similar to Xpert MTB/RIF (5). The process of NGS detection mainly includes two parts: experimental operation (wet experiment) and bioinformatics analysis (dry experiment). Wet experiment mainly involves the following four steps: sample pre-processing, nucleic acid extraction, library construction and computer sequencing. Bioinformatics analysis mainly involves the following steps: data quality control, human sequence removal, microbial species comparison identification, drug resistance gene and virulence gene analysis. In recent years, the cost of NGS has been reduced to some extent, thus making it affordable for most families of ordinary patients. Compared with the huge amount of medical costs, actively defining the etiological basis and targeted medication can reduce the cost of treatment more significantly. Also, for patients with sepsis, besides M. tuberculosis, NGS can also be applied to screen other suspected pathogens fast, which is more beneficial to patients.

The clinical symptoms of tuberculosis exhibited by the patients with HIV-induced immunosuppression are different from those of immune hosts (27). Those infected with HIV are at increased risk to develop extrapulmonary tuberculosis compared to HIV-negative people. Those with less CD4 are more likely to develop extrapulmonary tuberculosis (28). The patients infected with tuberculosis and showing a small number of CD4 can show atypical chest imaging findings, and even normal chest imaging findings (29). In the relevant literature, it has been shown that in the case of immune disorders and destruction of the immune system, the T lymphocyte subset count is extremely low and the false negative rate of T-SPOT is fairly high, thus increasing the difficulty in making clinical diagnosis of M. tuberculosis infection. These atypical chest imaging examinations combined with atypical clinical manifestations could hinder the effort on early administration of anti-tuberculosis drugs, thus resulting in the poor prognosis of TBSS. This patient with anti-synthase syndrome was receiving immunosuppressant and hormone therapy for a long time. Consequently, the CD4 count was extremely low, as was the level of immunity. In case of infection with tuberculosis, the clinical signs of atypical extrapulmonary tuberculosis similar to those of patients with HIV infection would be manifested.

TBSS is extremely rare and there are only sporadic cases reported to date (9). The Centers for Disease Control and Prevention reported a decline in TB diagnosis. The rarity of TBSS makes this series of cases novel. According to our and previous cases, it can be found out that the case fatality rate of TBSS remains very high, with late diagnosis and delayed treatment being often contrary to the general epidemiological expectations of sepsis. The epidemic characteristics of tuberculosis vary in different countries and regions (2), so that each institution is supposed to determine its tuberculosis risk level according to the geographical location, the incidence of tuberculosis and the temporal trend of drug resistance. NGS is highly sensitive and rapid in the diagnosis of infectious pathogens, for which it is considered to be an important auxiliary diagnostic method for rare pathogens (5). Also, for those critically ill patients or the patients with unidentified pathogens, the effect of empirical treatment is not as satisfactory as expected, NGS can help identify the pathogen fast, for targeted anti-infective treatment to be carried out, which is of much significance to clinical treatment.



CONCLUSION

Though the epidemic characteristics of tuberculosis vary by region, the high mortality rate and high missed diagnosis rate of TBSS remain common. Early diagnosis and early anti-tuberculosis treatment can be effective in improving the mortality of TBSS patients. Anti-tuberculosis treatment can be carried out directly in those high prevalence areas or for the patients with typical clinical manifestations. In this study, it is suggested that the application of NGS in sepsis patients can not only help clinicians identify the pathogen rapidly, but also screen rare pathogens, which is conducive to further reducing the mortality caused by sepsis.
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Disseminated tuberculosis (TB) is a rare disease and mainly occurs in immunodeficient patients. It is marked by hematogenous or lymphatic dissemination of Mycobacterium tuberculosis, causing tuberculous infection involving any organ system. Here, we report a case of disseminated TB involving lung, liver, spine, mediastinum, and prostate in an immunocompetent man. The present patient found a hepatic mass without any symptom during health examination. In the next 2 years, further examinations revealed multiple lesions in the lung, mediastinum, spine, and prostate. Imaging examinations, such as contrast-enhanced abdominal CT, F-18 FDG-PET/CT, and radionuclide bone scan, suggested the diagnosis of malignancy or metastatic tumor. Furthermore, histopathological results of the biopsies of the hepatic mass, mediastinal mass, and prostatic mass demonstrated granulomatous inflammation. Therefore, metagenomic next-generation sequencing (mNGS) was utilized to confirm the diagnosis. Mycobacterium tuberculosis complex was simultaneously detected in the spinal surgical resection specimens and bronchoalveolar lavage fluid (BALF), indicating the diagnosis of disseminated TB. mNGS is an emerging molecular diagnostic technology, and its application in disseminated TB has been rarely reported. We highlight that disseminated TB should be considered even in an immunocompetent patient, and mNGS can be performed when the diagnosis is difficult.
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INTRODUCTION

Tuberculosis (TB) is a widespread infectious disease caused by Mycobacterium tuberculosis (MTB), which can involve any organ system and mostly the lungs (1, 2). Extrapulmonary infection of MTB was also reported in recent decades, including lymph glands, pleura, bones, joints, urogenital tract, and central nervous system (CNS) (3–7). Besides, disseminated TB is a rare form accounting for about 1–5% of all TB cases and defined as tuberculous infection involving two or more non-adjacent body sites via hematogenous or lymphatic spread of MTB from the primary lesion (8). The dissemination mainly occurs in patients with risk factors including HIV immunodeficiency, long-term use of immunosuppressants, poorly controlled diabetes, hematologic diseases, and alcohol abuse (9). However, it is less likely to appear in immunocompetent individuals.

Metagenomic next-generation sequencing (mNGS) is a new molecular diagnostic technology. mNGS application in TB of single organ has been reported, such as pulmonary TB, osteoarticular TB, and tuberculous meningitis, but rarely in disseminated TB until now (10–12). Here, we report a case of disseminated TB with a hepatic mass as the first manifestation. The patient failed to be diagnosed despite several biopsies of liver mass, mediastinal mass, and prostatic nodules. With the application of mNGS, the patient was finally diagnosed with disseminated TB.



CASE PRESENTATION

On December 14, 2017, a 51-year-old man visited our General Internal Medicine department for finding a hepatic mass without any discomfort during health examination. The entire process of diagnosis and treatment is briefly depicted in Figure 1. The patient claimed no history of hepatitis or TB and no family history of liver cancer. Physical examination was unremarkable. Detailed laboratory examination data are presented in Table 1. Contrast-enhanced abdominal computed tomography (CT) showed a hypodense lesion with mild to moderate enhancement in the right hepatic lobe near hepatic hilar, which indicated the possibility of cholangiocellular carcinoma; in addition, a soft tissue density lesion with heterogeneous enhancement in the left posterior mediastinum suggested the possibility of neurogenic tumor (Figures 1A,B).


[image: Figure 1]
FIGURE 1. Timeline of the diagnosis and treatment process. (A) Contrast-enhanced abdominal CT revealed a hypodense lesion (white arrow) with mild to moderate enhancement in the right hepatic lobe near hepatic hilar. (B) Contrast-enhanced abdominal CT revealed a soft tissue density lesion (white arrow) with heterogeneous enhancement in the left posterior mediastinum. (C) MRI of thoracic spine revealed a soft tissue lesion (white arrow) at T3/T4. (D) MRI of thoracic spine showed a soft tissue lesion (white arrow) at T7/T8. (E) MRI of thoracic spine displayed multiple bone destructions (white arrows) at T3/T4 and T7/T8 with surrounding soft tissue lesions. (F) Radionuclide bone scan showed that the metabolism of vertebral bodies of T4 and T8 was abnormal. (G) Histopathological examination of the lesion at T7/T8 showed caseous necrosis with a significant number of inflammatory cells and multinucleate giant cells. CT, computed tomography; F-18 FDG-PET, 18F-fluorodeoxyglucose positron emission tomography; MRI, magnetic resonance imaging; T, thoracic vertebra; BALF, bronchoalveolar lavage fluid.



Table 1. Laboratory examination results of the patient.

[image: Table 1]

In the following 2 years, he had visited several hospitals and had underwent a huge number of blood tests, CT scans, and magnetic resonance imaging (MRI) examinations. Mantoux test was positive (24 ×22 mm). The results of T-SPOT.TB tests elevated progressively from 14 to 84 pg/ml. Repeated sputum smear examinations for acid-fast bacilli (AFB) were all negative. Chest CT displayed multiple small lung nodules and a left posterior mediastinal mass. 18F-fluorodeoxyglucose positron emission tomography (F-18 FDG-PET)/CT showed intense accumulation of FDG in the right hepatic lobe, right abdomen, lower left lung, left hilar, and lower mediastinal lymph nodes, suggesting the possibility of malignancy. MRI showed multiple cystic nodules in the prostate. Histopathological examinations of specimens obtained by fine-needle aspiration biopsy from the liver mass, mediastinal mass, and prostatic nodules suggested granulomatous inflammation, and special stains including acid-fast staining, Grocott's methenamine silver (GMS), Periodic acid-Schiff (PAS), and gram were all negative. The diagnosis remained unclear.

On December 18, 2019, the patient was admitted to our hospital again with backache for 50 days. MRI of thoracic spine demonstrated multiple bone destructions at T3/T4 and T7/T8 with surrounding soft tissue lesions, suggesting spinal TB with cold abscesses (Figures 1C–E). Radionuclide bone scan demonstrated that the metabolism of vertebral bodies of T4 and T8 was abnormal, and metastatic bone tumors were considered (Figure 1F). He underwent a thoracic spinal operation. Considering the possibility of TB, the surgical specimens were subjected to both mNGS and histopathological examination. The process of mNGS is provided in the Supplementary Material. The mNGS revealed 25 total reads of MTB complex (Table 2). Significantly, because of the high internal homology and relatively insufficient coverage, the species within the MTB complex was not determined (13). Meanwhile, histopathological examination showed caseous necrosis with a significant number of inflammatory cells and multinucleate giant cells (Figure 1G). Therefore, the patient was diagnosed with spinal TB and immediately treated with anti-TB drugs including isoniazid, rifampicin, ethambutol, and pyrazinamide.


Table 2. Result of mNGS of the spinal surgical resection specimens.
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On March 1, 2020, the patient presented to our hospital for the third time due to coughing for a week. His bronchoalveolar lavage fluid (BALF) was obtained by fiberoptic bronchoscopy for mNGS and Xpert MTB/RIF assay. The process of Xpert MTB/RIF is provided in the Supplementary Material. MTB complex was successfully detected by mNGS. In addition, the result of Xpert MTB/RIF was positive for MTB gene and negative for rifampicin resistance. Based on the available evidence, it was eventually considered that the patient suffered from disseminated TB with systemic multi-organ involvement, including the lung, spine, mediastinum, liver, and prostate. To enhance the treatment effect, moxifloxacin was added to the original anti-TB treatment regimen.

According to the national laws and regulations, the patient was subsequently referred to the TB designated hospital for systematic treatment because of intrapulmonary TB. Through telephone follow-up, we learned that pyrazinamide was discontinued because of hyperuricemia shortly after the referral, and then the patient received anti-TB treatment with isoniazid, rifampicin, ethambutol, levofloxacin, and linezolid for 1 year. Diammonium glycyrrhizinate, which protects the liver, was continuous in the course of anti-TB therapy. The anti-TB drug regimen was well-tolerated and achieved a remarkable effect. At the latest follow-up, the patient reported significant reduction in the size of the lesions on imaging tests, reconfirming the diagnosis of TB, and started receiving anti-TB treatment with isoniazid, rifampicin, and ethambutol. He thanked us for our contribution to the diagnosis.



DISCUSSION

The clinical presentation of disseminated TB can vary greatly according to the involved organ system. It can present with atypical extrapulmonary symptoms as the first manifestation, often leading to a diagnostic dilemma. In our case, the patient was immunocompetent and came to our hospital due to a mass in the liver without any typical symptoms. For most clinicians, malignancy and infectious diseases are primary considerations among the broad differential diagnosis. Their identification needs evidence from additional tests.

WHO reported that nearly 30% TB cases failed to be diagnosed (14). The hepatic TB are largely non-specific and exhibit an extensive overlap with more common primary or metastatic liver carcinoma under image findings (15). Initially, this case was misdiagnosed as hepatic carcinoma according to the contrast-enhanced abdominal CT scan. Recently, F-18 FDG-PET/CT has emerged as an effective tool for the diagnosis and evaluation of malignant tumors. However, it is difficult for F-18 FDG-PET/CT to distinguish between inflammatory and malignant lesions because of the strong accumulation of F-18 FDG in both tissues (16). In our case, the F-18 FDG-PET/CT report was more favorable of malignancy vs. inflammation. Regrettably, due to the influence of the above imaging results or the lack of attention by clinicians to infectious diseases, the specimens from three biopsies were just collected for histopathological examinations, but no pathogenic detections, which led to diagnostic delay and worse clinical course.

At present, the dominating methods of diagnosing disseminated TB are still pathogen culture, AFB smear, nucleic acid amplification test (NAAT), and histopathological examination (17). MTB culture is currently considered as the gold standard of diagnosis, but low sensitivity and long culture time make it cannot meet the need of rapid clinical diagnosis (18). AFB smear, as a simple and fast tool, is unsatisfying due to lower sensitivity and specificity (19, 20). Just like the biopsies in our case, histopathological examination sometimes only shows granulomas without typical caseous necrosis, which is non-specific for the diagnosis of TB. PCR is a valuable diagnostic technique, but it always requires presupposing specific pathogens, which sometimes cannot detect rare pathogens and mixed infections (21). Additionally, Xpert MTB/RIF, a new automated molecular test, has been endorsed by WHO for the initial detection of TB and rifampicin resistance (14). Nevertheless, the sensitivity of Xpert MTB/RIF varies greatly with the type of extrapulmonary samples (22, 23). Significantly, mNGS exhibits better diagnostic performance than Xpert MTB/RIF in detecting MTB among various samples. Mutual combination can stimulate further elevation of the performance (13, 24).

mNGS, an unbiased culture-independent high-throughput sequencing technology, has shown a considerable clinical application prospect in diagnosis of infectious diseases over the past few years. In our case, mNGS finally unmasked TB after 2 years of delayed diagnosis and misdiagnosis. Notably, several prospective studies have indicated that mNGS shows an excellent diagnostic performance in suspected TB patients with 62–87.5% sensitivity for intrapulmonary samples, 47.4–60% sensitivity for extrapulmonary samples, and almost 100% specificity in various samples (13, 24, 25). In contrast to some traditional microbiological tests designed to specifically detect just one or a limited spectrum of known pathogens at a time, mNGS can simultaneously detect thousands of pathogens, including bacteria, fungi, viruses, and even parasites, without requiring any prior knowledge (26). Additionally, the turnaround time of mNGS, usually 2–3 days, is shorter than several weeks of traditional MTB culture, which might benefit clinicians in making rapid diagnosis and guiding precise antimicrobial therapy. On the other hand, mNGS can obtain all nucleotide sequence information in clinical samples, including nucleotide sequences from human, contaminant during operations, harmless parasitic microbes, and true pathogens, thus can create challenges in data processing and interpretation of results (27). MTB, as one of the intracellular bacteria, is characterized by releasing fewer nucleic acids into extracellular environment, resulting in a small number of sequences detected, which may also lead to the difficulty of detecting MTB by mNGS (28). The detection of resistance genes and the strain discrimination of the MTB complex are hard to achieve clinically because they highly depend on genome coverage, and combining with targeted PCR might be a good choice (13). The combination of mNGS and Xpert MTB/RIF shows great potential in detecting MTB, which is superior to traditional pathogenic detection methods. In our case, MTB was reconfirmed by fiberoptic bronchoscopy combining with mNGS and Xpert MTB/RIF, meeting the requirement for etiology diagnosis and proving the clinical value of the combined application. Thus, mNGS alone or in combination with Xpert MTB/RIF provides clinicians with a reliable TB diagnosis method.

In conclusion, we emphasize that disseminated TB should also be considered in an immunocompetent patient even when imaging results favor malignant lesions based on the experience from this case. It is essential for clinicians to perform pathogenic examinations in time when suspicious specimens are encountered, and mNGS can be used as a valuable complementary means for TB diagnosis.
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Non-tuberculou Mycobacteria (NTM) is ubiquitous in the environment and is conditional pathogen. Due to NTM and Mycobacterium tuberculosis belong to the genus Mycobacterium, their pathogenic mechanisms and clinical manifestations are similar. Therefore, NTM can cause tuberculosis-like lesions and lead to misdiagnosis. Early diagnosis and treatment greatly improve prognosis. However, traditional pathogenic microorganism detection has limitations, and it is difficult to accurately identify strains in clinical practice. Here, we report a 65-year-old man with NTM who presented with recurrent fever and cough. Computed tomography of the chest revealed a lung infection. The previous improper diagnosis and treatment did not improve his condition. With the aid of metagenomic next-generation sequencing, the pathogen was identified as Mycobacterium avium complex. Subsequently, he received accurate treatment and made significant improvements in clinical and radiology.
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INTRODUCTION

Non-tuberculous Mycobacteria (NTM) refers to a general term for a large group of mycobacteria other than Mycobacterium tuberculosis complex and Mycobacterium leprae. According to statistics, more than 190 species of NTM strains and 14 subspecies have been discovered so far, of which only a few are pathogenic to humans and belong to conditional pathogens (1, 2). Among pathogenic bacteria, the Mycobacterium avium complex (M. avium complex, MAC) is the mycobacterium with the most new species or subspecies (3). NTM disease means that the human body is infected with NTM and causes the disease of related tissues and organs, most commonly in the lungs. In recent years, as the infection rate of NTM has increased year by year, NTM pulmonary disease (NTM-PD) has become a common clinical disease, accounting for about 70–80% in the United States, while China currently has no specific information data in this area (4, 5). Because the clinical characteristics of the disease are similar to those of tuberculosis, it often leads to misdiagnosis and missed diagnosis, which delays treatment and seriously threatens human life and health.

NTM-PD often occurs in patients with original underlying diseases, especially chronic respiratory diseases, such as chronic obstructive pulmonary disease, bronchiectasis, and cystic pulmonary fibrosis. Due to the weakened autoimmune function, NTM infection cannot be effectively controlled, and eventually it progresses to NTM-PD (6, 7). The main clinical symptoms of NTM-PD are fever, cough and sputum. Due to the atypical clinical manifestations, it often needs to be differentiated from other diseases of the respiratory system. In the case of sterile species identification results, it can be misdiagnosed as Mycobacterium tuberculosis infection for a long time. Here, we report a case in which a patient's alveolar lavage fluid sample was identified by metagenomic next-generation sequencing (mNGS) and the final diagnosis was MAC lung disease.



CASE PRESENTATION

We report a 65-year-old man who attended teaching hospital at Henan with a 10-day history of fever, intermittent cough, expectoration and wheezing. Five days prior to admission, the patient had been treated with anti-infective drugs at his local hospital (such as rifampicin, ethambutol, clarithromycin, piperacillin sodium and tazobactam sodium, and levofloxacin), but the therapeutic effect was not good. He had a past medical history of chronic obstructive pulmonary disease (COPD). He lived in the rural Henan province, China, and has no recent travel history out of the province.

Physical examination showed that his underarm temperature was 38 °C, pulse was 108 beats/min, breathing was 25 beats/min, and the patient had a barrel-shaped chest, partial collapse of the upper left anterior thorax, clear voice during percussion of both lungs, regular breathing, and scattered dry and wet rales on auscultation of the lungs.

The laboratory studies revealed elevated erythrocyte sedimentation rate (69 mm/h), C-reactive protein (61.77 mg/L), rheumatoid factor quantification (74.7I U/mL), procalcitonin (0.06 ng/mL), blood glucose (7 mmol/L), cancer antigen 125 (35.21 U/mL), neuron specific enolase (20.56 ng/mL) and D-dimer (1.41 μg/mL). While the percent of lymphocytes (19%), red blood cell (3.47 × 109/L), hemoglobin (106 g/L), serum potassium (3.32 mmol/L), and albumin (27.1 g/L) were reduced. Other indicators, including GM test, T-SPOT.TB, Xpert MTB (Sputum) and antistreptococcal “o” quantification were negative.

Coughed up sputum smear examination: no bacteria and fungi were found in the microscopic examination, and acid-fast positive bacilli (+) were found in the microscopic examination. It was necessary to further distinguish Mycobacterium tuberculosis and non-tuberculous Mycobacteria.

Chest computed tomography scan indicated multiple flaky, strand-like and light mist-like high-density shadows in both lung fields. Visible effusion in the left pleural cavity (Figure 1). Hence, he was preliminarily diagnosed with lung infection and the nature of the upper right lung space to be investigated. We decided to treat the patient with intravenous biapenem for empirical anti-infective and oral rifabutin, ethambutol hydrochloride tablets and clarithromycin sustained-release tablets for anti-tuberculosis treatment, but his condition did not improve.


[image: Figure 1]
FIGURE 1. Chest CT of (A,C) lung window images showed multiple flaky, strand-like and light mist-like high-density shadows in both lung fields. Chest CT of (B,D) corresponding mediastinum window images showed Spot-like calcification, thickened bronchial walls of both lungs, narrowed lumen, and left pleural effusion.


On day 3 of the admission, a bronchoscopy was performed, and the apical bronchus of the right upper lobe was blindly examined. Pathological results showed granulomatous inflammation with necrosis, special staining results showed acid-fast (-), molecular pathological results showed Mycobacterium tuberculosis DNA determination (TB-DNA) (PCR) (-) (Figure 2). Bronchoalveolar lavage fluid (BALF) was collected for mNGS and M. avium complex was detected (Table 1). Combined with clinical symptoms, laboratory test results and characteristics of MAC, the patient was diagnosed with MAC lung disease. Discontinued biapenem and switched to intravenous amikacin and oral compound sulfa tablets; and continued oral rifabutin, ethambutol hydrochloride tablets and clarithromycin. After 7 days of treatment, the patient's fever, cough, expectoration and wheezing had gradually improved. At the follow-up 3 months later, the patient's above symptoms had been completely relieved.


[image: Figure 2]
FIGURE 2. The microscope showed no acid fast bacilli and fungi.



Table 1. Results of mNGS in bronchoalveolar lavage fluid of patient.
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DISCUSSION

MAC disease is a zoonotic infectious disease caused by MAC infection. According to statistics, MAC is the main strain on all continents of the world (5, 8, 9). In China, the more common infections for NTM-PD are M. kansasii and M. intercelleulare (10). MAC infection can invade various tissues and organs, including lungs, bone marrow, and lymph nodes. It may also cause diseases of the synovium, bursa, tendon sheath, joint, bone and bone marrow (4, 5). Due to its pathological changes, bacteriological characteristics and antigenic components are similar to Mycobacterium tuberculosis, sputum acid-fast staining can be positive. If the bacteria is not further identified, it is easy to be misdiagnosed as Mycobacterium tuberculosis infection for a long time, but traditional pathogenic microorganism detection technology has limitations such as low positive rate and long detection cycle, and it is difficult to accurately identify strains, which easily lead to clinical misdiagnosis and seriously affect the prognosis of patients. Especially for patients with positive acid-fast staining of respiratory tract specimens and the anti-tuberculosis treatment is not effective, it is necessary to be highly vigilant against NTM infection. In this case, sputum smear microscopy alone cannot distinguish Mycobacterium tuberculosis from NTM. In order to further determine the pathogen, the mNGS detection technology covering the pathogen is used to accurately detect the MAC infection. Combined with the patient's past history of COPD, clinical imaging features and mNGS test results, the final diagnosis was MAC lung disease. This case shows that mNGS has the advantages of high sensitivity and high specificity in the diagnosis and treatment of NTM-PD.

The diagnosis of NTM-PD requires the combination of respiratory system and systemic clinical symptoms, lung imaging findings, and NTM isolation and culture. NTM isolation and culture are the key to diagnosing NTM-PD and distinguishing tuberculosis (11). Based on mNGS does not rely on traditional microbial culture, no specific primers are required, and all DNA/RNA genome information in the sample can be determined in a single run. FEDRIZZI (12) used mNGS to sequence 47 types of NTM strains, including 11 rapidly-growing Mycobacterium strains and 36 slow-growing Mycobacterium strains. At the same time, 41 previously undescribed NTM species were reconstructed and analyzed and expanded the understanding of NTM. Therefore, mNGS has played a huge role in the identification of NTM-PD bacteria, genotyping, clinical diagnosis and treatment, and improvement of patient prognosis.

In the past, due to insufficient knowledge of non-tuberculous mycobacterial infections and limited diagnostic techniques, patients were misdiagnosed as tuberculosis infections, resulting in poor treatment effects and severely affecting the prognosis of patients. In this case, the patient's condition had been repeated for more than 40 years, and eventually progressed to NTM-PD, due to the inability to effectively control the NTM infection. For different NTM infections, the type of medication and the course of treatment are also different (13, 14). Compared with pulmonary infections caused by Mycobacterium tuberculosis, NTM-PD has a longer treatment time and a more complicated drug treatment plan. After NTM is tested and identified by mNGS technology, individualized drug treatment can be carried out. Therefore, mNGS detection technology can quickly and accurately detect the types of pathogenic bacteria infected by patients, so as to provide help for clinicians to diagnose and treat patients.



CONCLUSION

mNGS is a new type of pathogenic diagnosis technology, which has shown great potential in the identification of pathogenic pathogens of infectious diseases, and has the highest resolution of strain identification. With the increasing popularity and cost reduction of mNGS, it will play an increasingly important role in the diagnosis of NTM diseases. Finding and curing the source of infection in time and reducing contact with patients with NTM are the best measures to prevent NTM infection. Therefore, it is recommended to use mNGS to help clinicians improve the accuracy of identifying Mycobacterium tuberculosis and NTM.
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Case Report: Tropheryma whipplei Hide in an AIDS Patient With Pneumocystis Pneumonia
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Introduction: Pneumocystis pneumonia (PCP) is one of the most common opportunistic infections in HIV-infected patients. However, coinfection with Tropheryma whipplei is infrequent in AIDS patients with PCP.

Case Presentation: We report a 28-year-old male AIDS patient coinfected with T. whipplei and Pneumocystis jirovecii diagnosed in the bronchoalveolar lavage. After sulfamethoxazole–trimethoprim and meropenem treatment, the patient showed clinical improvement in 2 weeks.

Conclusion: Clinicians need to be alert to the occurrence of T. whipplei infection in AIDS patients with PCP and timely diagnosis and antibacterial treatments are essential. This case may help clinicians for timely diagnosis of the coinfection of T. whipplei and P. jirovecii in AIDS patients.

Keywords: Tropheryma whipplei, Pneumocystis pneumonia, HIV, case report, NGS


INTRODUCTION

Pneumocystis pneumonia (PCP) is one of the most common opportunistic infections in HIV-infected patients with high morbidity and mortality. The in-hospital mortality rate has been decreasing since the implementation of combination antiretroviral therapies and chemoprophylaxis. However, the reported mortality rate for PCP still ranged from 12.8 to 33.1% after antiretroviral therapies and chemoprophylaxis (1, 2). Tropheryma whipplei pneumonia is very infrequent and easy to be overlooked, especially in AIDS-PCP patients. T. whipplei can cause endocarditis, encephalitis, and other acute infections. T. whipplei was first detected in Whipple disease which was considered as a metabolic disease in the 20th century (3). In this study, we first report a case of T. whipplei coinfection with Pneumocystis jirovecii in an AIDS patient.



CASE PRESENTATION

A 28-year-old male patient had a dry cough, chest tightness after exercise, and shortness of breath for 1 week. He took oral cephalosporin for 3 days without any efficiency, and his symptoms got worse. On admission, leukoplakia in the mouth, little wet rales at the bottom of both lungs, and multiple swollen lymph nodes were found on clinical examination. His temperature was 37.6°C. His blood test results showed that the white blood cell count was 6.52*109/L, with an elevation in neutrophil ratio of 72.7%, high level of C-reactive protein (CRP) at 166 mg/L and serum amyloid protein A at 130 mg/L, low level of oxygen partial pressure at 87.5 mmHg and albumin at 30.3 g/L. Blood culture, antibody tests of Legionella pneumophila, Streptococcus pneumoniae, and Mycoplasma pneumoniae, and PCR-based detection of SARS-CoV-2 were negative. Cryptococcal capsular antigen, 1-3-β-D glucan detection, aspergillus galactomannan detection, and interferon-gamma release assays were negative. The viral load of HIV-RNA was 84,100 IU/ml. CD4+ T-cell count was 11 cells/μl. CT of the lung revealed multifocal bilateral ground-glass opacities (Figure 1). According to the clinical diagnosis of PCP, the patient was treated with four pills of sulfamethoxazole–trimethoprim (sulfamethoxazole 1.2 g, trimethoprim 240 mg) three times a day.


[image: Figure 1]
FIGURE 1. CT of the lung revealed multifocal bilateral ground-glass opacities on admission.


After treatment for 2 days (on day 3), the symptoms of the patient were more severe, and his temperature got to 39.9°C. We performed a bronchoscopy on the patient, and it showed bronchial mucosa hyperemia and bronchial inflammatory changes. Nucleated cell counts of bronchoalveolar lavage (BAL) were 20 * 106/L. Cryptococcal antigen, 1-3-β-D glucan detection, and culture of BAL were negative. Hexamine silver staining of P. jiroveci and PCR-based detection of cytomegalovirus and Mycobacterium tuberculosis were also negative. In addition, next-generation sequencing technologies (NGS) of BAL were carried out, the BAL was sent to a laboratory, and DNA was extracted for whole genomic sequencing, purified, and sonicated to a size of 100–150 bp. The DNA libraries were constructed followed by end repair, joint connection, no bias PCR amplification, and sequenced using the MGlseq-2000 platform after quality control. High-quality sequencing data were generated by removing low-quality reads. After removing human sequences, the remaining sequencing data were aligned to the bacterial, viral, fungal, and protozoan databases.

After treatment for 5 days (on day 6), CT of the lung revealed that it was worse than before (Figure 2). Results of NGS reported 205,658 unique reads of P. jirovecii, with coverage of identified genes 1.70% and 115 unique reads of T. whipplei, with coverage of identified genes 1.00% in BAL. The P. jirovecii-specific SYBR Green quantitative real-time PCR (qPCR) assay targeting a 301 bp fragment using a CFX96 Real-Time System was performed. The forward primer (pH207 5-ACAAATCGGACTAGGATATAGCTGGT-3) and the reverse primer pAZ102-E were used to detect the mtLSUrRNA gene (4), and the copy number of P. jiroveci was 4,787.36 copies/ml. For specific T. whipplei qPCR, the specimen was tested by using Twhi3F (5-TTGTGTATTTGGTATTAGATGAAACAG-3), Twhi3R (5-CCCTACAATATGAAACAGCCTTTG-3) primer pair, and the specific TaqMan probe Twhi3 (6-FAM-GGGATAGAGCAGGAGGTGTCTGTCTGG-TAMRA). When the specimen was positive in this assay, the result was confirmed by a second qPCR by using Twhi2F (5-TGAGGATGTATCTGTGTATGGGACA-3) andTwhi2R (5-TCCTGTTACAAGCAGTACAAAACAAA-3) primer set, and the Twhi2 probe (6-FAM-GAGAGATGGGGTGCAGGACAGGG-TAMRA) (5). The copy number of T. whipplei was 11,717.3 copies/ml. Considering the progressed condition of the patient, meropenem 1 g q8h and caspofungin 70 mg per day were added for treating the infections of T. whipplei and P. jirovecii. Methylprednisolone 40 mg BID was added due to the severe symptoms. On day 12, there was a clinical improvement, and CT of the lungs showed obviously better than before (Figure 3), and the patient was discharged on day 16.


[image: Figure 2]
FIGURE 2. CT of the lung revealed that multiple infections occurred in bilateral lungs, and they were scattered with diffuse patchy, ground glass-like, and high density of shadows on day 6.



[image: Figure 3]
FIGURE 3. CT of the lung showed that multiple infections occurred in bilateral lungs, and they were better, slightly diffuse, and with a ground glass-like high density of shadows on day 12.




DISCUSSION AND CONCLUSIONS

A previous study had found that T. whipplei could easily colonize in the lungs of HIV individuals by analyzing bacterial gene sequences in BAL (6). An AIDS patient with T. whipplei pneumonia had been reported before, and Stein et al. suggested that T. whipplei should be considered in the differential diagnosis of pneumonia in AIDS patients (7). In this study, we reported the coinfection of T. whipplei and P. jirovecii pneumonia, which frequently had similar symptoms of fever, cough, and dyspnea (8–10), and a previous case-control study revealed that P. jirovecii was frequently associated with the T. whipplei pneumonia (11).

As we all know, lung infections by opportunistic or virulent pathogens are the major reasons that cause high mortality in AIDS patients. However, it is difficult to diagnose specific pathogens of lung infection. Due to the difficulty of culture, the diagnosis methods of P. jirovecii included direct cytochemical staining, immunofluorescent staining with monoclonal antibodies, and molecular methods such as PCR, with no ideal specificity and sensitivity (12). Similar to P. jirovecii, the culture of T. whipplei is difficult, which may not be suitable for the clinic. Therefore, PCR, a more specific and sensitive technique than the other methods, has become a preferred technique for diagnosing T. whipplei infection (13). In this report, we detected the presence of P. jirovecii and T. whipplei by NGS using BAL. NGS technology has been booming since 2014 for pathogenic testing (14). Nowadays, NGS has been widely applied to clinics.

Antibiotics including penicillin, streptomycin, tetracycline, ceftriaxone, meropenem, co-trimoxazole, doxycycline, and hydroxychloroquine have been used for the treatment of T. whipplei infection (13). In this case, oral sulfamethoxazole-trimethoprim treatment seems to be slow to work in the first few days. Adding intravenous meropenem for 1 week helped the patient to clinically improve.

Pneumocystis pneumonia is one of the common opportunistic infections in HIV-infected patients. This case highlights the occultation of acute T. whipplei pneumonia in an AIDS patient with PCP. Clinicians need to be alert to the occurrence of T. whipplei infection and timely diagnosis and antibacterial treatments are essential.
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Background

Escherichia coli is an opportunistic bacterium that causes a wide range of diseases, such as bloodstream infection and central nervous system infection. The traditional culture-based method to detect E. coli usually takes more than 2 days. The object of this study is to explore the value of metagenomic next-generation sequencing (mNGS) in identifying E. coli from human cerebrospinal fluid. In addition, we investigated the infection source of E. coli through whole genome sequencing and phylogenetic analysis.



Methods

We combined a clinical example to analyze the function of mNGS in pathogen detection from cerebrospinal fluid. NextSeq 550Dx platform was applied for mNGS. Next, whole genome sequencing was performed to obtain the genomic characterization of E. coli. Furthermore, we screened 20 E. coli strains from the National Center for Biotechnology Information and conducted a phylogenetic analysis.



Results

A middle-aged patient who attended our hospital was diagnosed with craniopharyngioma and received surgery. The patient had recurrent fever and persistent lethargy after surgery. Cerebrospinal fluid culture firstly failed to grow the bacteria. Next the cerebrospinal fluid sample was detected by mNGS and the sequence readings of E. coli were identified. Later, E. coli was reported via the second cerebrospinal fluid culture, certifying the result of mNGS. Moreover, we also cultured carbapenem-resistant E. coli from the patient’s bloodstream. Through whole genome sequencing and phylogenetic analysis, we found that the E. coli isolated from cerebrospinal fluid and the bloodstream was 100% homologous, indicating the E. coli central nervous system infection was originated from the bloodstream.



Conclusion

Metagenomic next-generation sequencing is a valuable tool to identify the pathogens from cerebrospinal fluid, and seeking the infection source is of great significance in clinical diagnosis and treatment. Furthermore, carbapenem-resistant E. coli is a serious problem as the cause of bloodstream infection and central nervous system infection, and effective and adequate measures to prevent and control the present circumstance are urgent.
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Introduction

Escherichia coli is a common gram-negative bacterium that can be a harmless inhabitant of the gastrointestinal tract in humans (Croxen et al., 2013). These symbiotic E. coli strains seldom contribute to illness. However, once the individual’s immune dysfunction or gut barrier is destroyed, it is also pathogenic and can result in many diseases, including diarrheal and extraintestinal diseases such as bloodstream infection, urinary tract infection, and central nervous system (CNS) infection (Kaper et al., 2004). The traditional diagnosis for pathogenic E. coli has depended on culture-based techniques (Peña-Gonzalez et al., 2019), but it usually takes more than 2 days. With the development of molecular diagnostic tools such as metagenomic next-generation sequencing (mNGS), it provides a handy sensitivity method to rapidly detect the pathogens (Li et al., 2021).

Craniopharyngioma is a rare benign epithelial tumor of the CNS derived from residual cells of Rathke’s pouch, which includes two different histopathological type, adamantinomatous and papillary craniopharyngioma (Müller, 2014). It constitutes about 2–5% of primary intracranial tumors with an overall morbidity of 0.5–2 cases per million (Erfurth et al., 2013). Approximately 60% of all cases emerge in children, and the second peak of onset is the age of 40 to 44 years old. The invasion, adhesion, and compression of key structures around the sellar region lead to high mortality of craniopharyngioma even while receiving treatment (Karavitaki et al., 2005; Zoicas and Schöfl, 2012). The most common postoperative complications are involved in neuroendocrine dysfunction, visual deficits, and hypothalamic metabolic disorder. Although intracranial infection is seldom reported after surgery, it’s a serious problem and shouldn’t be ignored by clinicians.

Our study herein reported a febrile and lethargic patient who had undergone excision surgery of adamantinomatous craniopharyngioma. We identified E. coli sequence readings from the patient’s cerebrospinal fluid (CSF) by mNGS when the traditional CSF culture first failed to grow a pathogen. Furthermore, we confirmed that the E. coli intracranial infection was sourced from bloodstream through whole genome sequencing and phylogenetic analysis, thus providing a modest recommendation for clinical management (Figure 1).




Figure 1 | Study design and flow diagram. CSF, cerebrospinal fluid; mNGS, metagenomic next-generation sequencing; NCBI, National Center for Biotechnology Information.





Materials and Methods


Patient and Samples

Our study involved a middle-aged patient who was diagnosed with craniopharyngioma and received surgery at our hospital. Because of recurrent fever and persistent lethargy after surgery, the patient’s CSF sample was collected after lumbar puncture by an experienced intensive care unit doctor, and the E. coli sequence readings were detected from CSF by mNGS. In addition, two suits of blood cultures were taken for the patient; one suit was from peripheral vein and another from central venous line. Each set included an aerobic bottle and an anaerobic bottle. And all the four bottles cultured carbapenem-resistant E. coli. The antimicrobial susceptibility test was detected by Kirby-Bauer and broth dilution method.



Metagenomic Next-Generation Sequencing

After CSF sample preprocessing, the microbial genomic DNA extraction was performed by TIANamp Micro DNA Kit (TIANGEN Biotech, Beijing) according to the manufacturer’s instruction. Next, library construction was carried out, including genomic DNA fragmented, end-repair, 3’ adenylated, adapters ligation, PCR amplifying, and purified products. The qualified single-stranded circular DNA library was sequenced on NextSeq 550Dx platform (illumina, San Diego, USA) with a single-end 75bp sequencing strategy. We obtained the sequencing depth (Supplementary 1) using the complete genome of Escherichia coli str. K-12 substr. MG1655 (NCBI Reference Sequence: NC_000913.3) as genome reference sequence. Finally, we conducted a bioinformatics analysis and determined the mNGS-based pathogenic microorganism. The result revealed that mNGS identified 32,296 sequence readings of E. coli in the CSF sample.



Whole Genome Sequencing

Next, the E. coli strains isolated from CSF and the bloodstream were sequenced by whole genome sequencing, respectively. Firstly, the genomic DNA of E. coli was extracted by using MagPure DNA Kit (Cat. No. MD5118-05F, Magen, China). Secondly, we determined the concentration and purity of DNA through Qubit fluorometer and Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Carlsbad, CA, USA). Thirdly, library construction and whole genome sequencing was performed on the MGISEQ-2000 platform at BGI (Shenzhen, China). The antibiotic-resistant genes were annotated using CARD (Comprehensive Antibiotic Resistance Database Version 3.1.2).



Screening of E. coli Strains

Twenty E. coli strains with genome information were screened out from the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov). The 20 E. coli strains meet the following criteria: (1) the hosts were homo sapiens or human; (2) the isolation source was blood, CSF, or feces; (3) the collection date was in the last 10 years, except that the strain CE10 isolated from CSF was collected in the 1970s. The genome assembly and annotation data of the 20 E. coli strains were downloaded from Genbank (https://ftp.ncbi.nlm.nih.gov/genomes/genbank/) for a genomic phylogenetic analysis.



Phylogenetic Analysis

Roary, a pipeline that structures large-scale pan genomes at a high speed (Page et al., 2015), was used to construct the pan genome and core genome of 22 E. coli strains. Next, we adopted ClonalFrameML to analyze and detect recombination in bacterial whole genomes (Didelot and Wilson, 2015). Single nucleotide polymorphisms distance matrix with snp-dists was calculated. Furthermore, we performed phylogenetic analysis and a phylogenetic tree of 22 E. coli strains with branch lengths was reconstructed to display the evolutionary relationships.




Results


Case Presentation

A middle-aged patient who complained of blurred vision with headache for three years was admitted to the neurosurgery department on July 23, 2020. The patient had a two-year history of type II diabetes and received oral hypoglycemic drugs regularly. Laboratory tests showed the fasting plasma glucose of 6.76 mmol/L, with glycated hemoglobin of 7.10%. Other tests were within normal range including blood routine examination, blood biochemistry, coagulation function, and thyroid function. Head magnetic resonance imaging scanning indicated a suprasellar space-occupying lesion (Figure 2A), which was suspected as craniopharyngioma. After a thorough evaluation, on August 3, the patient was administered the resection of the lesion and repair of CSF rhinorrhea by endoscopic endonasal transsphenoidal approach, which was confirmed to be adamantinomatous craniopharyngioma by histopathological examination of a surgical specimen afterwards (Figure 2B).




Figure 2 | Radiological imaging and histopathological examination of the patient. (A) Head magnetic resonance imaging showed a suprasellar space-occupying lesion. (B) Histopathological examination of a surgical specimen indicated adamantinomatous craniopharyngioma.



Despite using cefotiam (1g, q12h) as prophylactic treatment for surgery, the patient developed fever and lethargy the following day post-surgery. Reexamination of blood routine reported raised white blood cell of 13.49×109/L (reference range 3.9–9.5×109/L) and percentage of neutrophils of 92.1% (reference range 40–75%). The hemoglobin content 106.0 g/L (reference range 115–150 g/L) and percentage of lymphocyte 6.2% (reference range 20–50%) were reduced. Lumbar puncture was performed and CSF tests revealed elevated glucose 15.29 mmol/L (reference range 2.5–4.4 mmol/L), total protein 5982.00 mg/L (reference range 100–300 mg/L), and count of white blood cells 192.00×106/L. Continuous monitoring of the CSF indicated no sign of CNS infection. Bacterial culture and gram stains of CSF reported negative results, respectively. The patient was given empiric anti-infective treatment with latamoxef sodium (1.5g, q12h) and vancomycin (1g, q12h) intravenously. Six days later, the patient’s condition was improved.

On August 18, the patient occurred CSF rhinorrhea. Repair surgery of CSF rhinorrhea was performed by endoscopic endonasal transsphenoidal approach immediately. However, the patient developed fever and lethargy again the day after surgery, which had high possibility of intracranial infection considering that the characteristics of CSF was bloody and cloudy. Vancomycin (1g, q12h) and cefoperazone-sulbactam (3g, q12h) were given for anti-infection intravenously, but the fever didn’t reduce. To make matters worse, the patient emerged in diabetic ketoacidosis and was transmitted to intensive care unit urgently. CSF was bloody and cloudy with 0.77 mmol/L of glucose, and the glucose ratio was 0.06. The count of white blood cells in CSF was increased to 187385.00×106/L and the total protein was 4098.5 mg/L. But the bacterial culture of CSF was negative as before. In order to further seek the pathogen, the CSF was tested by mNGS and 32,296 sequence readings of E. coli was identified in CSF. Next, E. coli was also reported via the second cerebrospinal fluid culture, certifying the result of mNGS. After consultation with the pharmacy department, meropenem (2g, q8h), tigecycline (100mg, q12h), and linezolid (0.6g, q12h) were applied intravenously for this patient. To our surprise, carbapenem-resistant E. coli was cultured in the patient’s bloodstream later. The minimum inhibitory concentration (MIC) was measured by broth dilution method. The antimicrobial susceptibility test showed a multi-drug resistance of E. coli to doxycycline (MIC ≥ 16 ug/ml), piperacillin-tazobactam (MIC ≥ 128 ug/ml), cefoperazone/sulbactam (MIC ≥ 64 ug/ml), ceftazidime (MIC ≥ 64 ug/ml), cefepime (MIC ≥ 32 ug/ml), aztreonam (MIC ≥ 64 ug/ml), meropenem (MIC ≥ 16 ug/ml), imipenem (MIC ≥ 16 ug/ml), levofloxacin (MIC ≥ 8 ug/ml), and so on.

Questioning the medical history of the patient, we came to know that the patient had symptoms of diarrhea after the surgery for craniopharyngioma. Thus, we inferred that the gut microbiota translocations occurred in the state of surgical stress. The E. coli residing in the intestine became opportunistic bacterium and translocated into the blood, resulting in bloodstream infection. Furthermore, the E. coli in the bloodstream moved through the blood-brain barrier and entered the CSF, causing CNS infection. To prove the conjecture, whole genome sequencing analysis of E. coli strains isolated from CSF sample and bloodstream sample were performed. After phylogenetic analysis, the results suggested that the E. coli from CSF was 100% homologous with the E. coli from the blood. It indicated that the intracranial E. coli infection of the patient was not caused by the invasive surgical procedure but originated from the bloodstream. So far, the cause of the patient’s intracranial infection can be clarified.

According to combined drug susceptibility test, the anti-infective regimen was adjusted to intravenous administration of ceftazidime-avibactam (2.5g, q8h, ivgtt) and aztreonam (2g, q6h, ivgtt), along with intrathecal injection of polymyxin B (5WIU). Considering the neurotoxicity of polymyxin B, its use was discontinued after seven times intrathecal injections. Through 20 days of anti-infection treatment, the fever of this patient was controlled and her condition was getting better. CSF was transparent with white blood cells count of 53×106/L, glucose of 5.49 mmol/L, and total protein of 1319.0 mg/L. Next the antibiotics were discontinued, the patient remained in the hospital under observation for a week, and then was discharged. Two weeks later, we followed up with the family of the patient. Unfortunately, we learned that the patient has expired outside hospital due to the uncontrolled infection caused by newly developed and untreated CSF leak. The schematic of the patient’s clinical course was showed in Figure 3.




Figure 3 | The schematic of the patient’s clinical course. CSF, cerebrospinal fluid; mNGS, metagenomic next-generation sequencing.





The E. coli Strains Identified in Our Study

From the CSF sample, we detected 32,296 sequence readings of E. coli genome by mNGS and this strain E. coli was named 413_csf. From the blood culture sample, we identified carbapenem-resistant E. coli, which was named 413_bl. Through whole genome sequencing, it showed that the E. coli 413_bl and 413_csf were homologous. The antibiotics-resistant genes data of whole genome sequencing was presented in Supplementary 2. In addition, the carbapenem resistance arose from β-lactam ring hydrolysis by dedicated carbapenems enzymes and the carbapenems come from ambler class B metallo-β-lactamases.



Genomic Characteristics

We filtered out 20 E. coli strains with whole genome sequencing information from the National Center for Biotechnology Information. The genomic characteristics of 20 E. coli strains were presented in Table 1. Fourteen E. coli strains were isolated from the blood of homo sapiens; one strain was from CSF and five strains were from feces. The genome size and protein-coding sequences for 20 E. coli strains ranged from 4.82 Mb to 5.71 Mb and 4006 to 5179 genes. The G+C contents of the 20 E. coli genome were between 50.39% and 51.21%.


Table 1 | Genome statistical information of the 20 Escherichia coli strains selected from NCBI.





Genomic Recombination Analysis

We used Roary to create a pan-genome and core-genome of 22 strains and got 2654 core genes (99%≤strains ≤ 100%) and 14,854 pan genes (0%≤strains ≤ 100%). Then we identified recombination with ClonalFrameML and got a pairwise single nucleotide polymorphisms distance matrix with snp-dists (Supplementary 3) from a FASTA sequence alignment after we masked the recombination regions. We found that the snp-dists between E. coli 413_bl and 413_csf was 0, which provided evidence that the two E. coli strains were highly homologous.



Phylogenetic Analysis for E. coli

We performed phylogenetic analysis for E. coli and conducted a phylogenetic tree based on the whole genome sequencing data of 22 E. coli strains (Figure 4). It showed that E. coli 413_bl and 413_csf exist in the same clade with another five strains, including E. coli GZEC065, SJ7, 2EC1, NCCP15955, RM-103-MS, indicating that E. coli 413_bl and 413_csf have close genetic relationship with them. Combining the result that the snp-dists between E. coli 413_bl and 413_csf was 0, which further confirmed the 100% homologousness of them. E. coli GZEC065 was isolated from the blood of homo sapiens. E. coli SJ7, 2EC1, NCCP15955, and RM-103-MS were isolated from the feces of homo sapiens. Thus, we inferred that the E. coli 413_bl in our case may be from the intestine, and the E. coli 413_bl in the bloodstream entered the cerebrospinal fluid through the blood-brain barrier, causing intracranial infection. The only strain isolated from CSF, E. coli CE10, had a relatively far connection with E. coli 413_csf. We infer that that’s because E. coli CE10 was collected from newborn with bacterial meningitis in 1970s, which is ancient and not sourced from the intestine (Lu et al., 2011).




Figure 4 | Phylogenetic tree constructed using whole genomes of 22 E. coli strains, including E. coli 413_bl strains isolated from bloodstream, E. coli 413_csf isolated from cerebrospinal fluid, and 20 E. coli strains screened from the National Center for Biotechnology Information.






Discussion

In this study, we identified E. coli from cerebrospinal fluid by mNGS under circumstance of initial traditional culture-negative, to assist the clinicians in detecting infectious pathogen rapidly. And the second cerebrospinal fluid culture reported E. coli, further indicating the precision of mNGS. It’s reported that the positive rate of cerebrospinal fluid culture in meningitis is only between 5.4% and 24.3% in developing countries like China (Li et al., 2014; Zhang et al., 2020). In addition, the prophylactic use of inappropriate broad-spectrum antibiotics reduces the sensitivity of pathogens detection by conventional culture, causing challenges in diagnosing the pathogens (Paul et al., 2010).

Accumulating evidence have proved that mNGS is an unbiased and comprehensive diagnostic strategy and is less disturbed by preliminary antibiotics exposure (Miao et al., 2018). A prospective multicenter study revealed that the positive rate of mNGS in cerebrospinal fluid infection was 57.0% (Xing et al., 2020). Moreover, it’s found that the patient—as in our study—with CSF WBC >300×106/L, CSF protein > 500 mg/L, or glucose ratio ≤ 0.3 had a notably higher mNGS detection rate (Miao et al., 2018). Another retrospective observational study focused on CSF samples from 99 pediatric bacterial meningitis patients found that mNGS appeared with higher sensitivity (68.7%) than culture (55.6%), and the top four detected pathogens were Streptococcus pneumoniae, Streptococcus Agalactiae, Staphylococcus aureus, and Escherichia coli (Guo et al., 2019). In a word, it demonstrated that mNGS had preferable diagnosis efficiency to culture in CNS infection.

Postoperative CNS infection remains a severe question requiring instant attention in patients undergoing neurosurgery. A previous research in America found that 0.8% (14/1587) patients after cranial operations were complicated with intracranial infection, and the morbidity of bacterial meningitis was 0.3% (4/1587). In addition, this research observed no associations between cerebrospinal fluid leakage, diabetes mellitus, and CNS infection (McClelland and Hall, 2007). However, a retrospective study in China revealed that the risk of meningitis after major craniotomy was increased by the presence of diabetes mellitus and lumbar drainage (Chen et al., 2014). In our study, the patient had undergone surgery of craniopharyngioma resection by endoscopic endonasal transsphenoidal approach, with type 2 diabetes, cerebrospinal fluid leakage, and lumbar cistern drainage. No research reported the postoperative CNS infection associated risk factors of neurosurgical endoscopic endonasal transsphenoidal approach. Thus, it’s meaningful to further explore this topic to provide appropriate recommendations for clinicians around reducing the complications after neurosurgical procedures.

In addition to the identification of E. coli in the CSF, we also cultured E. coli in the bloodstream. To explore the homology of the two isolated E. coli strains, whole genome sequencing was performed. After phylogenetic analysis, we confirmed that the two E. coli strains posed 100% homologous—meaning they are the same strain, which helped clinicians inferring the source of E. coli in CSF. Because the patient occurred CNS infection post-surgery, we couldn’t exclude that the patient was infected during the surgery if without evidence. However, according to the results of whole genome sequencing, we concluded that the E. coli in CSF was originated from the bloodstream. In a way, it provides a reliable basis for the clinicians to clarify the causation to the patient. And the E. coli in bloodstream was carbapenem-resistant via drug susceptibility test, thus contributing to formulating a precise antibiotic treatment.

E. coli is a major pathogen that causes bloodstream infection. In Oxfordshire, UK, about half of E. coli bloodstream infections were associated with urinary tract infection and three quarters of bloodstream infection with E. coli were community-onset (Vihta et al., 2018). With the increase of antibiotic resistance, the scope of therapy choices is shrinking (Harris et al., 2018). Our study identified carbapenem-resistant E. coli from bloodstream infection in the hospital, which could be related to diarrhea. According to the statistics, carbapenem-resistant Enterobacteriaceae has been a major global public health problem (Xu et al., 2015). Patients with carbapenem-resistant Enterobacteriaceae infection usually have a history of prolonged exposure to health care facilities, which is consistent with long-term and diversified antibiotic consumption. Antibiotics available to treat carbapenem-resistant Enterobacteriaceae are limited, and combination therapy with multiple antibiotics has been shown to reduce mortality. In our study, anti-infective treatment was used for 20 days in combination with ceftazidime-avibactam and aztreonam, and the fever of the patient was relieved.



Limitations

One pivotal limitation of our study was a lack of pathogen identification of the patient’s stool, meaning that our inferences about the relation of E. coli bloodstream infection and diarrhea need to be confirmed. Second, it’s important to administer early postoperative enteral nutrition to maintain the gastrointestinal homeostasis and the stability of gut microbiota. Third, we should strengthen the management of cerebrospinal fluid leakage in patients, trying to avoid the occurrence of it.



Conclusion

In summary, our study demonstrated the usefulness of mNGS in improved identification of neurosurgical postoperative CNS infection. Actively tracing the infection source is of great significance to clinical diagnosis and treatment. In addition, carbapenem-resistant E. coli is a serious problem as the cause of bloodstream infection and CNS infection, and effective and adequate measures to prevent and control the present circumstance are urgent.
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Central nervous system (CNS) complications can occur in 9%–15% of patients after allogeneic hematopoietic stem cell transplantation (allo-HSCT). The clinical manifestations of the CNS complications are non-specific, with most of them being disturbances of consciousness, convulsions, headaches, fever, and epilepsy, making it difficult to infer the cause of the complications based on clinical manifestations. We retrospectively analyzed the sensitivity and feasibility of metagenomic next generation sequencing (mNGS) in the diagnosis of CNS infections after allo-HSCT. Lumbar punctures were performed on 20 patients with CNS symptoms after receiving alternative donor HSCT(AD-HSCT) at the Affiliated Cancer Hospital of Zhengzhou University from February 2019 to December 2020, and their cerebrospinal fluid (CSF) was collected. The mNGS technique was used to detect pathogens in the CSF. Routine CSF testing, biochemical analyses, G experiments, GM experiments, ink staining, acid-fast staining, and bacterial cultures were carried out, and quantitative PCR (qPCR) tests were used to detect cytomegalovirus (CMV), Epstein-Barr virus (EBV), BK polyomavirus (BKPyV), and human alphaherpesvirus (HHV). A total of 29 tests were performed with 21 of them being positive. Of the five negative patients, three were diagnosed with a posterior reversible encephalopathy syndrome, one as having transplantation-associated thrombotic microangiopathy, and one with transient seizure caused by hypertension. Fifteen patients tested positive, of which four had single infections and eleven had mixed infections. Five cases of fungal infections, six cases of bacterial infections, and 13 cases of viral infections were detected. Among the 13 cases of viral infections, ten cases were CMV(HHV-5); three were BKPyV; two were Torque teno virus (TTV); Two were HHV-1,two were EBV(HHV4), and one each of HpyV5 and HHV-6B. Thirteen patients tested positive for virus while the qPCR detection method of 6 identical specimens were below the minimum detection limit(<1×103 U/ml). The mNGS technique is highly sensitive, and it can be used to diagnose CNS infections after allo-HSCT.
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1 Introduction

Central nervous system (CNS) complications can occur in 9%–15% of patients after allogeneic hematopoietic stem cell transplantations (allo-HSCT) (Schmidt-Hieber et al., 2016; Das et al., 2020) with the common causes being mainly the posterior reversible encephalopathy syndrome (PRES), transplant-related thrombotic microangiopathies (TA-TMA), CNS graft versus host disease (CNS-GVHD), CNS infiltration of malignant disease, CNS infections and non-specific neurological symptoms (Chaudhary et al., 2017; Maffini et al., 2017; Balaguer-Rosello et al., 2019). Furthermore, the clinical manifestations of CNS complications are non-specific, with most of them being disturbances of consciousness, convulsions, headaches, fever, and epilepsy. While it is difficult to infer the cause of the complications based on clinical manifestations. At present, CNS infections are still the main cause of CNS complications after transplantation, with an incidence rate of up to 15% (Schmidt-Hieber et al., 2016). Moreover, the incidence of allo-HSCT is significantly higher than that of autologous HSCT, with the fatality rate also being high (Chaudhary et al., 2017). This is a risk factor for poor prognosis in patients after allo-HSCT (Dowling et al., 2018). For CNS infections after transplantation, traditional detection methods cannot meet clinical needs by offering a quick and accurate means to diagnose the infections and the types of infectious pathogens. Therefore, rapid and accurate detection methods for pathogenic microorganisms have become the focus of current research.

As an emerging detection method, metagenomic next generation sequencing (mNGS) was first recognized for its success in the diagnosis of CNS infectious diseases. The sensitivity of mNGS was more than 90% in untreated patients and 66.67% in patients receiving empirical treatment with a specificity as high as 100%. Since the test results are less affected by antibiotics and other drugs, they can also be used to evaluate the effects of treatment and the monitoring of diseases (Zhang et al., 2019; Zhang et al., 2020). Furthermore, there have been many reports of successful cases that have used the mNGS method in the diagnosis of CNS infections (Wilson et al., 2014; Wilson et al., 2018). Research has shown that the mNGS method also has a high diagnostic value in children with unexplained encephalitis (Haston et al., 2020). In addition, multi-center prospective clinical trials have confirmed its application value in clinical diagnoses (Xing et al., 2020). However, there are few studies on the use of the mNGS method in CNS infections after allo-HSCT. Therefore, we analyzed the sensitivity and feasibility of the mNGS method in the diagnosis of CNS infections after allo-HSCT to provide a reference for the diagnosis and guidance for treatment.



2 Methods


2.1 General Information

The study protocol was approved by the Ethics Committee of the Affiliated Cancer Hospital of Zhengzhou University, and the study was carried out in accordance with the Declaration of Helsinki. We retrospectively analyzed the data of 20 patients with CNS symptoms who received AD-HSCT at the Affiliated Cancer Hospital of Zhengzhou University between February 2019 and December 2020. The clinical data of the patients were recorded, and the related contraindications excluded. Lumbar punctures were performed under aseptic conditions, and CSF specimens were collected, stored at a low temperature, and tested within six hours. The mNGS method was used to detect pathogens in the CSF. Routine CSF testing, biochemical analyses, G experiments(There is no fungal infection below 70 pg/ml, 70-95 pg/ml is the observation period, continuous testing is given, and deep fungal infection is suspected if it is greater than 95pg/ml), GM experiments(Less than 0.65 ug/L is negative, greater than 0.85 ug/L is positive), ink staining, acid-fast staining, and bacterial cultures were performed, and quantitative PCR (qPCR) was used to detect the cytomegalovirus (CMV), Epstein-Barr virus (EBV), BK polyomavirus (BKPyV), and human alphaherpesvirus (HHV). At the same time, neuroimaging examinations (such as MRI and CT) and other means were used to assist the diagnosis. All the patients provided informed consent for their inclusion in the study. For the children, their parents and guardians provided informed consent.



2.2 Methods and Process of mNGS


2.2.1 Sample Processing and Sequencing

2mL CSF was inactived at 80°C for 10 minutes immediately after collection. 1.5mL microcentrifuge tube with 0.8mL sample and 2 g 0.5 mm glass beads were attached to a horizontal plat form on a vortex mixer and agitated vigorously at 3000 RPM for 15 minutes, all Sample was then centrifuged at 12000 RPM for 1 minute, 0.6 mL sample was separated into a new 2.0mL microcentrifuge tube and DNA was extracted using the Humoral microbial DNA Kit (PMD101, Nanjing Practice Medicine Diagnostics Co., Ltd) according to the manufacturer’s recommendation.

According to the protocol of the BGISEQ-200 sequencing platform, the DNA library was constructed through DNA fragmentation, end-repair, adapter-ligation, and PCR amplification. The constructed library was qualified by Agilent 2100 (Agilent Technologies, USA) and Qubit 4.0 (Thermo Fisher, USA). The qualified double-strand DNA library was transformed into a single-stranded circular DNA library through DNA-denaturation and circularization. DNA nanoballs (DNBs) were generated from single-stranded circular DNA using rolling circle amplification (RCA). The DNBs were qualified using Qubit 4.0. Qualified DNBs were loaded into the flow cell and sequenced (50 bp, single-end) on the BGISEQ-200 platform.



2.2.2 Bioinformatic Analysis

High-quality sequencing data were generated by removing low-quality and short (length<35 bp) reads using fastp software (Chen et al., 2018), followed by computational subtraction of human host sequences mapped to the human reference genome (hg38) using STAR alignment (Dobin et al., 2013). After the removal of low complexity and duplicated reads using PRINSEQ algorithms (Schmieder and Edwards, 2011), the remained data were classified by simultaneously aligning to in-house microbial genome databases, consisting of viruses, bacteria, fungi, and parasites, which were mainly downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/) using Kraken2 software (Wood et al., 2019). The sequencing data list was analyzed in terms of species-specific read number (SSRN), reads per million (RPM) and genome coverage (%).



2.2.3 Threshold Criteria for Interpretation of Metagenomic Analysis

The microbial list obtained from the above analysis process was compared with an in-house background database, which contains microorganisms appearing in more than 50% samples in the laboratory in the past three months. The suspected background microorganisms were removed from the microbial list.

For different types of microbes, the thresholds were set as follows: Extracellular bacteria/Fungus (excluding Cryptococcus)/Parasites: SSRN≥30 (RPM≥1.5), ranked among the top 10 for bacteria, fungi, or parasites. Organisms detected in the negative control group or that were present in≥25% of samples from the previous 30 days were excluded but only if the detected SSRN was≥10-fold than that in the negative control group or other organisms. Additionally, organisms present in≥75% of samples from the previous 30 days were excluded. (1) Intracellular Bacteria (excluding Mycobacterium tuberculosis and Brucella)/Cryptococcus: SSRN≥10 (RPM≥0.5), ranked among the top 10 for bacteria or fungi. Pathogens detected in the negative control group or that were present in≥25% of samples from the previous 30 days were excluded but only if the detected SSRN was≥10-fold than that in the negative control group or other organisms. (2) Virus/Brucella: SSRN≥3 (RPM≥0.15), Pathogens detected in the negative control group were excluded but only if the detected SSRN was≥10-fold than that in the negative control group. (3) Mycobacterium tuberculosis: SSRN≥1 (RPM≥0.05) (Xing et al., 2020).





3 Results


3.1 Characteristics of the Patients

Among the 20 patients, ten were male and 10 were female. The median age was 12 years (range, 3 – 56 years), seven had severe aplastic anemia (SAA), seven acute lymphoblastic leukemia (ALL), and four acute myeloid leukemia (AML), including one case of chronic myeloid leukemia (CML) with acute myeloid degeneration and two were myelodysplastic syndrome (MDS). Ten cases accepted unrelated donor transplantation, and ten haploidentical transplantation. There were 12 cases with positive genes mutation/fusion genes and eight with complex chromosomal karyotypes. All the patients underwent peripheral blood stem cell transplantation and high-resolution HLA testing. Three cases were HLA10/10 compatible, six were HLA9/10 compatible, four were HLA8/10 compatible, one was HLA6/10 compatible, and the HLA5/10 matched six cases. (Table 1 and Supplementary Table 1).


Table 1 | Characteristics of patients (N = 20).





3.2 Conditioning Regimens and GVHD Prophylaxis

In this study, the conditioning regimens included total-body irradiation (TBI) + fludarabine (FLU) + busulfan (BU) + cytarabine (Ara-c) + antilymphocyte globulin (ALG) in five cases, TBI + FLU + Cyclophosphamide (CTX) + antithymocyte globulin (ATG) in five cases, FLU + BU + Ara-c + ALG in four cases, TBI + FLU + BU + Ara-C+ etoposide (VP16) in three cases, FLU + CTX + ATG + melphalan (Mel) in one case, FLU+BU+Mel in one case and TBI+FLU+CTX+ATG+Mel in one case. For the aGVHD prophylaxis, 13 patients received CTX + ALG + cyclosporine A (CsA) + mycophenolate mofetil (MMF) + ruxolitinib, and seven patients received CTX + ALG + CsA + MMF + ruxolitinib + cord blood pluripotent stem cells (Table 1 and Supplementary Table 1). Patients received 20 mg/kg CTX for the unrelated donor transplantation and 40 mg/kg for the haploidentical transplantation, at +3 d and +4 d. At -4 d to -1 d they received ALG, 12.0 mg/(kg · d) for the unrelated donor transplantation; at +8 d, 5 mg/(kg · d) for the haploidentical transplantation, and at +5 d, CsA and MMF were used. The initial dose of the CsA was 2 mg/kg.d for the adults and 2.5 mg/kg.d for the children. The dose was adjusted according to the concentrations of CsA. For the haploidentical transplant patients, the dose was reduced six months after the transplantation and stopped after 9–10 months. For the unrelated donor transplantation, the dose was reduced six months after the transplantation and stopped after 6–8 months. The plasma concentrations of CsA were assessed every three days and maintained at 150–250 ng/mL. The dosage of MMF was usually 500 mg twice a day, halved at four weeks after transplantation, and then stopped at six weeks. The concentrations of MMF were not assessed in all the patients. Ruxolitinib 5 mg/d and 0.07–0.1 mg/kg·d were administered to the adults and children, respectively, from the day of neutrophil engraftment to 100 days post-transplantation.



3.3 Hematopoietic Stem Cell Infusion and Engraftment

The median number of reinfused mononuclear cells (MNCs) and CD34+ cells were 16.49 (5.67– 46.61) ×108/kg and 6.41 (2.13–15.7) × 106/kg, respectively. The median time for the neutrophil and platelet engraftment were day 12 (10–15) and day 12 (7–15), respectively. (Table 1 and Supplementary Table 1).



3.4 Symptoms of Central Nervous System and Laboratory Examination Results

The median time between the onset of the neurological symptoms and the transplantation was 64 (22–320) days, and 20 patients achieved hematopoietic reconstitution when they developed CNS symptoms. The symptoms of CNS included one case with a respiratory status change, three with fever, four with headache, 13 with mental status change, and 14 with convulsion. A total of 29 tests were performed with 21 of them being positive. Of the five negative patients, three cases were diagnosed as PRES (Figure 1), one as a TA-TMA (Figure 2), and one was considered as a transient seizure caused by hypertension. fifteen patients had infections, of which four were single infections and eleven mixed infections. Five cases of fungal infections, six cases of bacterial infections, and 13 cases of viral infections were detected (Figure 3). Among the 13 cases of viral infections, ten cases were CMV, three were BKPyV, and two were Torque teno virus(TTV), two were HHV-1, two were EBV and with one each of HpyV5 and HHV-6B. While all 13 of the patients had positive virus test results, six identical specimens tested negative for the virus using qPCR. Among the 15 patients with CNS infections, one had simultaneous central nervous system leukemia (Figure 4) and two had PRES. The results of the MRI, mNGS, bacterial cultures, acid-fast staining, and G experiments/GM experiments are shown in Table 2, Supplementary Table 3 and Figures 1–4. All patients were tested by CSF smear, and no erythrocytes were detected. Peripheral blood contamination can be ruled out.




Figure 1 | MRI in patients with PRES. The patient diagnosed with PRES showed a patchy low-intensity T1WI on the left occipital lobe, a high-intensity shadow on the T2WI and water pressure image, a high-intensity shadow in the DWI sequence part, unclear borders, and a shallow fission near the sulci.






Figure 2 | MRI in patients with TA-TMA. Patients with TA-TMA showed bilateral frontal, parietal, and occipital sulcus edges with a sheet-like low signal on the T1WI, a slightly high signal on the T2WI, a FLAIR high signal, unclear borders, a bilateral parietal dotted DWI high signal, and unclear borders.






Figure 3 | MRI in patients with CNS infection. The CNS infection showed flair hyperintensity in the cerebral cortex, but no clear display on the T2WI, T1WI, DWI, and no enhancement after enhancement.






Figure 4 | MRI in patients with CNS leukemia and infection. Primary central nervous system infiltration MRI indicated that the lesion showed mixed signals on the T1WI and nodules with mixed signals on the T2WI and T2WI flair. A DWI spot-like hyperintensity was observed in the lesion, and the enhancement.




Table 2 | Symptoms of CNS, imaging examination and prognosis (N = 20).





3.5 Other Transplant-Related Complications

Among the 20 patients, eight had aGVHD, of which five were grade II-IV aGVHD, two had cGVHD, 14 had pulmonary infections, nine had intestinal infections, seven had bacteremia, nine had hemorrhagic cystitis, seven had EBV infections, and 14 had CMV infections. (Supplementary Table 2). All those comorbidities were administered symptomatic and supportive treatment.



3.6 Treatment and Prognosis

According to the pathogen test results, drug sensitivities, and types of resistance, treatment was administered based on the Guidelines of the Infectious Diseases Working Party (AGIHO) of the German Society of Hematology and Medical Oncology (DGHO) (Schmidt-Hieber et al., 2016) and multi-center research experience (Lin and Liu, 2013; Gao et al., 2016). The neurological symptoms of ten patients improved after treatment, and the treatment effect was not obvious in 10 patients. As of July 2021, the median follow-up time after transplantation was 7.5 (2.1–24.5) months, and the median survival time of 15 patients with CNS infections was 30 (7–152) days. Twelve patients died, and the main cause of death was a nervous system infection in 10 patients, and severe pneumonia and organ failure in two patients. Eight patients survived. The survival rate of patients without CNS infection was 80% (4/5), and the survival rate of patients with CNS infection was only 26.7% (4/15).




4 Discussion

CNS infection was an important factor affecting patient survival. The overall mortality rates after development of encephalitis were for the most common viruses as follows: 67% for HHV-6, 83% for EBV, 80% for more than one detected virus (Schmidt-Hieber et al., 2011). Allo-HSCT patients are a high-risk group for CNS infections, with a total incidence of up to 15%, and most of them occurring within six months after transplantation (Pruitt et al., 2013). Studies have shown that 30% of patients with CNS complications after allo-HSCT had infections, of which 13% were bacterial, 10% fungal, and 7% viral (Colombo et al., 2017). The toxicities of pretreatment and GVHD preventive drugs can lead to a low immunity in patients after allo-HSCT and an increased risk of CNS infections. Once an infection occurs, it can lead to varying degrees of encephalitis, meningitis, and brain abscesses. Because the patients’ immune function is low, the early clinical symptoms are not obvious and are masked easily by other symptoms enabling the disease to progress rapidly. If the patient cannot be diagnosed and treated in time, the fatality rate is high (Schmidt-Hieber et al., 2016). In an autopsy study, more than 90% of the patients who died after allo-HSCT had neurological abnormalities (Weber et al., 2008). However, since allo-HSCT patients usually have multiple complications after transplantation, the symptoms of CNS lack specificity, making CNS infection an independent risk factor affecting the survival of allo-HSCT patients (Balaguer et al., 2017; Chaudhary et al., 2017). Hanajiri retrospectively analyzed the clinical data of 353 cases of CNS infections in allo-HSCT recipients. The median overall survival (OS) of patients after the CNS infections was 107 days, while the OS of patients with CNS infections was significantly lower than that of patients without CNS infections (Hanajiri et al., 2017). In our study, the survival rate of patients without CNS infection was 80%, but the survival rate of patients with CNS infection was only 26.7%. Therefore, the early, rapid, and precise diagnosis of CNS infections and pathogen types together with the implementation of timely, targeted treatment is essential for the improvement, survival, and prognosis of allo-HSCT patients.

Many methods such as G/GM experiments, ink staining, acid-fast staining, bacterial cultures, and quantitative PCR have been used for the diagnosis of CNS infections; However, they all have limitations. Although the conventional pathogen culture is the gold standard, it takes a long time and the rate of positivity is low. The G/GM experiments can only be used with low specificity and sensitivity for the preliminary approximate discrimination of fungi and the test results are usually affected by many factors. False positive and false negative results can occur, and the threshold for CSF detection is not clear. While acid-fast staining and ink staining can be used only for the detection of Mycobacterium tuberculosis and Cryptococcus, respectively, their sensitivities are low. Furthermore, although qPCR technology is widely used, its sensitivity is also low. There are difficulties in detecting viruses with a copy number of less than 103 copies(U/ml), it is difficult to detect the early infections in time, and these methods can only detect specific pathogens, such as EBV, CMV, BKPyV, and adenovirus. At the same time, the number of specimens needed for detection is large, and it is difficult to obtain a sufficient amount of CSF in clinical practice. Therefore, traditional detection methods cannot detect pathogens early and accurately, and disease progression is often serious when discovered, which seriously affects the prognosis of CNS patients after allo-HSCT. The emergence of mNGS technology has solved these problems. There is no need to isolate and cultivate pathogens, and it can analyze multiple pathogens simultaneously. It has the advantages of a high detection sensitivity, short cycles, and a wide application range (Brown et al., 2018). In addition, the pathogen detection rate of mNGS is significantly better than that of traditional detection methods such as qPCR (Carpenter et al., 2019; Fei et al., 2020). mNGS’s unbiased approach broadens viral infection diagnosis, theoretically detecting “all” viral nucleotide sequences or viral infections present. Viral primary infections and reactivations are common complications after allo-HSCT and are associated with significant morbidity and mortality (Zanella et al., 2021). In our study, there were 13 viral infections, and most patients were mixed infections, the overall mortality of CNS infections after transplantation was 73.3%(11/15). The mortality was lower than previous research results (80%) (Schmidt-Hieber et al., 2011). Therefore, early accurate diagnosis and timely effective treatment are essential to improve the survival and prognosis of patients with CNS infection after transplantation.

In this study, due to the specificity of the patients’ primary disease treatment and the allo-HSCT, there were many reasons for the CNS symptoms of the patients. Approximately 61.1% of the CNS complications after allo-HSCT occurred within 100 days, such as PRES, GVHD, TA-TMA, and infections (Ke et al., 2019). The early clinical manifestations in these patients were not specific. Therefore, the diagnosis of the etiology of allo-HSCT with CNS symptoms requires the use of comprehensive auxiliary examination methods, especially in patients with CNS symptoms in the early stage. The MRI is the most commonly used detection method for CNS diseases. A variety of neurological diseases can be diagnosed initially through their MRI manifestations, while it needs to be combined with other detection methods for differential diagnosis. Research has shown that the MRI can be used as the diagnostic gold standard for PRES (Picchi et al., 2019).The MRI of the patient diagnosed with PRES in this study showed a patchy low-intensity T1WI on the left occipital lobe, a high-intensity shadow on the T2WI and water pressure image, a high-intensity shadow in the DWI sequence part, unclear borders, and a shallow fission near the sulci (Figure 1). The MRI in patient with TA-TMA showed bilateral frontal, parietal, and occipital sulcus edges with a sheet-like low signal on T1WI, a slightly high signal on T2WI, a FLAIR high signal, unclear borders, bilateral parietal dotted DWI high signal, and unclear borders (Figure 2). The primary central nervous system infiltration MRI showed a lesion with mixed signals on the T1WI and nodules with mixed signals on the T2WI and T2WI flair. A DWI spot-like hyperintensity was observed in the lesion, and an enhancement was observed after the enhancement (Figure 4). However, the MRI of the CNS infections showed flair hyperintensities in the cerebral cortexes, but no clear display on the T2WI, T1WI, DWI, and no enhancement after the enhancement (Figure 3). However, the results of MRI have limitations in the diagnosis of infections, and they are not specific, making it difficult to confirm the existence of infections and the types of infectious pathogens. Detection methods, such as the mNGS, CSF smear and bacterial culture, are needed to assist in the diagnoses.

There were no typical or specific changes in the MRI after CNS infections. In addition, due to the immunodeficiencies of the allo-HSCT patients, MRI imaging after CNS infections is even less specific. Even if the infection can be confirmed by an MRI, only the lesion of the infections can be observed, and the type of pathogen type causing the infections cannot be determined (Chaudhary et al., 2017). On the other hand, the mNGS method has a high positive rate for pathogen detection and strong reproducibility. The smallest unit of detection was one read. In particular, for the detection of virus infection and the sensitivity was significantly better than that of a traditional qPCR. In this study, among the 13 patients who tested positive for the virus, six identical specimens tested negative(<103U/ml) for the virus using qPCR. For patients with fungal infections, the test results of the G/GM experiment were imprecise. The mNGS method can be used to perform untargeted and undifferentiated detections of specimens. It can not only target and identify specific microorganisms, but also detect different pathogens at the same time in one sequence, discover the sequences of known and unknown pathogens, and prioritize them according to the types of pathogens (Wilson et al., 2018). However, there are problems. Due to the high sensitivity, false-positive results may occur, and it is impossible to distinguish whether the detected pathogen is a pathogenic or parasitic bacterium. Therefore, it is not suitable for specimens that are easily contaminated by parasites, such as sputum and pharynx swabs. Therefore, attention must be paid to aseptic operations in the process of specimen collection, transportation, and storage. The CSF specimens used in this study were free of parasitic contamination. When obtaining cerebrospinal fluid during a lumbar puncture, it is necessary to pay attention to the disinfection of the local skin; CSF smear was tested to avoid the cerebrospinal fluid being mixed with blood, leading to false positive results. Simultaneous mNGS testing of the CSF and peripheral blood can be used to overcome this. However, this may increase the financial burden on patients. Overall, the application of the mNGS method has greatly improved the detection rate of patients with CNS infections after transplantation (Boers et al., 2019). An early and efficient diagnosis not only enables patients to receive timely and targeted treatment, to buy time for patients treatment, but is also essential to improve the prognosis of patients and to increase the survival rate of patients with CNS infections after transplantation (Schmidt-Hieber et al., 2020).

The mNGS method detects pathogens quickly, has a high sensitivity, and a wide detection range for microorganisms. It can assist in the early diagnosis of CNS infections after allo-HSCT and provide a basis for the timely selection of effective anti-infective drugs. However, clinicians still need to be cautious when diagnosing CNS infections. They need to use a combination of clinical symptoms, imaging examinations, bacteriological cultures, mNGS techniques, and other auxiliary testing methods. They also need to adhere strictly to the principles of sterility during specimen collection, transportation, and testing. Simultaneously, to obtain more accurate test results, blood samples and CSF smear should be tested to exclude contamination and false positive results. In addition, large samples, multi-center, prospective studies are needed to confirm the application standards and timing of the use of the mNGS method in patients with CNS symptoms after hematopoietic stem cell transplantation.
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mNGS(metagenomics Next Generation Sequencing), as a novel culture-independent approach, demonstrated the capability of rapid, sensitive, and accurate pathogen identification. At present, there have been many case reports about the use of mNGS to assist in the diagnosis of bacterial, fungal, viral and parasitic infections and to guide clinicians to determine appropriate treatment. However, the clinical understanding of this technique is not comprehensive, and the experience of using it is relatively limited. We reported a 53-year-old man who was admitted to hospital with a high fever and headache. His inflammatory biomarkers were markedly elevated. Based on the clinical presentation, He was initially diagnosed as having an intracranial infection of unknown etiology and received empirical antibiotics and systemic supportive treatment. But these did not relieve his symptoms. Both the blood and CSF specimens were examined using traditional culture, serological testing, and mNGS. Traditional culture and serological testing produced negative results, while the mNGS revealed the presence of a potential pathogen, mucor, in the CSF specimen. Then targeted antifungal treatment was selected quickly and his temperature gradually returned to normal. Thus, we report the case in which mNGS was an auxiliary method to diagnose mucormycosis, and discuss this case in combination with relevant literature, in order to improve the clinical cognition of this technology.

Keywords: mucormycosis, Lichtheimia ramosa, metagenomics Next Generation Sequencing, precision treatment, intracranial infection


INTRODUCTION

Mucormycosis, also known as zygomycosis, is a highly invasive conditional fungal infection. It has low incidence, about 1.2 per 1 million people per year (1) and high mortality about 87% (2). Clinically, mucormycosis can be divided into many types, among which the rhino-orbito-cerebral (ROCM) is the most common type, accounting for about 75% of reported cases (3), that is, the fungus in the nasal cavity, nasal sinus mucosa accompanied by orbital and intracranial invasion (4).

The early symptoms of the disease are not typical, and it is difficult to be detected by traditional etiological detection methods, so the clinical diagnosis still faces great challenges and delayed treatment significantly affects patient prognosis (5). Therefore, it is crucial to rapidly and accurately identify the pathogens of mucor, and then optimize medical therapy. Clinically most patients with mycosis are treated empirically without a clear diagnosis. Given the risk of death due to delayed treatment, there is an urgent clinical need for a technology that can quickly and accurately identify pathogens.

Metagenomics Next Generation Sequencing (mNGS) is a new genomics-based pathogen detection technology, which has the advantages of high detection rate and fast detection speed. Thus, we report the case of intracranial infection caused by mucor, in which traditional culture was negative but mNGS provided a positive finding.



CASE RESCRIPTION

A 53-year-old man presented to our hospital with a 7-day history of fever and severe headache and a 1-day history of left extension of the tongue and slurred speech.11 days before arriving at our hospital, the patient developed periodontal pain and maxillofacial swelling without obvious inducement and received antibiotics in the local hospital. However, his symptoms were not significantly relieved, neither did his body temperature drop.

On admission, vital signs were shown as: body temperature was 37.2°C, respiration was 20 beats per minute, heart rate was 84 beats per minute, blood pressure was 158/81 mmHg. Physical examination revealed a 1 cm lesion near the gum of the patient's upper incisor; the right side of the light reflection disappeared and the left side is dull; the left nasolabial groove is shallow and the patient has a left extension of the tongue. Blood routine examination (BRE) showed that white blood cells were 27.62 × 109/L (neutrophil accounted for 89.1%). The procalcitonin (PCT) level was elevated to 0.120 ng/mL, C-reactive protein (CRP) reached 178.30 mg/L. Magnetic resonance imaging (MRI) showed a lesion in the brainstem. Hence, based on previous clinical experience, the patient was diagnosed preliminarily with brainstem encephalitis and purulent gingivitis. An initial treatment of meropenem (2g/8h iv) and linezolid (0.6g/12 h iv) had been empirically administrated. At the same time, enteral nutrition, reducing intracranial pressure, anti-heart failure, organ function protection, analgesia and other symptomatic treatment were given. But there was no significant relief of his symptoms.

In order to improve the etiological examination, both his peripheral blood and CSF specimens were examined to investigate possible etiology using traditional culture and mNGS. The CSF presented a colorless and transparent appearance, intracranial pressure was 600 mmH20;cytology showed 46 × 106 leukocyte/L, glucose: 4.05mmol/L, chloride: 125.3 mmol/L, lactic acid: 2.90 mmol/L and there was no evidence of fungal, or acid-fast bacilli infection. Serological testing was performed, including 1,3-β-D glucan test (G test), galactomannan antigen test (GM test) and bacterial smear test; however they were all negative. Computerized tomography (CT) showed paranasal sinusitis and bilateral hypertrophic inferior turbinate. Consider the possibility of infection by a particular pathogen, empirical antifungal and antiviral therapy of ganciclovir intravenous (0.5g/12h iv) and voriconazole (400mg/12h iv) was given.

The fourth day after admission, the patient was unconscious and his temperature level reached 39.6°C. Black eschar lesions and bloody secretion are seen in the external auditory canal (Figure 1). Based on this, pathogen culture was performed on external auditory canal secretions. Laboratory tests to show CRP level to 340.50 mg/L. To exclude pulmonary infection, fiberoptic bronchoscopy was performed, and the results showed no significant abnormalities. MRI showed multiple intracranial soft tissue infections, sinus infections, soft tissue thickening of the posterior pharyngeal wall, suppurative otitis media, and gingival infection. Therefore, we detected nasal secretions by pathogen culture. Secretions of external auditory canal and nasal, peripheral blood and cerebrospinal fluid specimens were negative. However, within 48 h, mNGS revealed a total of 35 single-end reads in the genomic DNA of the CSF specimen, of which 4 reads were Lichtheimia ramosa (Table 1), and its relative abundance is 50%. Because the test results are consistent with the clinical manifestations, we adjusted the treatment regimen to amphotericin B liposomes intravenous (500 mg/24h iv). After a discussion with the otolaryngology department, we recommended surgical treatment for patient, but was rejected by the patient's family.


[image: Figure 1]
FIGURE 1. Black eschar lesions of the patient.



Table 1. The results of mNGS.
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On the eighth day of admission, after four days of conservative treatment, the patient's temperature was back to normal (37.2°C) but he suffered developed brainstem failure. We use high doses of vasoactive drugs and still have difficulty maintaining his blood pressure. After communicating with the patient's family, they requested to be discharged.



DISCUSSION

Here, we reported a case in which mNGS helped clinicians rapidly and accurately identifying mucor in a patient with intracranial infection. This patient was admitted to hospital due to high fever and headache. Traditional culture and serological testing did not determine possible infection etiology, while mNGS identified mucor in the CSF specimen. Combined with his clinical characteristics, his diagnosis was confirmed to be a ROCM.


Route of Infection

This disease generally seen in people with malignant blood diseases, diabetes, organ transplantation and long term use of antibiotics, hormones, immunosuppressant. But a recent epidemiological study found that 19.16% of cases of mucormycosis occurred in patients with “no underlying disease” (6). This patient was a healthy adult before the onset of the disease and did not have any of the above risk factors. However, before the onset of the disease, he had received intravenous infusion treatment in a local primary hospital for “toothache and maxillofacial swelling”. Therefore, we suspect that the disease may be caused by the retrograde infection of pathogens along the bloodstream after tooth extraction.



Clinical Manifestation

Early symptoms of ROCM are atypical and include runny nose, stuffy nose, headache, fever, facial swelling, vision loss, and mental distress. With the progression of the disease, persistent high fever, eye movement disorders, intracranial infection, and consciousness disorders may occur (7, 8). The typical presentation is sinusitis with painless black eschar formation in the face, nasal cavity or palate, but it is only seen in a few patients and suggests a poor prognosis. In this case, the patient presented only toothache and maxillofacial swelling at first, then fever and headache appeared 1 week later. With the progress of the disease, the patient presented brainstem involvement such as extending tongue to the left and speaking unclearly and black eschars were also observed around the eyes and the external auditory canal. Soon after, he progressed to brainstem failure. Consistent with literature reports, the onset of typical lesions is late and associated with poor prognosis.



Survival Situation

The overall survival rate for ROCM is about 85% (5), and the main factors affecting the survival rate include the time of diagnosis, type of diagnosis, treatment methods (9). Yohai pointed out that if the delay between diagnosis and treatment of mucormycosis exceeds 6 days, survival rates will be significantly reduced (5). Anand analyzed 224 cases of mucormycosis reported since 1943, of which 123 (55%) had a 67% reduction in fatality due to early diagnosis and early surgical treatment (10). Therefore, the timing of diagnosis may directly affect patient survival. Delayed treatment, such as the appearance of intracranial involvement, results in a significantly reduced prognosis.



Diagnostic Method

However, the diagnosis of fungal infection of central nervous system is difficult, which requires comprehensive analysis of history, epidemiology, basic diseases, clinical manifestations, imaging manifestations and laboratory examination results (11, 12). The commonly used clinical diagnostic methods include the following:

Routine and biochemical examinations of CSF: It analyzes possible pathogens by measuring the patient's intracranial pressure and the levels of cells, proteins, glucose and chloride in the CSF. However, the specificity of this method is poor, and sometimes false negative results may occur.

Etiological examination of CSF: It involves microscopic examination and culture. However, due to the influence of clinical use of antibiotics, the detection rate is low, and the requirements for specimen collection and transportation are strict, and the accuracy of the diagnosis of bacteria with similar phenotypes and biochemical characteristics is poor. For mucormycosis, its growth rate is slow, so the culture cycle is long, which is not conducive to early diagnosis (13–15).

Blood tests: It includes blood smear, pathogen culture, serum antigen and antibody detection, etc. Its diagnostic significance is equivalent to that of CSF.

Immunological examination: Common methods include galactomannan antigen test (GM test), (1, 3) – β-D – dextran test (G test), antibody test, etc. The principle is to identify the pathogen by measuring the cell wall or antigen of the fungus, but there are some defects, such as high false positive rate, difficult to distinguish the past infection from the current infection. Because the cell wall of mucor contains little or almost no (1, 3) – β-D – glucan, the result of this test was negative in our patient.

Imaging examination: Imaging examination is helpful for the detection of mucosal edema and thickening, extraocular muscle and soft tissue swelling, bone destruction, brain parenchymal lesions, intracranial vascular occlusion and other conditions in the affected areas before the appearance of clinical symptoms, and can also be used to judge the therapeutic effect and determine surgical methods. Patient's CT showed paranasal sinusitis and bilateral hypertrophic inferior turbinate and his MRI showed multiple intracranial soft tissue infections, suppurative otitis media, and gingival infection. All of his imaging findings are not typical and have poor clinical suggestive effect.

Molecular biological examination: The commonly used clinical molecular diagnostic method is PCR, which is more sensitive than pathogen culture (16–18) and has a shorter detection time (19, 20). However, false negative results may occur when the DNA content is low, and false positive results may occur when the DNA of other fungi is interfered. Due to the lack of uniform standards and clinical validation (21), the application of this technique in patients with mucormycosis is rarely reported (22, 23), and is still under study.

Histopathological examination: Pathological results obtained by puncture of intracranial lesions can indicate the type of pathogenic bacteria, and mycelium found by local tissue biopsy is the gold standard for the diagnosis of mycormycosis (24–26). However, this procedure is invasive and is poorly tolerated by patients.

In a study of suspected central nervous system infections in adults, only 25% of cases resulted in a clear etiological diagnosis (27). Failure to obtain clear etiological evidence will affect the implementation of precise antimicrobial therapy, lead to unnecessary use of antibiotics, increase the risk of bacterial resistance, and increase the medical cost. In our case, In the early stage of the disease, there was no obvious suggestive evidence, and the traditional etiological test was negative. However, because the therapeutic effect of broad spectrum antibiotics was not good, we timely took the cerebrospinal fluid and sent it to mNGS for detection, and the result detected Lichtheimia ramosa, which confirmed the diagnosis of ROCM in combination with clinical manifestations. In conclusion, mNGS can be used as an effective complementary means for etiological diagnosis when traditional methods cannot be used in time (28).



Clinical Application of mNGS

In a retrospective study of organ transplant recipients, Palacios identified a new virus using mNGS techniques, which were subsequently validated by pathogen culture, PCR, immunohistochemistry and serological analysis (29). This study is the first to show that mNGS can be used as a new tool to identify novel pathogens.

mNGS is a rapid diagnostic method which has a wide application prospect. Unlike PCR, mNGS does not require primers or specific amplification and is less affected by the use of antibiotics and the body's immune status (30). It can directly sequence the base sequences in the samples (31) and obtain the genome sequences of a variety of pathogens that may be infected in the samples by one-time detection, which is characterized by rapid and high accuracy (32). Therefore, it can be used to cultivate pathogens that are difficult to find or have a relatively low culture rate or a long period of time (33), predict infection in advance by detecting microecology (34), predict drug sensitivity (31), interpret the diversity and abundance of pathogen population, and explore the relationship between pathogen, environment and host. At the same time, mNGS can be considered as an alternative non-invasive testing tool for the detection of infections that cannot tolerate invasive testing.


Application Status

Currently, mNGS can detect more than 6,350 bacteria, 1,798 viruses, 10,664 fungi and 234 parasites (30, 35–37). In recent years, researchers have used mNGS technology to provide diagnostic basis for human herpesvirus, pseudorabies virus, cysticercosis, toxoplasma gondii and other infections (38), and it can guide the treatment effectively. In addition, when mNGS detects related pathogens, the CSF culture program can be adjusted to improve the positive rate of related pathogens culture. What's more, reliable negative results also play a role in clinical diagnosis and treatment, helping to reduce the concern of clinicians about active infection.



Applications in the Central Nervous System

A growing number of studies in recent years have shown that mNGS play a key role in pathogen recognition of central nervous system infections (28, 39, 40). When the clinical symptoms are atypical, the traditional etiological detection methods may omit some pathogens that have not been considered, but mNGS technology can make a supplement to reduce the rate of missed diagnosis. This technology also plays an important role in the identification of difficult-to-diagnose infections, such as fever of unknown origin, repeated negative clinical tests, or unknown pathogens. A growing number of cases and studies are demonstrating the great potential of mNGs, which are changing the way clinicians think about treating infections caused by rare pathogens, from traditional medicine to genome-based diagnostics.

Li et al. evaluated the diagnostic efficacy of mNGS in central nervous system infections and found that the sensitivity of mNGS was 61.74% and the specificity was nearly 100%, the area under the ROC curve was 0.81 (41), which indicate that mNGS has a strong diagnostic ability in infectious diseases of the central nervous system. Compared with CSF culture, mNGS can indicate central nervous system infection with a higher accuracy and a shorter time (about 36 hours), which provides a new diagnostic clue for patients with immunodeficiency or severe diseases that are difficult to diagnose.




Diagnosis and Treatment Experience

In this case, the early medication was not targeted and did not successfully prevent the progression of the disease. It was not until the mNGS in the CSF indicated the infection of Lichtheimia ramosa that the patient was finally diagnosed. However, due to a variety of factors such as late diagnosis, intracranial lesions indicated by MRI and large necrotic area which makes it difficult for drugs to penetrate, the overall prognosis of patients is poor. It suggests that the following issues should be paid attention to in the process of clinical diagnosis and treatment: (1) The susceptible people should consider this disease when they have symptoms such as fever, headache, swelling of maxillofacial region and nasal congestion and should carry on the etiology examination and the tissue biopsy pathology examination in time to achieve early diagnosis and treatment. (2) The discovery of mucor's characteristic by biopsy is the gold standard for diagnosis of this disease, but medication can be taken as soon as possible according to clinical experience, so as not to delay diagnosis and treatment. (3) For patients with intracranial infection with atypical symptoms and rapid disease progression, the pathogen must be identified as soon as possible, and mNGS has a certain auxiliary role in diagnosis.

In conclusion, specific pathogens should be highly suspected based on the patient's underlying disease history, clinical manifestations, and ineffective use of conventional antibiotics. However, due to the diversity of pathogens, the limitations of traditional detection methods, and the uneven judgment of clinicians on target pathogens, many infectious diseases can not be identified in clinical practice. Traditional etiological detection methods are time-consuming and have low sensitivity, which cannot meet the needs of early diagnosis and treatment of this kind of disease. Sensitive, rapid, accurate and simple diagnostic techniques are needed. In recent years, the emerging mNGS technology has helped to improve the level of diagnosis, and has played a role in the detection of a variety of pathogens. While the technique is currently used only as a second-line option in cases where testing for other pathogens is inconclusive, but with the rapid advances in genomics and sequencing, mNGS will be more and more widely used in the traceability, detection, typing and drug resistance evaluation of infectious diseases, and will develop rapidly in the direction of fast and economic development.
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Background: Secondary infections pose tremendous challenges in Coronavirus disease 2019 (COVID-19) treatment and are associated with higher mortality rates. Clinicians face of the challenge of diagnosing viral infections because of low sensitivity of available laboratory tests.

Case Presentation: A 66-year-old woman initially manifested fever and shortness of breath. She was diagnosed as critically ill with COVID-19 using quantitative reverse transcription PCR (RT-qPCR) and treated with antiviral therapy, ventilator and extracorporeal membrane oxygenation (ECMO). However, after the condition was relatively stabled for a few days, the patient deteriorated with fever, frequent cough, increased airway secretions, and increased exudative lesions in the lower right lung on chest X-rays, showing the possibility of a newly acquired infection, though sputum bacterial and fungal cultures and smears showed negative results. Using metagenomic next-generation sequencing (mNGS), we identified a reactivation of latent human herpes virus type 1 (HHV-1) in the respiratory tract, blood and gastrointestinal tract, resulting in a worsened clinical course in a critically ill COVID-19 patient on ECMO. Anti-HHV-1 therapy guided by these sequencing results effectively decreased HHV-1 levels, and improved the patient's clinical condition. After 49 days on ECMO and 67 days on the ventilator, the 66-year-old patient recovered and was discharged.

Conclusions: This case report demonstrates the potential value of mNGS for evidence-based treatment, and suggests that potential reactivation of latent viruses should be considered in critically ill COVID-19 patients.

Keywords: COVID-19, HHV-1, metagenomic next-generation sequencing (mNGS), diagnosis, case report


BACKGROUND

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the seventh known coronavirus that can infect humans after HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1, SARS-CoV, and MERS-CoV. The Coronavirus disease 2019 (COVID-19) global pandemic caused by SARS-CoV-2 has affected 205,372,963 of the world's population, with 4,334,178 total deaths, as of August 13, 2021 (https://coronavirus.jhu.edu/map.html). The symptoms in the majority of patients infected with SARS-CoV-2 have been relatively mild, but 10–15% patients developed severe infections (1). Compared with patients with mild symptoms, the severe patients are older, with more comorbidities and lower lymphocyte counts (2, 3) and experience higher mortality. Secondary infections or co-infections, mainly by bacteria or viruses, occur in 10–30% of hospitalized COVID-19 patients (4), contributing to the high incidence of severe infection and mortality of COVID-19.

Human herpes virus type 1 (HHV-1) is a double stranded DNA virus that infects a large population worldwide. According to the conservative estimate, more than 90% of the human adult population has latently infected by HHV-1 globally (5–8). HHV-1 establishes latent infection within ganglial cells, of which the trigeminal ganglia are the most commonly affected. When the body's immunity weakens, HHV-1 can be reactivated and cause opportunistic infection. The mortality of influenza patients is increased with concomitant HHV-1 infection, but the pathogenesis remains unclear (9). Whether SARS-CoV-2 coinfected HSV may aggravate the condition of COVID-19 has not been reported yet. We present a case of COVID-19 infection, followed by HHV-1 reactivation that exacerbated the condition of COVID-19.



CASE PRESENTATION

A 66-year-old woman presented to the First Affiliated Hospital of Xi'an Jiaotong University on February 5, 2020, with a 4-day history of fever and shortness of breath. Apart from hypertension, the patient had no other underlying medical conditions. Laboratory tests were unremarkable except for a low lymphocyte count of 0.72 × 109 cells/L (reference range 1.1–3.2 × 109 cells/L) and high C-reactive protein of 71 mg/L (reference range 0-10 mg/L). The respiratory rate was 30 breaths/min, and oxygen saturation was 83% on ambient air. Chest computed tomography (CT) showed multifocal bilateral ground glass opacities (GGO) with patchy consolidations, prominent in the peripheral distribution and predilected to the posterior and lower lobes (Figure 1). Given a history of having contact with a confirmed COVID-19 patient and characteristic changes on CT imaging, a nasopharyngeal swab (NP) specimen was sent for SARS-CoV-2 testing by quantitative reverse transcription PCR (RT-qPCR). The swab registered as positive for SARS-CoV-2 while antigen tests for influenza A and B registered negative.


[image: Figure 1]
FIGURE 1. Representative images of the thoracic CT scans. Chest computed tomograms showing multifocal bilateral ground glass opacities with patchy consolidations, prominent in the peripheral distribution on day 4 after symptom onset.


Upon admission, arbidol for antiviral therapy (0.2 g, oral, three times daily) and moxifloxacin for anti-bacterial therapy (400 mg, intravenous drips, once a day) were implemented to control patient's rapidly deteriorating condition. On Day 2 of hospitalization, the patient developed shortness of breath and chest tightness, and required supplemental oxygen via oxymask (oxygen flow at 10 L/min). Vitals included: respiratory rate 30–45 breaths per minute, oxygen saturation of 93–97% via pulse oximetry, and arterial blood gas PO2 55 mmHg on mask oxygen at 10 L/min. Non-invasive ventilator-assisted ventilation was initiated.

On Day 3, the patient's chest tightness and shortness of breath persisted. Chest X-rays indicated a superimposed pneumonic process. Hypoxemia showed no significant improvement after increasing PEEP and oxygen concentration. Based on the Extracorporeal Life Support Organization guidelines, extracorporeal membrane oxygenation (ECMO) (V-V mode) was initiated on Day 5. During this period, the patient's vital signs remained stable and SARS-CoV-2 viral copy number in NP samples continued to decrease (Figure 2).


[image: Figure 2]
FIGURE 2. Cycle threshold value of SARS-CoV-2. Blue: Nasopharyngeal swab. Red: Sputum.


On Day 14, the patient developed a frequent productive cough, and pulse oxygen saturation dropped to 88%, accompanied by increased heart rate (117 beats per minute), breathing rate (42 breaths per minute), and a temperature of 37.8°C. A small amount of light blood fluid was suctioned out of the endotracheal tube. Chest X-rays showed increased exudative lesions in the lower right lung. The white blood cell count increased to 18.39 × 109 cells/L (reference range 3.5–9.5 × 109 cells/L). Blood procalcitonin was negative, and sputum bacterial and fungal cultures and smears were negative, raising the possibility of a newly acquired infection, but with unknown etiology.

To further identify the presence of any newly acquired respiratory pathogens, PACEseq metagenomic next-generation sequencing (mNGS) (Hugobiotech, Beijing) of sputum was performed on Day 16 for pan-pathogen detection. The mNGS report came out on Day 18 (48 h after inspection) and showed that in addition to SARS-CoV-2 (9,266 reads/million), HHV-1 (484 reads/million) was predominant in the sputum. Then, mNGS re-examinations of samples including sputum, blood, NP, lung lavage, and stomach fluid were performed immediately on Day 18. The results showed the amount of HHV-1 in sputum increased to 81,098 reads per million (RPM). HHV-1 was also detected in blood (44 RPM), NP (89,833 RPM), lung lavage (8 RPM) and stomach fluid (46 RPM), suggesting a latent reactivation of HHV-1 (Figure 3). Guided by these sequencing results, an anti HHV-1 agent, acyclovir (0.5 g, intravenous every 8 h), was initiated. After 14 days of anti-HHV-1 therapy, the number of HHV-1 reads decreased and reached to single digit level of RPM. The patient's clinical condition improved, with normal body temperature, heart rate (62 beats per minute), breathing rate (15 breaths per minute), oxygen saturation of 97–100%, and white blood cell count (8.97 × 109 cells/L). Chest X-ray showed the lesions in the lower right lung were no longer visible.


[image: Figure 3]
FIGURE 3. mNGS detection and anti HHV-1 therapy. Acyclovir: 0.5 g intravenous every 8 h from Day 19 to Day 35.


In subsequent days, the patient's clinical symptoms continued to improve, SARS-CoV-2 tests in sputum and NP maintained negative, and mNGS revealed no HHV-1 reads in sputum and blood. After 49 days on ECMO (February 9th-March 28th) and 67 days on the ventilator (February 6th-April 13th), the patient recovered and was finally discharged.



DISCUSSION AND CONCLUSIONS

To the best of our knowledge, this is the first report describing re-activation of latent HHV-1 in a critically ill COVID-19 patient with prolonged ECMO support. HHV-1 is a double stranded DNA virus of genus Simplexvirus, family Herpesviridae. HHV-1 commonly resides in sensory ganglia in latency. A variety of stimuli such as stress, fever and immune suppression can trigger lytic replication and result in production of infectious virus (10). In an immune competent patient, HHV-1 infection is mild and self-limiting. However, HHV-1 infection can be severe and prolonged in immunocompromised individuals without treatment, leading to significant morbidity and mortality (11). In this report, the lymphocyte count of the patient decreased significantly when admitted to the hospital for COVID-19 and during hospitalization. Lymphopenia is common in severe COVID-19 patients (12). ECMO therapy is also associated with a decrease of lymphocyte count and functionality (13). Interestingly, CD8+ T cells play an essential role in preventing HHV-1 reactivation (14). The lower levels of lymphocytes in the reported patient might have permitted or promoted the reactivation of HHV-1 virus (15). Anti-HHV-1 therapy using acyclovir decreased HHV-1 load and alleviated the patient's clinical symptoms, indicating the significance of HHV-1 infection in the COVID-19 patient. We don't have direct evidence of HHV-1 pneumonia, but the clinical scenario (mNGS detection and the effect of anti HHV-1 treatment) is highly suggestive of causation.

Our report calls for awareness of latent virus reactivation in severe COVID-19 patients, particularly when infectious agents are unknown. Identification of latent virus activation becomes a challenging task for the routine diagnostic tests if the causative agents are unknown. Our report utilized mNGS technology, which successfully detected HHV-1 DNA in multiple body sites, and was valuable in monitoring the dynamics of viral loads over treatment course.

mNGS is a new pan-pathogen detection technology, which can theoretically detect all known pathogens including bacteria, viruses, fungi, and parasites in one run, with unbiased results. Compared to the conventional diagnostic methods, mNGS has a higher sensitivity and specificity and costs less time. In this case report, mNGS successfully detected HHV-1 in different types of samples, including sputum, blood, NP, lung lavage, and stomach fluid within 2 days, indicating significant advantages in the diagnosis of pathogens, which contributes to a timely treatment to the patient.

In conclusion, we present a case of COVID-19 with HHV-1, followed by HHV-1 reactivation that exacerbated the condition of COVID-19. mNGS was used for the rapid clinical diagnosis of the pathogen, demonstrating the potential value of metagenomics for evidence-based treatment. This case report suggests that potential reactivation of latent viruses should be considered in critically ill COVID-19 patients.
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Objectives: To evaluate the performance of metagenomic next generation sequencing (mNGS) using adequate criteria for the detection of pathogens in lower respiratory tract (LRT) samples with a paired comparison to conventional microbiology tests (CMT).

Methods: One hundred sixty-seven patients were reviewed from four different intensive care units (ICUs) in mainland China during 2018 with both mNGS and CMT results of LRT samples available. The reads per million ratio (RPMsample/RPMnon−template−control ratio) and standardized strictly mapped reads number (SDSMRN) were the two criteria chosen for identifying positive pathogens reported from mNGS. A McNemar test was used for a paired comparison analysis between mNGS and CMT.

Results: One hundred forty-nine cases were counted into the final analysis. The RPMsample/RPMNTC ratio criterion performed better with a higher accuracy for bacteria, fungi, and virus than SDSMRN criterion [bacteria (RPMsample/RPMNTC ratio vs. SDSMRN), 65.1 vs. 55.7%; fungi, 75.8 vs. 71.1%; DNA virus, 86.3 vs. 74.5%; RNA virus, 90.9 vs. 81.8%]. The mNGS was also superior in bacteria detection only if an SDSMRN ≥3 was used as a positive criterion with a paired comparison to culture [SDSMRN positive, 92/149 (61.7%); culture positive, 54/149 (36.2%); p < 0.001]; however, it was outperformed with significantly more fungi and DNA virus identification when choosing both criteria for positive outliers [fungi (RPMsample/RPMNTC ratio vs. SDSMRN vs. culture), 23.5 vs. 29.5 vs. 8.7%, p < 0.001; DNA virus (RPMsample/RPMNTC ratio vs. SDSMRN vs. PCR), 14.1 vs. 20.8 vs. 11.8%, p < 0.05].

Conclusions: Metagenomic next generation sequencing may contribute to revealing the LRT infection etiology in hospitalized groups of potential fungal infections and in situations with less access to the multiplex PCR of LRT samples from the laboratory by choosing a wise criterion like the RPMsample/RPMNTC ratio.

Keywords: metagenomic sequencing, pathogen detection, lower respiratory tract infection, conventional microbiology tests, positive criteria


INTRODUCTION

Lower respiratory tract (LRT) infection is a common cause of intensive care unit (ICU) admission. The Management of Severe sepsis in Asia's Intensive Care unitS (MOSAICS) study revealed that among 1,285 severe sepsis patients admitted to Asian ICUs, 37.4% of the sources of infection were attributed to the lungs (1). Meanwhile, acute respiratory infection often leads to an unfavorable outcome, with in-hospital mortality increasing by 21.8% over a decade in one French region (2). Indeed, a point prevalence study of ICU infection, which recruited 1,150 centers, reported that less than two-thirds (5,259/8,135, 65%) of the ICU patients with probable or definite infections received at least one positive culture (3). Even combining cultures, targeted molecular methods and serology all together to routinely investigate lower respiratory tract (LRT) infection microbial etiology, Leven et al. found out that the potential pathogen detection rate was only 59% (1,844/3,104) in this study (4). Approximately 40% of the cases were causative agents undetermined by conventional microbiological tests (CMT).

Next generation sequencing, as a high-throughput technique, with a cost that was largely reduced since 2004 (5), is now widely used in clinical metagenomics, specifically for unbiased pathogen detection. In particular, metagenomic next generation sequencing (mNGS) allows for the novel findings and taxonomical classification of microorganisms, which could tremendously impact infectious disease diagnosing (6).

Large sample size studies evaluating mNGS diagnostic performance compared with CMTs either as a first-line test or the last resort in clinical scenarios were conducted. Parize et al. designed a prospective study with a cohort of 101 patients and a 30-day follow-up. They reported that untargeted next generation sequencing had a high negative predictive value of 98.4% (95% CI 95.3–100%) in bacteria and viruses, but with a restriction on the identification of fungi or parasites (7). Xing et al. claimed in his 213 case series that the mNGS detection rate was 57%, while in the laboratory of Chiu, mNGS succeeded in 32 central nervous system (CNS) infection diagnoses from 204 patients. The performance of mNGS remains controversial, and studies in LRT specimens were limited (8, 9).

A multicentered research was conducted with patients with suspected LRT infections, and both mNGS and CMT results reported from LRT samples, which aimed to interpret mNGS results in a fair way for common infectious agents.



METHODS


Study Design

One hundred sixty-seven patients admitted to four different ICUs in mainland China during 2018 were retrospectively studied. These cases were reviewed considering the following inclusion criteria: (i) patients with respiratory symptoms requiring oxygen therapy or any other organ support in the ICU, (ii) patients with radiology images (chest x-ray or CT scanning) showing lung infiltration, (iii) patients with a suspected infection causing the conditions described meeting criteria (i) and (ii), and (iv) patients with lower respiratory tract samples collected for both mNGS and CMT.



Data Collected From Medical Records

Demographic information, comorbidities, immune state, disease severity upon ICU admission, duration between ICU admission and attempt to sequence LRT specimen, ICU intervention, clinical outcome, and conventional microbiological test results were all collected from the medical record of each patient through the hospital information system. Disease severity was assessed using an Acute Physiology and Chronic Health Evaluation (APACHE) II score (10) and a Sequential Organ Failure Assessment (SOFA) score (11). A higher score indicates more severe clinical presentation. Furthermore, ICU intervention in this study was listed but not limited to vasopressor utilization, invasive or non-invasive mechanical ventilation, and continuous renal replacement therapy. Clinical outcome was illustrated as the length of stay in the ICU and ICU mortality.



Retrieving the LRT Sample and CMT Positive Agreement on Clinically Significant Microbes

Lower respiratory tract samples such as sputum, trachea aspirates, or bronchoalveolar lavage fluids were investigated in this study. The available CMTs of LRT samples (smear, culture, and multiplex PCR) in participating centers and significant pathogen consideration were consistent with previous publication (Supplementary Tables 1, 2) (12). Microbes detected via CMT were identified as true pathogens rather than commensals or contaminants. Serum antigen test results were also reviewed, while serum antibody test results were excluded due to a failure to distinguish acute infection. More specifically, immunoglobulin G (IgG) antibodies reported in our cohort lacked track of a 4-fold rise while IgM antibody test results were not recommended for the infection diagnoses of adenovirus, Mycoplasma pneumoniae, and Legionella/Chlamydia spp. (13, 14).



Library Construction, Sequencing, Bioinformatic Analysis, and Criteria for a Positive Result

After extraction, nucleic acid fragments underwent end repairing, adapter ligation, and amplification to construct the library, quality control of which was assessed by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). The qualified library was sequenced on the BGISEQ-100/50 platform. A non-template specimen was parallelly run for the purpose of contamination control (non-template control, NTC).

Raw sequencing data were filtered by removing low-quality reads, and clean reads were mapped to the human reference genome (hg19) to subtract the host portion by Burrows-Wheeler Alignment. The remaining reads were classified by simultaneously mapping to four microbial genome databases, composed of 4,152 whole genome sequences of viral taxa, 3,446 bacteria, 206 fungi, and 140 parasites associated with human disease (15).

The mapped reads number of each microbe in each respiratory sample was normalized in three ways (15, 16).

(i) Mapped reads abundance relative to other microbes in the same sample:

[image: image]

(ii) Mapped reads abundance relative to the same microbe at the species level in other samples of this study cohort using Z-score.

[image: image]

χ is the log10 transformation of RPM of one microbe. μ is the mean of log10RPM of the same microbe in this study cohort. σ is the SD of log10RPM of the same microbe in this study cohort.

(iii) Uniquely mapped reads in this study were described as stringently mapped reads number (SMRN) and normalized as SDSMRN.

[image: image]

The positive criteria for the mNGS result were set as follows, which were consistent with literature reviews at the species level and those that found that microbes were evidenced of pathogenicity in the lungs (15–17). A value of “1” was adjusted to the RPM of the non-template control with no pathogenic bacteria, fungi, or viruses (18).

(i) RPMsample/RPMNTC ratio ≥10, or SDSMRN ≥3 (mycobacteria excluded) for bacteria

(ii) RPMsample/RPMNTC ratio ≥1, or SDSMRN ≥3 for fungi/DNA virus

(iii) RPMsample/RPMNTC ratio ≥1, or SDSMRN ≥1 for RNA virus

(iv) SDSMRN ≥100 for parasites

(v) SDSMRN ≥3 for Mycoplasma/Chlamydia spp.

(vi) SDSMRN ≥1 (or SDSMRNG ≥1 at genus level) for Mycobacterium tuberculosis (MTB) complex

(vii) Reported Nocardia spp. by mNGS all considered positive



Statistical Analysis

A Mann–Whitney U-test was used for non-parametric data analysis. A 2 × 2 contingency table was drawn to calculate sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). Data were reported as absolute values with 95% CI (7). The marginal frequencies of the 2 × 2 table were tested by a McNemar test. Significance was considered when p < 0.05. The SPSS 22.0 software was used.




RESULTS


Patient Characteristics and General Sequencing Information

One hundred forty-nine cases were enrolled into the final analysis since the total sequencing reads in the mNGS reports of 18 patients were missing, making both RPM and SDSMRN infeasible to calculate. Among these 149 patients [median age 59, interquartile range (IQR) from 47.5 to 70; 104 (69.8%) male], 75 (50.3%) were at immunocompromised states. Fifty (33.6%) were prescribed prolonged corticosteroids (defined as a minimum dose of 0.3 mg/kg/d of prednisone or an equivalent for 3 weeks at least) (12), constructing the therapy of autoimmune disease [37 (24.8%)] and post-transplantation [8 (5.4%)] or other. Twenty-one (14.9%) were receiving chemotherapy for cancer, leukemia, or lymphoma. The median APACHE II and sofa scores were 20 (IQR from 15 to 24) and 9 (IQR from 6 to 11), respectively. The median ICU stay was 12 days (IQR from 7 to 21.5 days), and ICU mortality was 51%. The LRT samples of patients were retrieved and sent for mNGS 1 day (IQR from 1 to 3 days) after ICU admission (Table 1).


Table 1. Patient characteristics and clinical outcome.
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In the metagenomic analysis of these 149 samples, 96 were tested by DNA sequencing (DNAseq), 35 were tested by RNA sequencing (RNAseq), and 18 were tested by DNAseq and RNAseq parallelly. No significant difference was found between the mean total yield of DNAseq and RNAseq (21,261,618 vs. 22,862,055 reads, p = 0.49) and for human proportion (97.1 vs. 96.8%, p = 0.09) (Figures 1, 2).


[image: Figure 1]
FIGURE 1. Total sequencing reads of the reports of a total of 149 patients counted to the final analysis.
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FIGURE 2. Host background of sequencing data.




Comparison of mNGS and CMT in Pathogen Detection


Positive mNGS Results Fulfilling RPM (Sample/NTC) Ratio Criterion

Bacteria were identified in 64 (64/149, 43%) cases by an RPMsample/RPMNTC ratio ≥10, with the top 3 being Acinetobacter baumannii (30/149, 20.1%), Pseudomonas aeruginosa (14/149, 9.4%), and Klebsiella pneumonia (8/149, 5.4%). Of the 149 cases, 54 (54/149, 36.2%) were bacterial culture positive. The bacterium detection rate of mNGS seemed higher, but no significant difference was found in the paired comparison with culture by the McNemar test (p = 0.212) (Figures 3, 4).


[image: Figure 3]
FIGURE 3. Pathogen distribution according to metagenomic sequencing positive criteria of the reports of a total of 149 patients counted to the final analysis.



[image: Figure 4]
FIGURE 4. Positive cases identified by metagenomic sequencing or conventional microbiology tests (culture/PCR) from a total of 149 patients counted to the final analysis.


Thirty-five (35/149, 23.5%) cases met the criterion of having an RPMsample/RPMNTC ratio ≥1 for fungi detection, while culture suggested less (13/149, 8.7%) fungal infection (p < 0.001). The detection rate of the culture itself for Aspergillus spp. was the same as that of mNGS if choosing RPM ratio criterion (11/149, 7.4%), while the probable diagnosis of invasive pulmonary aspergillosis (IPA) would be made in 46 (46/149, 30.9%) cases using comprehensive CMTs (either culture Aspergillosis spp. positive or serum/bronchoalveolar lavage fluid galactomannan positive). The mNGS was not superior to comprehensive CMTs for diagnosing IPA (p < 0.001) (Figures 3, 4).



Pathogen Identified by SDSMRN Criterion and Comparison of Two Criteria

The mNGS detected 92 (92/149, 61.7%) bacterium cases with the fulfilment of SDSMRN ≥3. The SDSMRN criterion identified ~1.5 times more bacterium cases than the RPM ratio criterion, also with a better bacterium identification rate than culture (p < 0.001). More fungal infections were suggested by SDSMRN ≥3 (44/149, 29.5%) than RPMsample/RPMNTC ratio ≥1. The detection rate of mNGS for fungi was higher than culture with either criterion chosen in the paired analysis of 149 patients (SDSMRN vs. culture, p < 0.001; RPM ratio vs. culture, p < 0.001) (Figure 4).

Meanwhile, the SDSMRN criterion had a higher sensitivity but lower accuracy than the RPM ratio criterion for both bacteria [sensitivity (SDSMRN vs. RPM ratio), 61.1 vs. 74.1%; accuracy, 65.1 vs. 55.7%] and fungi [sensitivity (SDSMRN vs. RPM ratio), 53.8 vs. 46.2%; accuracy, 71.1 vs. 75.8%] identification. The negative predictive value of mNGS in the cohort was over 75% regardless of choosing either criterion [bacteria (SDSMRN vs. RPM ratio), 75.3 vs. 75.4%; fungi, 94.3 vs. 93.9%]. The accuracy of mNGS in detecting fungi was higher than bacteria, which was also criteria independent (Table 2).


Table 2. Performance of metagenomic sequencing for bacterium and fungus detection.
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The SDSMRN criterion identified 13 (13/149, 8.7%) aspergillosis positive and was also not superior to comprehensive CMTs (p < 0.001). The accuracy of the SDSMRN criterion in identifying Aspergillus spp. was the same as that of the RPM ratio criterion (89.3%, 95% CI 84.3–94.2%), but the SDSMRN criterion had a higher sensitivity (36.4%, 95% CI 12.4–68.4%) if comparing mNGS with culture (Figure 3, Table 3).


Table 3. Diagnostic performance of metagenomic sequencing for invasive pulmonary aspergillosis.
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The SDSMRN criterion also suggested the possible infection of M. tuberculosis (n = 2), scedosporium (n = 1), metopneumovirus (n = 1), and Chlamydia spp. (n = 1), which would not be revealed by the RPM ratio criterion (Figure 3).




Identification of Pathogens in Culture Negative Samples by mNGS

Streptococcus pneumonia (if using RPMsample/RPMNTC ratio ≥10 criterion, n = 5; while using SDSMRN ≥3 criterion, n = 8), Haemophilus influenzae, Legionella pneumonia, and Bacillus anthraci were only detected by mNGS other than bacterium culture. Forty-eight (48/149, 32.2%) samples were sent for the L. pneumonia PCR, and only one (1/48, 2.1%) case tested positive. Of the 48 cases with a paired comparison between mNGS and Legionella PCR, both criteria also identified only one legionella positive case, which consisted of the PCR result (Figure 3).

Due to the inability of culturing Pneumocystis jirovecii (19), a gomori methenamine stain or PCR was used for the P. jirovecii pneumonia diagnosis. Fifty-eight (58/149, 38.9%) patients had both their gomori methenamine stain and PCR results reported, among which 25 (25/58, 43.1%) cases were P. jirovecii PCR positive, while the gomori methenamine stains only made 7 (7/58, 12.1%) P. jirovecii pneumonia confirmations. The RPMsample/RPMNTC ratio ≥1 suggested 26 (26/149, 17.4%) P. jirovecii pneumonia cases with both sensitivity and accuracy [sensitivity (95% CI), 80% (58.7–92.4%); accuracy (95% CI), 91.4% (84.2–98.6%)] slightly lower than that of SDSMRN ≥3 [sensitivity (95% CI), 96% (77.7–99.8%); accuracy (95% CI), 96.6% (91.9–100%)], which identified 34 (34/149, 22.8%) P. jirovecii positive cases. When comparing mNGS and CMT in the paired 58 cases, mNGS performed no better than a simplex PCR but beat the gomori methenamine stain for P. jirovecii pneumonia diagnosis with either positive criterion chosen (RPM ratio vs. stain, p < 0.001; SDSMRN vs. stain, p < 0.001) (Figure 3, Table 4).


Table 4. Diagnostic performance of metagenomic sequencing for Pneumocystis jirovecii pneumonia.
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Viral etiology was revealed only in one-third (54/149, 36.2%) of the patients in this study when using a multiplex PCR. Viruses of the PCR interests were limited to cytomegalovirus (CMV), influenza A/B, adenovirus, rhinovirus, respiratory syncytial virus (RSV), metapneumovirus, and parainfluenza virus. Because the samples of 96 patients only underwent a metagenomic DNAseq analysis, from which RNA viruses would be impossibly discovered, the accuracy of mNGS was evaluated for DNA virus and RNA virus cases separately. Both an RPMsample/RPMNTC ratio ≥1 (21/149, 14.1%) and an SDSMRN ≥3 (31/149, 20.8%) identified more DNA virus cases than the PCR (6/51, 11.8%). The mNGS was superior to the PCR detecting DNA viruses after a paired comparison between the two criteria and the multiplex PCR of the 51 cases (RPM ratio vs. PCR, p = 0.007; SDSMRN vs. PCR, p < 0.001). Six (6/53, 11.3%) RNA viral infections were suggested by the RPM ratio criterion and nine (9/53, 17.0%) by SDSMRN ≥1. The PCR revealed less cases (5/46, 10.9%) but without significant difference compared with mNGS (RPM ratio vs. PCR, p = 0.5; SDSMRN vs. PCR, p = 0.313) (Figure 4).

Metagenomic next generation sequencing presented a sensitivity of 100% (95% CI, 51.7–100%) for DNA viruses and a negative predictive value of over 90% for RNA viruses. The mNGS detection accuracy of RNA viruses [RPM ratio (95% CI), 90.9% (78.9–100%); SDSMRN (95% CI), 81.8% (65.7–97.9%)] was higher than that of DNA virus [RPM ratio (95% CI), 86.3% (76.8–95.7%); SDSMRN (95% CI), 74.5% (62.5–86.5%)]. Still, the RPM ration criterion performed better than the SDSMRN criterion in identifying virus cases, with higher accuracy (Table 5).


Table 5. Performance of metagenomic sequencing for virus detection.
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The bocavirus [n = 1/1 (RPM ratio positive/SDSMRN positive)] and coronavirus (n = 1/2) were the two novel viruses reported by mNGS outranging permits of the multiplex PCR in this cohort (Figure 3).




DISCUSSION

Microbiological etiology was only revealed in 12.7% of the hospitalized patients with pneumonia diagnoses in mainland China by CMTs (20). The mNGS was seen as a promising tool for its broad-spectrum and unbiased pathogen detection, with a sensitivity increase of 15% in diagnosing infection compared to culture (21). Our study first used the RPM ratio and SDSMRN as criteria for the positive identification of pathogens reported by mNGS in such a large-scale cohort of LRT infections. We also paired compared mNGS with the CMT of LRT samples in terms of their performance in detecting causative microbes. The RPM ratio criterion performed better, with a higher accuracy in identifying bacteria, fungi, and viruses, than the SDSMRN criterion in this cohort. The mNGS was only superior in bacteria detection if using SDSMRN ≥3 as the positive criterion with a paired comparison with culture but outperformed with significantly more fungi and DNA virus identification by choosing both criteria.

The mNGS test has been lacking a unified criterion for reporting clinically significant microbes due to varied sequencing instruments, the bioinformatic analysis pipeline, and the unstandardized productivity and quality control of each platform. Some studies defined mNGS positive as high-ranking microbes by sequencing abundance relative to other microbes in the same sample, probably with the purpose of balancing host background (21, 22). The human proportion of the total sequencing yield from an upper respiratory sample like an oropharyngeal swab [median (IQR), 5.1% (1.1–39.1%)] was clearly less than that of an LRT sample, which might result in more reads left for microbe mapping (23). However, a case series also proved absent microbes of the top 10 pathogens listed by mNGS in the validation run of nanopore sequencing with much longer read length, which also had a recognized 96.6% sensitivity for pathogen detection in LRT samples (24, 25). The evaluation of others for mNGS using absolute values as criteria like SMRN or unique reads number remained controversial since the difficulty of extracting nuclei acids varies from species to species and the total sequencing yield varies from sample to sample (26). It was believed that RPM could be an adequate criterion for mNGS because of its documented success in maximizing specificity for bacteria and sensitivity for fungi or viruses among immunocompromised children with pulmonary infections (18). A study by Zinter also used a combination with a Z-score ≥2 to set thresholds, which was, unfortunately, not applicable for this study. A Z-score ≥2 left eight mNGS-positive cases (8/149, 5%) in the study population (Supplementary Figure 1). The RPM to RPM (sample/NTC) ratio was also adjusted for the subtraction of contaminants to the platform. The RPM ratio criterion and the SDSMRN criterion, which was reported with a decent sensitivity (95%), were compared, detecting respiratory bacteria and fungi by Qian et al. (27).

The mNGS sensitivity for fungi detection was similar to a study by Li, which also made paired comparisons between mNGS and culture, while the mNGS of this study achieved higher specificity by wisely choosing a criterion with RPMsample/RPMNTC ratio ≥1 (28). Consistent with the previous research results, mNGS also did not outperform comprehensive CMTs for IPA diagnosis but was superior to gomori methenamine stains for P. jirovecii pneumonia. By setting the clinical view as the final call of infection and comparing mNGS and simplex PCR of P. jirovecii with the diagnoses of the clinician, both the sensitivity and specificity of mNGS and the P. jirovecii PCR were very close from the previous study (12). In this cohort, with a paired analysis, no significant difference was found between the SDSMRN criterion and P. jirovecii PCR, but the P. jirovecii PCR showed its advantage over the RPM ratio criterion. Probably in the population with highly suspected P. jirovecii pneumonia, there was no need to use mNGS to look for a needle in a haystack (28). For viral detection, mNGS definitely exceeds the hypothesis of causative agents made by the clinician, which multiplex PCR is restricted to. However, novel emerging virus identification requires the annotated microbe genome reference, long read, and depth sequencing methods (29).


Strengths

The majority of studies published by researchers evaluated the diagnostic performance of mNGS by setting up the final call for infection of clinicians as the golden standard. However, the mNGS performance in pathogen detection might have been disvalued if clinical impressions involved bias. By reviewing existing reports of both mNGS and CMTs from suspected severe pneumonia patients, this study utilized direct paired comparisons between mNGS and CMT to reveal whether these two methods were significantly different in causative pathogen detection. The study implied that mNGS performed better than fungi culture. Thus, clinicians who are faced with immunocompromised populations or who are working in less-developed areas without access to simplex fungus PCRs or antigen tests are suggested to order mNGS for LRT specimens.

It was also discovered that RPM could be widely used for mNGS results interpretation among clinicians and that the RPMsample/RPMNTC ratio criterion outperformed regardless of pathogen categorizing.



Limitations

The research was clearly limited in several ways. Not all samples from this cohort had a PCR test of the suspected viral pathogen. The mNGS performance in detecting common viruses responsible for LRT infection was only evaluated in a small proportion of patients due to the need to compare with available PCR results. This could impact less in a future prospective study with all samples sent for both mNGS and PCR screens. Also, the criteria that were selected in identifying positive microbes reported by mNGS were documented ones from previous studies. It would be better to come up with a threshold based on the quantity of sequenced species under the circumstance that quantitative PCR was run to validate those in each sample. Lastly, effects on the clinical decision of mNGS results were not discussed, which would be better evaluated in a randomized controlled trial.




CONCLUSIONS

The RPM ratio criterion performed better with a higher accuracy for bacteria, fungi, and viruses than the SDSMRN criterion. By choosing positive criteria wisely, mNGS may contribute to revealing LRT infection etiology in hospitalized groups of potential fungal infections and in situations with less access to the multiplex PCR of LRT samples from the laboratory.
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Mucormycosis is an infection caused by a group of filamentous molds with in the order Mucorales. In developing countries, most cases of mucormycosis occur in persons with poorly controlled diabetes mellitus or subjects with normal post-traumatic immune function. Mucormycosis exhibits a marked propensity for invading blood vessels. The mortality rate of invasive mucormycosis is very high (>30–50%), and 90% of mortality is related to disseminated diseases. We report a 62-year-old man with underlying diseases, such as diabetes and psoriatic arthritis, with a history of trauma before admission. Chest CT showed multiple cavities. Based on the suspected clinical manifestation of mucormycosis infection, the patient received a microbiological culture of bronchoalveolar lavage fluid, and metagenomics next generation sequencing (mNGS) was performed. The results suggested Klebsiella pneumoniae infection. However, Rhizopus microsporus strains were shown by the mNGS of transpulmonary puncture tissue. Therefore, we report a case in which rare pathogens are identified by mNGS.
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INTRODUCTION

Mucor is a rare and serious-conditioned pathogenic fungus, and can be found in the oral cavity and nasopharynx of normal people. However, in the presence of high-risk factors, such as diabetes, malignant tumors, agranulocytosis, AIDS, malnutrition, and the use of glucocorticoids (1), mucormycosis has become the third cause of invasive fungal infection after Aspergillus and Candida (2). The disease progresses rapidly, and the mortality is high after mucormycosis infection. However, its clinical manifestation is not specific, and results of laboratory tests are not specific either. Metagenomics next-generation sequencing (mNGS) refers to the direct extraction of nucleic acids of all microorganisms from clinical or environmental samples, construction of a metagenomic sequencing library, and sequencing. Through mNGS, some microbial species that cannot be cultured or difficult to be cultured are found in samples, and unknown and rare microbial species in complex samples are discovered (3). It has the advantages of high speed and high accuracy.

Herein, we report a case of Rhizopus infection with a variety of underlying diseases, such as diabetes and psoriatic arthritis. The clinical manifestations of the patient were not specific, and the underlying diseases were obvious. CT showed that the lung cavity was not specific. At first, Klebsiella pneumoniae was diagnosed and treated according to the results of bronchoalveolar lavage, but the effect was not satisfactory. Later, mNGS was performed to detect the lung tissue of the patient, and the presence of R. microsporus was quickly found, so the cause was finally determined.



CASE DESCRIPTION

We report a 62-year-old man with mucormycosis who suffered from chronic hepatitis B for 20 years. A month before admission, trauma caused chest pain, wounds on the right upper limb and right knee joint. Six days before admission, there was no obvious inducement for aggravation of joint pain and chest pain. Chest CT was performed locally and showed the shadow of the lungs. The local diagnosis was rheumatoid arthritis, type 2 diabetes, and hepatitis B. He received related treatment in a local hospital. However, his joint pain was not significantly relieved, while coughing and coughing dark red sputum occurred at the same time, so he went to the rheumatic immunology department of our hospital.

The vital signs were normal on admission. Physical examination showed that the posterior pharyngeal wall was red and swollen. The shoulder and knee joints were swollen. An irregular wound could be seen on the inside of the upper limb and knee joint. Relevant examinations and tests were improved after admission. Test results are shown in Table 1. Chest CT showed multiple cavities in the lower lobe of both lungs (Figure 1). Therefore, the patient was initially diagnosed with rheumatoid arthritis, pulmonary infection, and hepatitis B. He was given levofloxacin 0.5 g IV once daily (QD) for anti-infective treatment and metformin 50 mg orally (PO) two times daily to control blood sugar.


Table 1. Test results after admission.
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FIGURE 1. Chest CT upon admission to the hospital.


Three days after admission, the patient still had a severe cough with dark red sputum. Therefore, he was transferred to the respiratory department for treatment on the third day of admission. The physical examination showed that there was a small amount of wet rale in the left lower lung and a large ulcer in the right upper limb. On the first day after the transfer, a large amount of purulent secretions from the left main bronchus and a small amount of purulent secretions from the right main bronchus were observed by tracheoscopy. Bronchoalveolar lavage fluid (BALF) was collected and tested for microbial culture and mNGS. On the third day after transfer, the patient developed fever, and the highest temperature was 38.5°C, which returned to normal after physical cooling. The fever of the patient was thought to be due to infection. Microbial culture and mNGS of BALF showed Klebsiella pneumoniae infection (Table 2). On the fourth day after transfer, according to the results of drug sensitivity, the antibiotic was adjusted to piperacillin sodium 4.5 g IV every eight hours (Q8h). Low blood glucose was detected at this point, so he stopped using metformin. On the seventh day after transfer, a blood routine examination showed that white blood cells were 4.8 × 109/L and C-reactive protein (CRP) was 85.6 mg/L.


Table 2. Results of three metagenomics next-generation sequencing (mNGS).
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The 9th day after transfer to respiratory department recommended debridement treatment and sent it to mNGS. In the process of waiting for the results, the patient coughed intermittently with grayish-brown sputum. During this period, we continued the anti-infection treatment and maintained good blood glucose control, so we did not continue to use drugs for blood glucose. Finally, the result of mNGS submitted by debridement tissue indicated R. microsporus infection (Table 2). Combined with upper limb mNGS and imaging results, the possibility of lung complicated with Mucor infection is considered. Therefore, the amphotericin B antifungal therapy was added on the 11th day after transfer.

Thirteen days after being transferred to the respiratory department, the chest CT showed that the lung lesions were worse than before (Figure 2), and the empirical anti-infection treatment was poor. The diagnosis was further confirmed by CT-guided biopsy, and the punctured tissue was sent to pathology for mNGS detection. However, the patient suddenly developed massive hemoptysis on the day of the biopsy and died after the rescue was ineffective. The final pathology showed that a small amount of suppurative exudate with acute fibrinous tissue surrounding lung tissue causing pneumonia. The mNGS result returned as R microsporus infection (Table 2), which was consistent with the left upper limb wound test result. A brief summary of the patient's treatment is given (Figure 3).


[image: Figure 2]
FIGURE 2. Chest CT 10 days after transfer.
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FIGURE 3. Diagnosis and treatment of the patient.




DISCUSSION

The incidence of pulmonary mucormycosis reported in different countries is quite different. In developed countries such as those in Europe and America, the incidence rate is about 0.01/100,000–.2/100,000 (4–6), and the incidence rate in developing countries, such as India, is about 14/100,000 (7). Based on anatomic localization, mucormycosis can be classified as one of six forms: rhino-orbital-cerebral mucormycosis (ROCM), pulmonary, cutaneous, gastrointestinal (GI), disseminated, and mucormycosis of uncommon sites. Pulmonary mucormycosis is the second most common of the six types (8).

Patel et al. (9) reported that the mortality rate of mucormycosis, a serious fatal disease, was as high as 61%. Most patients have one or more risk factors, such as diabetes, silver scrap arthritis, and so on. In this case, the patient suffered from hepatitis B for 20 years and took an immunosuppressant regularly. At the same time, the patient also suffered from psoriasis arthritis, which was in a state of gradual aggravation in recent 1 year. More importantly, although the patient was diagnosed with type 2 diabetes after admission, according to the description of the patient, we suspected that he had been suffering from diabetes for many years. Therefore, the patient in this case also had the above several high-risk factors.

In the process of diagnosis and treatment of the patient, we finally diagnosed him with pulmonary Mucor infection, Klebsiella pneumoniae infection, and skin Mucor infection. Although the pathogen was finally identified, the patient eventually died because of an untimely diagnosis. This is mainly because the mNGS test results of the alveolar lavage sent for inspection indicated Klebsiella pneumoniae infection. The most common pulmonary infections in diabetes are Klebsiella infection and Mucor infection (10–12). A typical CT of Klebsiella pneumoniae is characterized by large patches with blurred boundaries and locally protruding backward to form a typical “stalactite disease.” Lesions caused by Klebsiella pneumoniae can form smooth cavities with smooth walls in a short period of time, and the diameter of cavities is rarely larger than 2 cm (13). Chest CT manifestations of pulmonary mucormycosis are non-specific. The common manifestations are multiple pulmonary nodules (>10), pleural effusion, pulmonary infarction, “anti-halo sign” (14). Eighty-seven percent of images of mucormycosis can appear “anti-halo sign” (15), but this sign is not characteristic.

Mucormycosis is an invasive fungal disease (10, 16). Mucor is characterized by its invasiveness of blood vessels, which leads to rapid and disseminated infection (8). It may be because of this characteristic of Mucor that the patient died of hemoptysis in a short time. Therefore, a timely diagnosis is extremely important for rapid therapeutic or surgical intervention and for maximizing the survival rate of patients. For Mucor, it has no specific serological index (17, 18). At present, the main methods for diagnosing mucormycosis are biopsy and microbial culture (19). However, microbial culture needs to provide appropriate culture conditions. It has the disadvantages of long culture time, complicated operation and low detection rate. More importantly, it even can delay the optimal treatment time. Routine histopathological examination is accurate but time-consuming.

In recent years, molecular biology techniques, mainly Polymerase Chain Reaction (PCR) and mNGS, have been widely used for the diagnosis of Mucor. PCR technology is developing rapidly. It has many outstanding advantages, such as specificity, simplicity, and so on (20). At the same time, it cannot be ignored that PCR also has certain limitations. For example, its specificity depends on the design of primers, and its sensitivity is prone to false-positive results after inspection contamination. However, the emergence of mNGS overcomes the shortcomings of the above methods. mNGS can detect almost all DNA or RNA information in a sample at the same time. It does not require pre-guessing or hypothesis about the type of pathogen causing the infection and overcomes the limitations of targeted diagnostic methods such as being time-consuming and labor-intensive, and slow detection process (21–24). However, mNGS also has some limitations. In the early stages of disease treatment, the mNGS of the early alveolar lavage fluid did not detect the R. microsporus infection. It may be because of the thick and hard hyphae of Rhizopus. It is difficult to lavage it from the lesion through alveolar lavage (25).

Mucor normally exists in environmental surroundings, which may cause the false positive diagnostic of mucormycosis. Therefore, we added a negative control in the test. And we have confirmed mucormycosis was exclusively detected in our samples mentioned in this manuscript and not detected in any other clinical samples and negative controls in the same run.

For the treatment of this patient, two points were very important. The control of blood sugar was the basis of the treatment of this patient, and we did it well. The second was the treatment of Mucor. For this patient, although we added amphotericin B in time after the skin tissue suggested Mucor infection, we did not give an adequate dose. The dosage of amphotericin B is 0.75–1 mg kg−1·day−1. The initial dose of amphotericin B liposome was 1–5 mg/day, and the dose of amphotericin B liposome was 3–5 mg kg−1·day−1. At present, posaconazole and esaconazole are also commonly used in clinics (26). The patient eventually died of massive hemoptysis, which has something to do with our untimely treatment. Therefore, for the treatment of Mucor, we should be timely and accurate.



CONCLUSION

Mucormycosis has the characteristics of rapid progress, high mortality, and difficult diagnosis. Therefore, if Mucor infection is considered in a clinic, appropriate samples can be taken as soon as possible and submitted for mNGS for a definite diagnosis of pathogenic microorganisms and accurate treatment. The emergence of this extended-spectrum pathogen screening technology broadens the idea of traditional pathogen detection and provides a promising broad-spectrum screening method for solving difficult problems such as clinical unknown infection.
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Case Report: A Candida Meningitis in an Immunocompetent Patient Detected Through the Next-Generation Sequencing
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Background: Fungal infections of the central nervous system (CNS) are not commonly seen clinically. Clinical diagnosis of fungal infections often depend on the pathogen culture and the clinical features. This method is time-consuming and insensitive, which can lead to misdiagnosis. The authors introduce an adult patient with fungal infections diagnosed by next-generation sequencing (NGS).

Case: The patient was a 60-year-old male Chinese who had both hypermyotonia of the lower extremities and fever. The auxiliary examinations such as MRI, CT, and cerebrospinal fluid (CSF) analysis showed obvious abnormalities. Because of the difficulties in diagnosis, it was hard to determine the treatment plan. The NGS detected specific sequences of Candida albicans in 3 days. The patient was then treated with liposomal amphotericin B and fluconazole. About 3 weeks later, the symptoms of the patient improved significantly and he was discharged from the hospital.

Conclusion: Compared with the routine cultural method, NGS has made a huge advancement in infection diagnosis and targeting antimicrobial therapy for CNS infection.

Keywords: next-generation sequencing, central nervous system infections, Candida albicans, fungal infections, antimicrobial therapy


INTRODUCTION

Fungal infections include Candida infection, cryptococcal infection, Pneumocystis carinii infection. (1). It is well-known that fungal infections are serious opportunistic infectious diseases, although the proportion of patients with fungal infections is not high. Moreover, based on the current epidemiological survey (2), the prevalence of fungal infections is increasing every year. There are at least 15 distinct Candida species that cause human disease, but >90% of the invasive disease are caused by the five most common pathogens such as C. albicans, C. glabrata, C. tropicalis, C. parapsilosis, and C. krusei (3).

Recently, invasive fungal infections (IFIs) have gained importance in public health due to the increasing number of patients with immunocompromised who are at risk for the infections caused by these opportunistic pathogens (4), especially the fungal infections of the central nervous system (CNS) (5).

Because most of these cases of fungal CNS infection are chronic and develop in patients with an altered immune response, it is difficult for clinicians to diagnose early from the clinical manifestation. The development of fungal CNS infections also mainly depends on the interplay between the health status and fungal virulence factors of the patients.

As we know, in clinical cases, the most common fungal pathogens include Cryptococcus spp., Aspergillus spp., Histoplasma capsulatum, and Candida albicans. Candida meningitis is the most common fungal pathogen in CNS in clinical cases (6).

Although these diseases are relatively rare, these lethal infections in the CNS give rise to significant morbidity and mortality. Meanwhile, the diagnosis of the fungal infection is often difficult and the treatment is often delayed. There have been catastrophic results because of the misdiagnosis and difficulty in the early diagnosis (5, 6). Patients with cerebrovascular disease are more likely to suffer from the fungal infection of the CNS. The incidence was related to invasive operations, broad-spectrum antibiotics abuse, and the immune system and immunodepression of the patients.

In this case, the pathogens were not found by the cerebrospinal fluid (CSF) and blood culture test. At the same time, we could not get any help from MRI and CT. The treatment of the patients is in a dilemma. Then, the next-generation sequencing (NGS) method was used to detect the pathogen and the result showed that the pathogen was Candida.



CASE

A 60-year-old male had a history of fever for half-month (January 1, 2019), diarrhea, 1-week history of somnolence, and extremity of hypertonia. Apart from the past medical history of chronic bronchitis and surgery of hernia, we did not get any meaningful history from his family.

When the symptoms began, he had a fever and the highest body temperature of the patient was 39°C. On the next day, he began to have incontinence and diarrhea. The patient was then sent to the Huainan Xinhua Hospital. The CT of the chest showed that he had pulmonary inflammation; the patient was given the treatment of anti-infection, but the symptoms were not alleviated. About 4 days later, the patient was transferred to the Huainan First People's Hospital and he required the serial lumbar punctures as his intracranial pressure raised persistently. The CSF test showed the abnormal results that CSF protein level and pressure were higher than usual (family members could not provide the accurate results and anti-infective agents). Meanwhile, the body temperature of the patient still fluctuated between 37.5 and 38.1°C. By using the CSF culture and virus antibodies, no pathogen was detected, so the patient continued to receive empiric treatment for viral meningitis and supportive care. Then, the patient developed the symptoms of cough and phlegm, with paroxysmal fever as high as 38.1°C. Because the symptoms of the patients did not improve, he was transferred to the Anhui Provincial Hospital. On arrival, the patient was afebrile and had a blood pressure of 127/80 mm Hg and a heart rate of 72 beats/min. The physical examination showed that he had neck stiffness and hypermyotonia. He had no focal motor or sensor deficits and his nerve examination was normal.

As a result of these data and information, the doctors considered that the patient had viral encephalitis and he was treated with gammopathy, methylprednisolone, and anti-virus therapy. Viral antibodies and β-1,3 glucanase were used to speculate on the type of pathogen again. Combined with the previous examination results of the patients in the Huainan and the current examination results, we did not get the valuable results to identify the pathogens. Therefore, the patient continued to receive empiric treatment for the viral encephalitis and supportive care, but the symptoms were not alleviated. Due to the tetanus antibody that is probable positive, the patient was transferred to the infectious department (January 13, 2019). According to the clinical symptoms, the doctors did not consider the possibility of tetanus. Then, the patient again returned to the neurology department. When the patient arrived, he showed unconsciousness and his oxygen saturation of blood decreased. For further treatment, the patient was sent to the intensive care unit (ICU) (January 15, 2019). Subsequently, the lumbar puncture was performed again, showing an open pressure of 80 mm Hg. The CSF test showed glucose of 2.48 mmol/l, protein of 0.66 g/l, karyocyte count of 1010~6/L, and chloride of 115.2 mmol/l (Table 1). Repetitive serology and CSF studies for the possible organisms continued to be negative. Gram staining and India ink staining did not show any organisms. CSF culture was repeated. While MRI of the brain revealed the abnormal enhancement of meningitis and hemangioma, we did not get any valuable information from MRI.


Table 1. Cerebrospinal fluid test.
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During this period, the C-reactive protein (CRP) of the patient, mental state, and body temperature gradually decreased after the antibacterial treatment. His sample was sent for pathogen detection by the NGS at the Beijing Genomics Institute (BGI), Wuhan, China. CSF sample from the patient was analyzed by using the BGI PMSeq high-throughput sequencing process for the detection of pathogenic microorganisms. DNA from the CSF sample was extracted by using the TIANamp Micro DNA Kit (Beijing, China). Then, 100 ng of extracted DNA were subjected to the library building steps including fragmentation, end repair, and sequencing adapter ligation. Then, the DNA library was sequenced on the BGISEQ-500 sequencing platform at the BGI, Wuhan, China. A total of 3,310,880 single-end reads were generated. Then, the reads were processed by using the BGI metagenome analysis platform. After filtering of the human genome sequences, the rest sequences were mapped to a metagenome database including 2,328 bacteria, 199 fungi, 4,189 viruses, and 135 parasites from the National Center for Biotechnology Information (NCBI). Among these reads, 30,451 were mapped to Candida parapsilosis (Figure 1A) and 2,857 were mapped to Candida orthopsilosis (Figure 1B), all these are fungal species. The other reads were mapped to the common environmental microbes or laboratory contaminants.


[image: Figure 1]
FIGURE 1. (A) A total of 5,212 reads were mapped to the Candida parapsilosis in the reference database. The coverage of the referenced Candida parapsilosis genome was 1.96%. (B) A total of 675 reads were mapped to the Candida orthopsilosis in the reference database. The coverage of the referenced Candida orthopsilosis genome was 0.2637%.


Due to this result, there was a debate among the doctors. Doctors were divided into two groups. One group thought that the foundation of the fungal infection was not sufficient at the current stage and the epidemiological investigation in China showed that the incidence of Candida infection in the CNS was low, so they thought that the possibility of contamination of the specimen cannot be ruled out. Because antithyroglobulin antibodies in the patient were positive, combined with thyroid insufficiency and MRI, they considered the possibility of Hashimoto's encephalitis, and the patient should be treated with the hormones. For these reasons, they believed that antifungal therapy was not essential. In the opinion of the other group, although there was no other evidence of the pathogens at present and some clinical symptoms of the patient improved, his muscle tension was still high. Meanwhile, there was no better detection method in our hospital. According to the Infectious Diseases Society of America (IDSA) guidelines (recommendations 28, 32, 33, and 94) (3), the change of the clinical symptoms is the most important basis for the clinicians without basis. Furthermore, the empirical treatment of adults with encephalitis is with drugs within 6 h of suspicion (7), and delay in the diagnosis and inappropriate therapy would result in permanent damage, even also death. It was an unacceptable outcome. Owing to the poor therapeutic effect and symptoms, diagnostic treatment can be initiated and the neurologists also agreed with the treatment. Then, the patient finally received the antifungal treatment with fluconazole combined with the amphotericin liposomes (the dose of fluconazole on the first day was 12, 6 mg/kg/day; amphotericin liposomes: 5 mg/kg/day) (3) and the neurologists and the family of the patient agreed with this treatment. The clinicians monitored the side effects of this treatment regimen such as hypokalemia and renal impairment. Fortunately, after 4 days of treatment, there was a significant improvement in the muscle tone without the side effects. Because of the enclosed environment of the ICU, the patient developed some mental symptoms (restlessness and delirium appeared intermittently). Because the family members are not allowed to accompany in the ICU, the patient was transferred to the neurology unit for further treatment. Doctors hope to treat delirium through the company and psychological comfort of the families of the patient (the hospitalization process is shown in Figure 2).


[image: Figure 2]
FIGURE 2. Annotation: “*” indicated the department of infection; “#” indicated that the patient was treated in the neurology department in the afternoon and he was transferred to the intensive care unit (ICU) in the evening; “–” means negative; and “+” means positive. The beginning and end of each color bar indicated the treatment measures during this period.




DISCUSSION

In the previous studies, the fungal infections of the CNS were rare clinical cases, but candidemia cases have increased dramatically worldwide (8, 9). Fungal infections can develop via hematogenous dissemination from a distant focus such as central venous catheter and lung (10). The symptoms of Candida meningitis are often similar to those in patients with bacterial meningitis such as fever (hyperthermia), headache, neurological symptoms, and meningeal irritation (11).

According to the results of the current research (7), a high index of suspicion is needed in any patient with risk factors such as abdominal surgery, bowel perforation, recent broad-spectrum antibiotic therapy, intravenous drug use, advanced in years, indwelling catheters, low immune function, severe burns, antineoplastic therapy, and long-term glucocorticoid usage (12, 13). The development of fungal infections largely depend on the interplay between the health status of the patients and the virulence of pathogenic fungal species. In many cases, there is no specificity in the clinical symptoms. As we know, fungal meningitis is a common complication of immunosuppression, while Candida albicans is the most common pathogen (14, 15). Overall, albicans were the most common strains followed by Candida glabrata in the clinical cases, accounting for about half of the total cases, but the source of candidemia was unknown in half of all the episodes (16).

In this case, the patient lacked any known risk factors, and the reason for the infection needed further study. According to the current diagnosis, fungal infection can be isolated from blood and CSF, which is the gold standard of the clinical diagnosis. However, the positive rate in the blood cultures and CSF is too low for the clinician. Even if the etiological culture is positive, it will take 3–5 days at the fastest. With respect to the timing of initiation of empirical treatment, some studies are still controversial, with some showing that mortality was lower in the patients who received the antifungal early (7, 17), while other studies showed that there was no significant difference in in-hospital mortality (18, 19).

With most of the research results, the prompt initiation of the antifungal therapy was essential for better outcomes. But in any case, timely and effective treatment with the appropriate anti-infective drugs is the most crucial factor for the best prognosis (20). Providing effective treatment for the patients is the most crying need for the patients and doctors. Meanwhile, if we can get accurate results earlier, the therapeutic efficacy will be better and fewer irrational antifungal drugs will be used. However, in most of the cases, the clinicians did not have adequate laboratory tests at the beginning; they can only judge the condition according to the guidelines, expert consensus, and clinical experience, so as to minimize the possibility of missed diagnosis, misdiagnosis, and overdiagnosis and treatment (3, 7).

The incorrect usage of the antimicrobials will cause the resistance of the pathogen, treatment difficulty, and the tensional doctor-patient relationship, especially in China (21). Fungal cultures of CSF have a bad sensitivity and this method is rarely helpful. Due to the poor sensitivity of the cultures, the diagnosis of fungal infection is very tricky (22). In addition, unlike the other infection, there is not a widely accepted molecular-, antigen-, or nucleic acid-based testing method to expedite the identification of the organism in the medical units, thus delaying the proper treatment (23). Now, diagnoses of these diseases are still tricky because there lacked a fast and reliable means of detection. Delay in the diagnosis and inappropriate therapy can result in permanent damage, even death. It was an unacceptable outcome.

Clinical doctors need another simple and effective method to isolate and detect the pathogen. In the current practice, culture-based methods are still considered as the standard approach of etiological diagnosis of the infection. However, these methods have disadvantages including long turnaround time and practically low sensitivity. Although molecular assays such as PCR-based methods have been established for the pathogen, the detection is limited to the known pathogens listed on the panel.

The NGS is a new laboratory detection technology that directly extracts the nucleic acids from all the pathogens in the samples of the patient for high-throughput sequencing; the NGS is able to detect the thousands of fragments in a laboratory test, therefore this technology can reduce the number of tests and period of detection (24). In the past few years in China, NGS is an emerging innovative technology, which has become highly sensitive in the detection of pathogens (24). NGS has been constantly improving and stepped into clinical practice, providing a powerful tool with advantages including short turnaround time, full-spectrum, and semi-quantitative analysis. In comparison to the routine cultural method, NGS has made a huge advancement in infection diagnosis. NGS had become a new and innovative technology and is gradually applied in clinical practice. In this case, the NGS results showed that pathogens were Candida parapsilosis and Candida orthopsilosis. They are the different genotypes of Candida (25), but only Candida parapsilosis is stated in this clinical guideline (3). This also proved the advantages of NGS (19).

The antimicrobial resistance profile of Candida in China showed that the isolates were sensitive to the liposomal amphotericin B and fluconazole. This is consistent with the IDSA guidelines (5) and this case indirectly proved the sensitivity and specificity of NGS.

The limitations included few acknowledged criteria of the sequencing result explanation which have been established (26); large-scale study comparing NGS with traditional etiological diagnosis methods which are missing, the sample size of most of the studies is small (27); this study is just a case report, thus, it still needs high-level evidence to support its clinical application; and this method is very sensitive, so strict aseptic operation is required in the detection process, else it is easy to lead to the clinical misdiagnosis (28).



CONCLUSION

Next-generation sequencing technology is a new method of diagnosis. Based on the unique advantages of the NGS technology in the diagnosis of these infectious diseases, this new technology will gradually be applied in clinical practice to benefit a large number of patients.
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Severe Pneumonia Caused by Infection With Tropheryma whipplei Complicated With Acinetobacter baumannii Infection: A Case Report Involving a Young Woman

Sheng Wang1†, Demeng Xia1,2†, Jianghong Wu1†, Dandan Jia1, Lei Li1 and Shuogui Xu1*


1Department of Emergency, Changhai Hospital, Naval Medical University, Shanghai, China

2Health Clinic, Liberation Army Unit 91666, Zhoushan, China

Edited by:
Lei Chen, Shanghai Jiao Tong University School of Medicine, China

Reviewed by:
Guoying Deng, Shanghai General Hospital, China
 Xin Dong, Shanghai University, China

*Correspondence: Shuogui Xu, 18516116672@163.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Infectious Diseases–Surveillance, Prevention and Treatment, a section of the journal Frontiers in Public Health

Received: 23 June 2021
 Accepted: 29 September 2021
 Published: 25 October 2021

Citation: Wang S, Xia D, Wu J, Jia D, Li L and Xu S (2021) Severe Pneumonia Caused by Infection With Tropheryma whipplei Complicated With Acinetobacter baumannii Infection: A Case Report Involving a Young Woman. Front. Public Health 9:729595. doi: 10.3389/fpubh.2021.729595



Whipple's disease is a very rare systemic infectious disease, and very few cases have been reported. However, it can be fatal if not diagnosed and treated appropriately. The major clinical manifestations of this disease are usually digestive and nervous system symptoms. The majority of patients are male and between 40 and 50 years old. Although respiratory symptoms of this disease have rarely been reported, they pose a serious threat to the lives of the patients, especially when they progress to severe pneumonia. During admission to the hospital, Acinetobacter baumannii infection makes treatment more difficult. While most patients are middle-aged men, more attention should be given to the diagnosis and treatment of affected young women. To our knowledge, the case presented in the study is the first case of Tropheryma whipplei infection that resulted in severe pneumonia and was complicated by A. baumannii infection during treatment. We hope that our study can serve as a reference for the diagnosis and treatment of related cases in the future.
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BACKGROUND

Tropheryma whipplei infection was first discovered in 1907; it was identified as a rare chronic infectious disease with an annual incidence of 3 in one million population, and a male to female patient ratio of 8 to 1 (1, 2). The most obvious symptom of the prodromal phase of the disease is joint pain, while in the stable phase, it mainly manifests as abdominal pain with diarrhea and weight loss. Later, it develops into myocarditis, pericarditis and inflammation of the nervous system. To date, there have been reports about cases of this disease damaging the eyes, spine and skin (3–5). Because of the involvement of multiple systems, the clinical manifestations are relatively complex, so it is extremely easy to miss the diagnosis and arrive at a misdiagnosis, resulting in inappropriate treatment decisions, resulting in adverse outcomes. Here, we report a rare case of T. whipplei infection that led to “severe pneumonia,” which was the primary complaint. During hospitalization, the patient became infected with Acinetobacter baumannii. After a prompt diagnosis and appropriate treatment, the patient recovered and was discharged. Taking into account the background of the coronavirus disease 2019 (COVID-19) pandemic and the uniqueness of this disease, we would like to share our team's experience in the diagnosis and treatment of this rare disease with clinicians and other readers.



CASE PRESENTATION

A 23-year-old woman was admitted with chest distress and difficulty breathing. The patient said that 1 week prior, she had symptoms of fever, bloody stools and headache, and oral antibiotics did not relieve the symptoms. On admission, the vital signs observed during the physical examination were as follows: body temperature, 39.6 °C; blood pressure, 82/41 mmHg; pulse, 116 beats/min; and saturated oxygen in arterial blood, 91%. Chest CT results showed that extensive blurring in both lungs, and diffuse inflammation of both lungs was considered (Figure 1A). In the context of the COVID-19 pandemic, we first considered the possibility that the patient might have COVID-19; however, only 2 h later, the result of a nucleic acid test of a throat swab was negative, which helped us rule out COVID-19. At the same time, an emergency blood test showed that her white blood cell count was 2.48 × 109/L, with a neutrophil percentage of 90.3% and a lymphocytes percentage of only 3.1%. Given the large disparity in the percentages of lymphocytes and neutrophils, we were more inclined to suspect infections with microorganisms other than viruses.


[image: Figure 1]
FIGURE 1. Chest CT results on day 1, day 7, and day 14 after admission. (A) Chest CT findings on the first day of admission revealed diffuse pneumonitis throughout the lungs. (B) The patient's chest CT on day 7 showed a worsening of the infection (due to the severity of the disease, the patient could not hold her breath well, so the images were not clear). (C) On the 14th day of admission, the patient's chest CT results showed slight improvement after treatment.


Other examination results were as follows: the levels of procalcitonin (PCT) was 24.55 ng/mL, respectively. According to the above examination results, the patient had a serious infection. Given the patient's high PCT level and clinical symptoms, we considered a bacterial infection, but the low white blood cell and neutrophil levels made it impossible for us to rule out other infections. We have obtained more information about the patient's situation and found that she had lost 5 kg in 3 months and experienced joint pain, but she did not pay attention to these symptoms at the time. Therefore, we had reason to suspect she may be infected with HIV. However, the examination results showed that the HIV antibody level was within normal limit, which forced us to reconsider. Due to the possibility of a fungal or bacterial infection and the need to gain control over that infection immediately, the broad-spectrum antimicrobial drugs imipenem and fluconazole were administered.

On the second day of admission, the blood gas analysis results showed that the patient's arterial oxygen partial pressure had decreased to 50 mmHg, and her partial pressure of carbon dioxide was 75 mmHg. The patient was diagnosed with type I respiratory failure. At the same time, the patient's oxygen saturation level decreased from 90 to 70%. Therefore, endotracheal intubation with mechanical ventilation was performed, and the synchronized intermittent mandatory ventilation (SIMV) was selected as the ventilator mode. The tidal volume was 350 ml (her current weight was 50 kg), the positive end-expiratory pressure (PEEP) was 3 cmH2O, the oxygen concentration was 35%, and the frequency was 12 times/min. The patient's oxygen saturation was maintained at 100%. At that point, the patient had met the diagnostic standard for severe pneumonia. In addition, the patient's liver function and renal function were impaired to varying degrees: her creatinine level was 293 μmol/L, her alanine aminotransferase level was 66 U/L, her aspartate aminotransferase level was 121 U/L, her platelet count was significantly reduced to 37 × 109/L, and her urine volume was also reduced to < 0.5 ml/kg/h. However, all the above indexes had been normal before disease onset. The patient was given conventional treatments such as inhaled oxygen, fluid replacement, antitussive treatment, diuresis and liver protection, and antibiotics continued to be administered. Her blood pressure remained at approximately 110/70 mmHg on dopamine.

Considering that the results of blood and sputum cultures take time to be returned and substantial wet rales could be heard in both lungs on auscultation, we performed fibreoptic bronchoscopy to enable us to identify the pathogen and provide the appropriate treatment as soon as possible. A large amount of white mucous was found in the airway during the procedure, and bronchoalveolar lavage fluid (BALF) (Figure 2A) was obtained for next-generation sequencing (NGS). The gene sequencing results for the pathogenic microorganisms were as follows: the relative abundance of T. whipplei was 99.4664%, and the sequence number was 5,668 (fungi, parasites, chlamydia, mycoplasma, mycobacterium and other types of bacteria were not detected) (Figures 2B,C). After identifying the pathogen as a gram-positive bacterium, fluconazole was discontinued, and imipenem was maintained. In the following week, we re-examined the patient's laboratory parameters (Figures 3, 4), and the patient's overall performance had slightly improved.


[image: Figure 2]
FIGURE 2. Results of the next-generation sequencing of bronchoalveolar lavage fluid. (A) Bronchoalveolar lavage fluid. (B) The results showed that the relative abundance of Tropheryma whipplei was 99.4664%. The number of sequences was 5668. (C) The proportions of bacteria, viruses, parasites and fungi.
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FIGURE 3. Dynamic changes in infection indexes and platelet counts in the patient after admission. (A, B) The neutrophil and leucocyte counts decreased significantly 7 days after admission. (C) The serum procalcitonin level continued to decline. (D) The platelet count continued to increase. Eventually, the patient's indicators returned to normal (different colors represent different medications, and the length of the lines represents the duration of treatment with the medication).
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FIGURE 4. Dynamic changes in liver and kidney function in the patient after admission. After appropriate treatment, the aspartate aminotransferase (A), alanine aminotransferase (B), lactate dehydrogenase (C) and creatinine (D) levels of the patient gradually returned to normal (different colors represent different medications, and the length of the lines represents the duration of treatment with the medication).


However, on the seventh day of admission, her PCT value decreased significantly. However, there was a slight rebound in her white blood cell count, and the patient's body temperature also remained at approximately 38 degrees Celsius and did not return to normal. Even more striking was the fact that her chest CT findings worsened (Figure 1B). At the same time, the drug sensitivity results of the bacterial culture were obtained. Unfortunately, the results of the bacterial culture of patients showed that the main pathogenic bacterium had changed from T. whipplei to carbapenem-resistant A. baumannii, which was resistant to all tested antibiotics.

After careful consideration, treatment with the previous antibiotics was stopped, and we made the decision to treat the patient empirically by adding polymyxin B to our treatment plan, given that there were no other drugs available because the A. baumannii was resistant to all tested antibiotics. Fortunately, the patient's condition gradually returned to normal. Her liver function, kidney function (Figure 4), platelet count and infection indexes improved significantly (Figure 3), although her chest CT scans showed that the infection in the lungs had improved only slightly after treatment (Figure 1C). Twelve days after admission, the patient's respiratory function had improved, and she was weaned from the ventilator and extubated. All antibiotics were discontinued on the 15th day after admission, and the patient was able to get out of bed and perform simple activities 16 days after admission. She was discharged 18 days after admission.



DISCUSSION

Severe pneumonia is a common disease encountered in clinical practice, but its diagnosis and treatment are often challenging, especially when pneumonia is cause by infections with rare or unknown pathogens. The patient we admitted was treated for symptoms such as hypotension, high fever, dyspnoea and low white blood cell count and was initially diagnosed with severe pneumonia. After the test results were obtained, viral infections, including infection with HIV, were ruled out. Considering that bacterial cultures take a long time, we obtained bronchoalveolar lavage fluid and performed next-generation sequencing. At present, nearly all infectious agents contain DNA or RNA genomes, making sequencing an attractive approach to pathogen detection. Next-generation sequencing has emerged as means of detecting and taxonomically characterizing microorganisms in clinical samples from patients (6). At present, for patients with severe infections and unknown causative pathogen, early next-generation sequencing is necessary to guide the selection of a reasonable treatment plan as soon as possible. The rapid, sensitive results of next-generation sequencing make it far superior to microbial culture. In addition, studies have shown that next-generation sequencing has apparent advantages for the detection of viruses and co-infections, at present, it has been fully used in the diagnosis of rare bacteria (7). Finally, in this case, infection with T. whipplei was confirmed in only 1 day.

Tropheryma whipplei is a gram-positive actinomycete that is a symbiotic bacterium and is widespread in the external environment. It is unlikely to cause disease in normal people, although it can cause infections in patients with partial immune deficiency. Tropheryma whipplei causes a chronic infectious disease known as Whipple's disease, which was first described in 1907 by G.H. Whipple and has an annual incidence of 3 in one million population (1). Classic Whipple's disease mainly involves the digestive system and is characterized by a tetrad of symptoms: arthralgia, weight loss, diarrhea, and abdominal pain. Gastrointestinal findings are the most common clinical manifestations that are identified in approximately 90–95% of patients (8). Due to the large proportion of cases involving the digestive system, there are now relatively mature diagnostic and therapeutic measures. A definite diagnosis of classic Whipple's disease is generally made by observing the massive infiltration of foamy macrophages containing dense PAS-positive granules in the lamina propria on histopathological examination of the biopsy material obtained from the small intestine (9). However, cases involving the respiratory system are rare. Existing studies have shown that respiratory infection is reported in only 13–14% of cases (10, 11) and usually involve pleural effusion and/or pulmonary hypertension (8). However, our patient presented with dyspnoea, chest distress and cough as the main symptoms, which is very rare in the literature. Another concern was the age and sex of the patient. According to an Italian study (1), the disease is more likely to occur in middle-aged white males, and the incidence in females is relatively low, with female patients accounting for only 30%. However, a study in the United States (12) found that the sex ratio is changing and that currently there is no significant difference in incidence between men and women. Nevertheless, this requires us to pay more attention to the atypical manifestations of the disease and the diversity of the patient population in clinical practice to improve our diagnostic success and treatment of patients.

To date, the treatment of Whipple's disease with pulmonary symptoms as the main complaints is not yet mature and has not been standardized. In our case, based on the next-generation sequencing results, we changed the treatment regimen in a timely manner, and the patient's condition showed significant improvement. On the 8th day, however, the patient's condition changed again, and the bacterial culture showed A. baumannii. This is a gram-negative 0 bacteria common in nosocomial infections, especially in intensive care units (ICUs) and immunocompromised patients with central venous catheters; it is often multi-drug resistant (MDR) and usually infects the respiratory tract, especially in those on mechanical ventilation (13). Antibiotics that are usually effective against A. baumannii infections include polymyxins E and B, sulbactam, piperacillin/tazobactam, tigecycline, aminoglycosides and carbapenems. The patient in our case had nearly all of the risk factors for infection with A. baumannii. Unfortunately, in this case, the A. baumannii was not sensitive to any of the tested antibiotics. We made the decision to treat the patient empirically by adding polymyxin B to our treatment plan. To our surprise, the patient's white blood cell and neutrophil counts returned to normal after a few days, and her lung CT showed improvement. Finally, all antibiotics were discontinued on the 15th day of admission, and the patient was discharged on the 18th day. This also suggests that pathogens that show resistance to antibiotics can sometimes still be treated with empiric therapy. Of course, we cannot deny that early drug sensitivity testing is essential for infection control in cases of serious infections. In addition, we believe that the patient's recovery was also due to her young age, which was conducive to the recovery of her physiological function.



CONCLUSIONS

To our knowledge, this is the first case of severe pneumonia caused by infection with T. whipplei complicated with A. baumannii infection. The atypical natures of both the affected system and the patient deserve our attention. In terms of diagnosis, next-generation sequencing is relatively faster, supporting the early diagnosis of serious infections. As one of six main pathogens involved in nosocomial infections, A. baumannii also poses a clinical challenge; therefore, the timely performance of drug sensitivity tests and the selection of appropriate antibiotics are important. We hope that our report can serve as a reference for the diagnosis and treatment of this disease, and more clinical data are expected to be published to provide more support.
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Background: Streptococcus suis has been recognized as a zoonotic pathogen that may cause infections in humans. Although rarely described, it is not surprising that both cryptococcal and streptococcus suis meningitis infections can co-exist in a HIV-infected patient with a low CD4 count. However, a fast and accurate diagnose of meningitis of multipathogenic infections is challenging. In this report, we describe such a case of a HIV-infected patient with meningitis of multipathogenic infections.

Case Presentation: The patient was a 34-year-old Chinese male who was diagnosed with cryptococcal meningitis and HIV at the same time about 1 year ago. During the same time period, he had received (with good compliance) fluconazole and tenofovir-lamivudine- dolutegravir based antiretroviral therapy (ART). However, symptom of progressively worsening occipital headache appeared after he was exposed to a truck which was used for transporting pigs. Initial workup indicated an increase of the cerebrospinal fluid (CSF) opening pressure (OP) and an increase in the number of lymphocytes and proteins in CSF. A magnetic resonance imaging (MRI) scan revealed that partial cerebellar surface enhancement. The cryptococcus capsular antigen test of CSF was positive. The results of the India Ink microscopy for cryptococcus, nucleic acid of CMV and EBV and mycobacterium tuberculosis (MTB) tests of CSF were negative. The results of the bacteria and fungi smear and culture of CSF were also negative. Eventually, streptococcus suis was detected using next-generation sequencing (NGS) in CSF. The diagnosis of Streptococcus suis meningitis was made based on the patient's contact history with carrier pigs and the clinical findings addressed above. The treatment of 2 weeks of intravenous ceftriaxone and 1 week of oral moxifloxacin resulted in improvement of the condition of CSF. The anti-fungal treatment using fluconazole continued until the CFS OP went down to a normal level and the cryptococcus capsular antigen test of CSF was negative 6 months later.

Conclusion: This case highlights that NGS might be beneficial to HIV-infected patients who have meningitis with negative CSF culture results. Multiple etiologies for such condition in the immunocompromised patients must be taken into consideration and early stage NGS is recommended.

Keywords: next-generation sequencing, meningitis, streptococcus suis, cryptococcus, cerebrospinal fluid, HIV


INTRODUCTION

Compared to patients with monomicrobial meningitis, patients infected with multiple types of meningitis are more difficult to be diagnosed (1). However, a fast and accurate diagnosis of the pathogens causing the meningitis is challenging because of the limitations of current conventional tests (2). Sometimes, it is still difficult to draw the correct conclusion based on the test results. Streptococcus suis is a gram-positive, capsulated, hemolytic, facultative anaerobic coccus. It has recently been recognized as a zoonotic pathogen that may cause infections in humans in occupational contact with pigs and/or pork, with meningitis as its most common clinical presentation (2–5). Although rarely described, it is not of surprise that both cryptococcal and streptococcus suis meningitis infections can co-exist in a patient infected with human immunodeficiency virus (HIV) and with a low CD4 count. Next-generation sequencing (NGS), a method with highly sensitive detecting function for analyzing the microbiome, can provide additional valuable information for the detection of pathogens. Here, we present a report of a HIV-infected patient who had cryptococcal meningitis infection for about 1 year and was then diagnosed with streptococcus suis meningitis using NGS, even though his blood and CSF cultures test results were both negative.



CASE REPORT

A 34-year-old Chinese male visited his local tertiary hospital due to progressively worsening occipital headache for the past 4 days, without showing any other symptoms of fever, projectile vomiting and so on. His medical history showed that he had had cryptococcal meningitis and HIV infection for about 1 year, and he had been receiving (with good compliance) fluconazole and tenofovir-lamivudine-dolutegravir based antiretroviral therapy (ART) during the same time period. The levels of the inflammatory markers were normal (Leukocytes 5.61*109 cells/mL, C-reactive protein 7 mg/dL). His neurological signs showed no abnormal indications. Head Computed Tomography (CT) scan revealed no abnormalities. The lumber puncture was performed and the test result of CSF is shown in Table 1. It shows rising levels of OP, lymphocytes and protein in CSF. The cryptococcus capsular antigen test result of CSF was positive but the results for the gram staining and culture study were negative. The patient was diagnosed with cryptococcal meningitis and was given fluconazole (400 mg, QD) continuously and TMP-SMX (0.48, QD) for 1 week by the doctor at the local hospital. However, his headache problem was not resolved. Then he came to our institution, the Infectious Disease Department of the First Affiliated Hospital, School of Medicine, Zhejiang University, and was hospitalized. Upon arrival, the patient's body temperature was 36.7 C, pulse rate was 95 beats/min, blood pressure was 138/97 mmHg, respiratory rate was 23 breaths/min, and finger pulse SpO2 was 98%. He was suffering from headache but his neurological signs were normal. The laboratory results are as follows: white blood cell count 7.0 × 109/L, with a neutrophil ratio of 42%, hemoglobin 150 g/L, and platelet count 294 × 109/L; C-reactive protein (CRP)1.8 mg/L; CD4 count 171 cells/μL; normal blood biochemical; negative 1,3-beta-D-glucan test (G test) and galactomannan test (GM test) results (0.1 μg/L). The IgG antibodies of Epstein-Barr virus (EBV) and Human Cytomegalovirus (CMV) were positive, while the IgM antibodies and the test of the nucleic acid of EBV and CMV were negative. The test result for mycobacterium tuberculosis (MTB) was negative based on the blood test with T-SPOT, and the result for cryptococcus capsular antigen test of the blood was positive. The chest CT scan and echocardiography results were normal. The lumber puncture was performed on day 2 and the opening pressure was 285 (cm H2O). The test result of CSF is shown in Table 1. The cryptococcus capsular antigen test of CSF was positive. An India Ink microscopy on the CSF sample for cryptococcus was also performed and the result was negative. The results of the blood and CSF smears of bacteria and fungi were negative. The results of the acid-fast staining of CSF smear and GeneXpert were both negative for MTB. The test of the nucleic acid of CMV and EBV in CSF was negative. Based on the negative gram staining and culture study results of CSF provided by the local hospital and the above results, the CSF sample was sent to the laboratory for conventional tests and NGS test (using the Illumina Platform, IngeniGen. Ltd, Zhejiang, China) for pathogen-induced meningitis verification. Contrast-enhanced and diffusion-weighted MRI (3.0T) was performed on day 3, and the partial cerebellar surface enhancement was revealed (Figure 1), which matched the manifestation of cryptococcal meningitis, and no abnormal signals were detected in the cerebral parenchyma. Two days later, the NGS results showed that streptococcus suis (6 reads) and streptococcus mitis (1 reads) were found in CSF. The results of the blood and CSF culture of bacteria and fungi were still negative on day 5. So, we inquired the patient's medical history again, and he told us he had had close contact with a truck transporting pigs and had choked on water in a water park 2 weeks before his admission. Based on the test reports and his contact history, the diagnosis of streptococcus suis infection was made and intravenous Ceftriaxone (2.0, QD) was given. The patient's headache problem was resolved gradually. A second lumber puncture performed on day 12 revealed improved conditions of CSF (see Table 1), with negative gram staining and culture study results. Ceftriaxone was given to the patient for another 2 weeks and then oral moxifloxacin (0.4, QD) for 2 days. The third lumber puncture was performed on day 17, showing continuous conditional improvement of CSF. The patient was discharged in stable condition on day 21 after 1 week of receiving moxifloxacin. Three weeks later, we performed the fourth lumber puncture to confirm that the meningitis infection was cleared, but the patient's OP level was still abnormal, so fluconazole was given continuously until the OP level and cryptococcus capsular antigen test turned normal 6 months later.


Table 1. Cerebrospinal fluid profile evolution throughout treatment.
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FIGURE 1. Contrast-enhanced and Diffusion-weighted Cranial MRI Scans on Day 3 of Admission and after 6 Months. On the third day of admission, post-contrast T1 MRI showed partial cerebellar surface enhancement (A,B) and get better at 6 months later after discharge (C,D).




DISCUSSION

The rate of AIDS-related opportunistic infections has decreased dramatically due to the success in achieving viral suppression and immune reconstitution combined with the effective and wide use of ART (6). The coexistence of fungal and bacterial meningitis in patients is rarely reported, so here we would like to address the case of the recent diagnosis of streptococcus suis meningitis using NGS in a patient who had prior diagnosed with HIV infection and cryptococcal meningitis about 1 year ago.

In the developed countries, the prevalence of cryptococcal meningitis has dropped amongst HIV patients as it can be diagnosed in the early stage, but the percentage is still exceedingly high in the more resource-limited environments (7). In this case, fluconazole was used and ART initiated 2 weeks later. The therapy went on for about 1 year and the patient's condition was stable but his cryptococcus capsular antigen test result of CSF was positive during the regular review. What's more, symptom of progressively worsening occipital headache appeared after the patient had contact with a truck which carried pigs. The routine blood and CSF test results were negative, and the diagnosis of streptococcus suis meningitis was finally confirmed using NGS on CSF.

Streptococcus suis has recently been recognized as a zoonotic pathogen that may cause infections in people with risk of occupational exposure to pigs and/or pork (3, 4). Meningitis is the most commonly resulted clinical presentation, followed by septicemia, endocarditis, arthritis, enteritis, spondylodiscitis, endophthalmitis, uveitis and peritonitis (3, 5). Streptococcus suis infection has no specific clinical symptoms in the early stage. Usually, Streptococcus suis meningitis starts with the typical presentation of meningeal symptoms such as fever, headache, nausea, and vomiting, as well as neurological symptoms, such as dizziness and balance disorder. The central nervous system imaging is the standard procedure in most cases. The diagnosis of purulent meningitis can be confirmed based on the CSF examination and the bacteria culture of CSF and blood (5). Typically, Streptococcus suis meningitis presented a neutrophilic CSF inflammatory response. However, this patient had cryptococcal meningitis infection and presented a lymphocytic CSF inflammatory response, hence clear conclusion could not be drawn in this regard. The patient's symptoms of headache and lymphocytic CSF inflammatory response might be caused by the co-occurrence of streptococcus suis meningitis and cryptococcal meningitis on top of his existing HIV infection and relatively low CD4 count. However, further investigation needs to be conducted toward the exact mechanism at work. The conventional culture has been used in the clinical process. However, these conventional tests have its limitations in terms of sensitivity, speed, and spectrum for pathogen detection (8). The routine blood and CSF culture results were negative in the two times of lumbar punctures conducted on the patient. So, a prompt and accurate diagnosis of meningitis of multipathogenic infections in HIV-infected patients is still difficult to achieve. NGS, as a highly sensitive, culture-independent and unbiased method, can identify all potentially known, new or unexpected pathogens (9, 10).

NGS has been successfully used as a diagnostic tool for various infectious diseases in the immunocompromised hosts (11–13). Previous study showed that multiple pathogens were identified by NGS in CSF from more than 15.9% (14/88) of HIV-infected patients who were suspected to have CNS infection with negative result by conventional tests. This indicated that multipathogenic CNS infections are not uncommon in people living with HIV and NGS is capable to identify multiple pathogens in a single test in an unbiased manner (1). Although there is one previous report about the application of NGS in the identification of streptococcus suis septicemia in a patient whose blood bacterial cultures results were negative (14), its application in diagnosing streptococcus suis meningitis in HIV-infected patients with cryptococcal meningitis history has never been addressed until now. Most patients with streptococcus suis meningitis respond well to treatment of broad-spectrum intravenous antibiotics such as penicillin, ampicillin and cefotaxime (5). Although the numbers of the NGS sequence read for streptococcus suis was low, the diagnosis of streptococcus suis meningitis was confirmed in this patient's case based on his contact history with carrier pigs and the clinical findings. The 2 weeks treatment of intravenous ceftriaxone and 1 week of oral Moxifloxacin resulted in the continuous improvement of the condition of CSF.

This case demonstrates that NGS might be beneficial to help diagnose HIV-infected patients who have meningitis with negative CSF cultures results and are more likely to be infected by multiple pathogens. Multiple etiologies for such condition in immunocompromised patients must be taken into consideration and early stage NGS is recommended. However, the application of NGS in clinical diagnosis is still challenging due to the consideration of the cost-effectiveness and the standardization of the entire procedure, from sample collection to result interpretation (15). The result interpretation of NGS requires caution, and other clinical, laboratory and radiological findings must be taken into consideration as well.
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Introduction: Scrub typhus is a mite-borne infection widespread in Southeast Asia, with clinical symptoms such as fever, chills, skin rash, eschar at the bite site, and other signs of acute febrile illness. The Rickettsia pathogen (Orientia tsutsugamushi) is always difficult to be diagnosed at an early stage by traditional clinical diagnostic methods, especially for patients without typical eschar. This greatly increases the mortality of patients with scrub typhus. A new approach should be introduced to improve its clinical diagnosis.

Methods: During May 2018 to March 2021, 13 samples from 10 patients with suspected scrub typhus were collected. Metagenomic next-generation sequencing (mNGS) and other diagnostic methods (including serology using Weil–Felix reaction and indirect immunofluorescence test (IIFT) for scrub typhus and respiratory tract profile IgM as well as culture for routine bacteria) were used to identify the pathogens in this study.

Results: The results of mNGS were all positive, with mapped reads of O. tsutsugamushi ranging from 1 to 460. Eight patients (80%) were diagnosed as scrub typhus. The other two were diagnosed as suspected scrub typhus due to the limited number of reads of the pathogen (one and two, respectively). According to clinical evidences, nine of the 10 patients were finally diagnosed as scrub typhus, except for patient 9 (suspected scrub typhus by mNGS with one specific reads of the pathogen) diagnosed as acute exacerbation of chronic obstructive pulmonary disease. For the five scrub typhus patients without typical eschar, mNGS gave all positive results (4–460 specific reads). For other methods, only Weil–Felix reaction of one patient detected the pathogen. In addition, the respiratory tract profile (IgM) detected various pathogens, but all were confirmed to be false positive.

Conclusions: mNGS performed better than conventional clinical methods to early diagnose scrub typhus. This approach can be routinely carried out for early and precise diagnosis in clinical infections, especially for those hard to be identified by traditional diagnostic methods.

Keywords: scrub typhus, Orientia tsutsugamushi, early diagnosis, metagenomic next-generation sequencing, eschars


INTRODUCTION

Scrub typhus, also known as tsutsugamushi disease, is an acute febrile illness caused by Orientia tsutsugamushi (also referred to as Rickettsia tsutsugamushi or Rickettsia orientalis) (1). The pathogen is a kind of natural obligate intracellular parasite, which can be transmitted to humans by the bite of larval stage of certain kinds of trombiculid mites known as chiggers (2, 3). The disease was first described in Japan and estimated to have one million global cases per year, which seriously influenced the public health of Southeast Asia (3–5). Scrub typhus occurs seasonally, and most infections happen from July to August and from October to November in China (6). During 2006–2017, approximately 4,500 scrub typhus cases were diagnosed in Jiangxi Province, and more than 120,000 patients with scrub typhus were found in 30 provinces in China (7).

The clinical manifestations of this disease include fever, chills, skin rash, and eschar at the bite site. Patients with scrub typhus may also experience headache, myalgia, cough, generalized lymphadenopathy, nausea, vomiting, and abdominal pain (8). In severe cases, it may cause many complications of the lungs, brain, kidney, meninges, and heart, such as acute respiratory distress syndrome, acute kidney failure, encephalitis, gastrointestinal bleeding, meningitis, myocarditis, and pneumonia (9–11). The median mortality of scrub typhus is 6% in untreated patients and 1.45% in treated patients (12, 13). Its mortality can be much higher due to the complications in severe cases. For example, it can reach 14% in brain infections and 24% in patients with multiple organ dysfunction (13, 14). However, the early diagnosis of this infection is difficult, especially in patients without characteristic eschar. In fact, the presence of eschar ranges from 7 to 80% in different populations (15). Other rickettsial diseases may also cause eschar on body of patients, for example, Rocky Mountain spotted fever (16). The scrub typhus is usually misdiagnosed, due to its similar early symptoms to other acute febrile diseases. It needs a series of laborious techniques such as serology, biopsy, culture, and PCR to diagnose, however, all of which are insufficient in the diagnosis (17). For example, Weil–Felix reaction is fast and relatively easy to carry, but the results are always unfaithful (18). The cultural method is dangerous and is not available in most laboratories, which even takes an average of 4 weeks for identification (19). 16S rRNA and groEL gene real-time PCR performs high specificity, but the sensitivity has been reported to be from 45 to 82% (20).

Metagenomic next-generation sequencing (mNGS) is an unbiased approach and, theoretically, it detects all possible pathogens in one clinical sample. It is especially suitable for the diagnosis of rare, novel, and atypical etiologies of complicated infectious diseases (21). Compared to the routine diagnostic methods, mNGS always costs less time (<24 h) and can determine millions of base pairs untargeted sequences in a single experiment (22). As a rapid microbiological diagnostic method for infectious diseases, mNGS had been recently used in clinical practice due to its high efficiency, sensitivity, and cost-effectiveness (21). mNGS had also been introduced in the diagnosis of scrub typhus (23, 24).

In this study, blood and cerebrospinal fluid (CSF) samples of 10 patients with suspected scrub typhus were collected. mNGS and traditional test method were used for the early identification of the pathogen. We aim to evaluate the effectiveness of mNGS for the diagnosis of scrub typhus.



MATERIALS AND METHODS


Patient Recruitment

A total of 10 patients with suspected scrub typhus were admitted to Ganzhou People's Hospital during May 2018 to March 2021. Most of the patients were farmers. Their symptoms included repeated fever (from 3 days to half a month), generalized lymphadenopathy, skin rash and eschar, abdominal pain, myalgia, headache, nausea, vomiting, and blurred vision. Most patients (9 out of 10) suffered repeated fever, and four patients had characteristic eschar. Blood tests were conducted immediately after hospitalization. Complete blood count including leukocytes, neutrophils, and lymphocytes counts were assessed. Liver and kidney function tests and coagulation tests of all patients were measured. The patients also received chest and abdomen computed tomography (CT) scanning and abdominal Color Doppler. Five patients received lumbar punctures, and Pandy's tests of all CSF samples were performed.



Clinical Diagnostics

The body fluid samples of the suspected scrub typhus patients were collected, including blood, CSF, and pleural fluid. Widal reaction and Weil–Felix reaction were used to identify the presence of typhoid and rickettsia. Smear and blood cultures were also used for the detection of probable pathogens. The indirect immunofluorescence test (IIFT) of respiratory tract profile (IgM) (EUROIMMUN, China), including respiratory syncytial virus, adenovirus, influenza A virus, influenza B virus, parainfluenza virus, Mycoplasma pneumoniae, Chlamydia pneumoniae, anti-Coxsackievirus A type, anti-Coxsackievirus B type, Echo virus, and Legionella pneumophila were looked for. The suspected human cytomegalovirus, herpes simplex virus, and Epstein–Barr virus, which can cause similar clinical symptoms, were also analyzed using PCR in some patients.



mNGS and qPCR Detection

A total of seven blood, five CSF samples, and one pleural fluid sample were collected for mNGS and qPCR analysis. Blood samples were collected and stored at 4°C. CSF and pleural fluid samples were drawn from patients and stored at −80°C. The samples were transmitted on dry ice for PACEseq mNGS detection (Hugobiotech, Beijing, China). QIAamp DNA Micro Kit (QIAGEN) was used to extract DNA according to its manual. DNA libraries were built using QIAseq Ultralow Input Library Kit (Illumina) based on the instructions of the manufacturer. We then analyzed the quality of all libraries using Qubit (Thermo Fisher) and Agilent 2,100 Bioanalyzer (Agilent Technologies). Libraries with high quality were finally sequenced on Nextseq 550 platform (Illumina). Reads <35 bp or with low quality (Q <30) were removed from the raw data. All human host DNA were filtered out by alignment to human reference database. The clean reads were finally aligned to Microbial Genome Databases (ftp://ftp.ncbi.nlm.nih.gov/genomes/) using software BWA. The probable pathogens and their mapped reads numbers were reported. qPCR was also performed using O. tsutsugamushi real-time PCR Kit (Liferiver) based on its manual (25) on Applied Biosystems 7,500 Real-Time PCR System (ABI). The detection results between qPCR and mNGS were compared using the Chi-square test. The value of mNGS in early diagnosing scrub typhus was evaluated.




RESULTS


Patient Characteristics

Demographic features and baseline data of the patients are shown in Supplementary Table 1. Of the 10 patients, 6 were women and 4 were men. The mean age was 64.8 years (44–82 years). Seven out of 10 patients were farmers. For the other three patients, one was only known to live in the countryside, the other two had no relevant information. Half of the patients experienced underlying diseases, including diabetes, atrial fibrillation, thyroid nodules, chronic bronchitis, and coronary heart disease. Fever was the main symptom, which ranged from 3 to 15 days in 9 patients. The concomitant symptoms included generalized lymphadenopathy, abdominal pain, myalgia, headache, nausea, vomiting, and blurred vision. Iconography studies showed hepatosplenomegaly in six patients and pulmonary infections in eight patients. Dysfunctions of multiple organs were found in these patients, including lungs (three respiratory failures), heart (four heart failures), liver (eight liver damages), and kidneys (one kidney damage). Pandy's tests of CSF found that two out of seven patients presented positive, indicating infections in meninges. The main symptoms of the patients were similar to those in acute febrile diseases. Only four patients (40%) had ulcer or eschar on body, which helped their diagnosis as suspected scrub typhus. The clinical characteristics of patients are shown in Table 1.


Table 1. The clinical characteristics of the patients of this study.
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Conventional Detection Results

Widal reaction and Weil–Felix reaction were employed for seven patients. Only one was detected to be scrub typhus with a four-fold rise in titers by Weil–Felix reaction. The sensitivity of Weil–Felix reaction was 11.1%. To detect other probable pathogens, blood culture and smear of nine patients were performed. The results were all negative. The respiratory tract profile (IgM) was used in five patients to detect probable respiratory tract infections. Only one patient (patient 3) was negative, the other four provided positive results. The detected pathogens included the respiratory syncytial virus and parainfluenza virus in patient 1, Legionella in patient 4, Mycoplasma pneumoniae in patient 6, and influenza A virus and parainfluenza virus in patient 9. However, the following nucleic acid tests of throat swab indicated that these results were all false positive. In addition, PCR analysis of human cytomegalovirus, herpes simplex virus, and Epstein–Barr virus in three patients showed all negative. The detailed results of conventional detection are shown in Table 2.


Table 2. The results of diagnosis by different methods.
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mNGS and qPCR Results

Thirteen samples of the 10 patients were used for mNGS, including blood, CSF, and pleural fluid. The unique reads of O. tsutsugamushi were detected in all samples (Supplementary material). Eight patients were diagnosed as scrub typhus by mNGS. The number of unique sequences of O. tsutsugamushi ranged from 4 to 460. Two patients were diagnosed as suspected scrub typhus due to the small number of O. tsutsugamushi reads (one and two reads, respectively) with medium confidence. The sensitivity of mNGS was 100%. qPCR was subsequently used to confirm the results of mNGS. Only one sample (the pleural fluid of patient 8) was detected to be positive (Figure 1). The sensitivity of qPCR was 11.1%. Interestingly, this sample was also detected with the most pathogen reads (460 reads) by mNGS. The mNGS and qPCR results are shown in Table 3 and Supplementary Figures.


[image: Figure 1]
FIGURE 1. The results of metagenomic next-generation sequencing (mNGS) and qPCR in patient 8 using pleural fluid and blood. (A) A total of 460 unique reads of Orientia tsutsugamushi were detected by mNGS using pleural fluid. (B) A total of 30 unique reads of O. tsutsugamushi were detected by mNGS using blood. (C) qPCR of O. tsutsugamushi showed positive in pleural fluid but negative in blood.



Table 3. The types of samples and the results of mNGS and qPCR.
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mNGS results of different sample types were also compared in this study. No significant difference of specific reads of the pathogen was found in mNGS results between blood samples (7) and CSF samples (5) (p > 0.05). Of patient 2 and patient 7, the blood and CSF samples were collected at the same time for mNGS. The number of pathogen reads detected in patient 2 from blood and CSF samples were 4 and 10, respectively. And for patient 7, there were 50 and 24 specific reads of the pathogen detected in blood and CSF samples, respectively. It seemed that there was no significant difference between the samples of blood and CSF for mNGS of this pathogen. The efficiencies of mNGS using blood and pleural fluid samples were also compared in patient 8. A total of 460 pathogen reads were detected using pleural fluid sample, while only 30 were found using blood sample.

Of the 10 patients, 9 were finally diagnosed as scrub typhus. While patient 9 (only one unique read of O. tsutsugamushi) was identified to be acute exacerbation of chronic obstructive pulmonary disease with coronary heart disease, chronic heart failure (NYHA level 3), silicosis, and old tuberculosis. Patient 6 was also diagnosed as suspected scrub typhus by mNGS with media confidence due to its low detection of pathogen reads, but there was eschar on his body. He was also confirmed to be scrub typhus by final clinical evidences. In addition, except one patient who did not suffer scrub typhus, five scrub typhus patients without typical eschar were all confirmed by mNGS, which was performed with high sensitivity and specificity in the early diagnosis of scrub typhus.

Upon admission, the patients with typical eschar were treated with doxycycline directly. While for the patients without eschar, bacterial infections were first considered. Cephalosporins were used during the treatments, but the effects were limited. When mNGS results came out, their treatments were adjusted immediately to doxycycline. The symptoms of the patients improved gradually, and their temperatures returned to normal in 1–3 days. All the patients fully recovered and most of them were discharged in 7–10 days.




DISCUSSION

In this study, we enrolled 10 patients with suspected scrub typhus, nine of whom were finally diagnosed as this disease. Concomitant pneumonia, dysfunctions of multiple organs, and encephalitis were found in these patients, of which pneumonia was the most common one. Scrub typhus is widespread in China and has become a burden on public health and economy. The deteriorated infection can also cause multiple-organ failure and even death. The mortality of scrub typhus in severe cases or due to improper treatment or misdiagnosis can reach 30–70% (12). Therefore, a better method of timely distinction is always needed.

Weil–Felix is the simplest and fastest serological test, which is often used to detect all kinds of rickettsial diseases. However, the result is notoriously unreliable due to its low positive rate in the early diagnosis (26). In this study, Weil–Felix test was used for seven patients and only one was found positive. The sensitivity of Weil–Felix reaction was very low. Culture was always applied to identify pathogens of different infections, but it had limitations for some microorganisms. The culture of O. tsutsugamushi was dangerous and not conducted in this study. The respiratory tract profile (IgM) always gave false-positive results in this study. Considering the untypical symptoms of scrub typhus, this disease was hard to be early diagnosed in older patients and those with no obvious eschar on body, especially when the patients had underlying diseases. The scrub typhus could be always misdiagnosed to other acute febrile diseases, such as malaria, leptospirosis, typhoid, and dengue fever (27, 28). Notably, in our study, 6 out of 10 patients were without eschar and could not be diagnosed by routine clinical methods. In addition, a diagnosis of simple pulmonary infection might have happened due to the presence of Legionella and Mycoplasma pneumoniae by the respiratory tract profile (IgM) combined with iconography evidences in two patients. Fortunately, mNGS provided faithful results and helped the diagnosis of these patients. The patients received timely specific treatment and were finally discharged with a good prognosis.

qPCR was previously considered as a good tool for the detection of scrub typhus and was usually used in the diagnosis of this disease (20). However, in this study, qPCR performed with a quite low detection rate, with only the pleural fluid sample of patient 8 showing positive with the cycle threshold (CT) at 34.2 cycles. Nevertheless, her blood sample displayed a negative qPCR result. Interestingly, we found that the pleural fluid sample with a positive qPCR result also had the largest number of pathogen reads by mNGS among all the 13 samples. All other samples that were positive with mNGS test were negative for the qPCR test, indicating a better level of detection of mNGS than qPCR methods. The positive detection rate of Weil–Felix reaction in our study was also quite low. One probable reason for the significantly lower sensitivity of qPCR and Weil–Felix reaction than mNGS (p < 0.01) was that the early detection was performed within 2 weeks (3–15 days) of the onset of symptoms. The patients only suffered mild symptoms of scrub typhus, and the content of the pathogen in the samples might be not enough to get positive results. For example, Weil–Felix reaction only detected a titer of 1:20 in patient 4.

Compared with the conventional methods, mNGS showed a higher sensitivity. In this study, all the samples of the patients were positive, with the number of O. tsutsugamushi reads ranging from 1 to 460. The results of eight patients showed high confidence level, which indicated scrub typhus. The patient with two unique reads of the pathogen was also confirmed as scrub typhus due to the eschar on body and final clinical evidences. Only the patient with one specific read was identified to be other disease. mNGS was successfully applied to the diagnosis of clinical cases, including immunocompromised, meningitis, pneumonia, and sepsis (29–31). It demonstrated a better ability in the diagnosis of infections by rare, novel, and complex pathogens (21).

Different types of samples including CSF, blood, bronchoalveolar lavage fluid, tissue, pleural fluid, throat swab, and other body fluid were used for mNGS, among which, CSF and blood samples were more common. In this study, we compared the performance of blood, CSF, and pleural fluid samples for mNGS in the same patient. In patient 2, the detected number of reads of O. tsutsugamushi using CSF sample was higher than blood sample. While in patient 7, the result was opposite. We did not see any difference of mNGS by CSF and blood samples. However, in patient 8, pleural fluid sample performed better than blood sample. More samples of different types from the same patients are needed for further analysis.

There are some limitations. The sample size of this study is small. The disease is not common. Only 4,500 scrub typhus cases were diagnosed in Jiangxi Province during 2006–2017. Its symptoms are atypical, and most infected patients are farmers, who prefer to receive treatments in local hospitals. This may cause a large amount of misdiagnoses and miss diagnoses. In addition, due to the relatively high price of mNGS, most patients did not receive mNGS detection. Moreover, although conventional diagnostic methods, including serology and qPCR were detected, the results were limited. Fortunately, when considering the presence of the typical symptom (eschar) and positive results from traditional methods of this disease, six (four with eschar, one only with positive Weil–Felix result, and one only with positive qPCR result) of the nine patients could be diagnosed with scrub typhus, which further confirmed the mNGS detection.



CONCLUSIONS

The precise and timely treatment is important for the survival of patients with scrub typhus. But the early diagnosis of this infection is difficult, especially for patients without eschar. Misdiagnosis and miss diagnosis of the disease often occur due to its similar symptoms with other acute febrile illnesses. In this study, mNGS was introduced for the early diagnosis, which performed faster and more sensitive than the other clinical diagnosis methods. Thus, mNGS can be a promising technology for early and precise diagnosis in clinical infections, for scrub typhus, and for those hard to be identified by traditional diagnosis methods.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethical Review Committee of Ganzhou People's Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

XL, YZ, and ZLu designed and drafted the manuscript. XL and JZ involved in the clinical care and management of the patients. ZLo and HX analyzed the mNGS data. All authors approved the final manuscript as submitted and agreed to be accountable for all aspects of the work.



ACKNOWLEDGMENTS

We thank Fuhua Peng of Department of Neurology, The Third Affiliated Hospital of Sun Yat-Sen University for the help of our paper.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2021.755228/full#supplementary-material

Supplementary Figures 1–11. The mNGS results of patients 1–10 are shown in Supplementary Figures 1–10. The qPCR results were shown in Supplementary Figure 11.

Supplementary Table 1. Demographic features and baseline data of the patients in this study are shown in Supplementary Table 1. The detailed information of the detected reads of Orientia tsutsugamushi are shown in Supplementary Tables.



REFERENCES

 1. Salje J. Orientia tsutsugamushi: a neglected but fascinating obligate intracellular bacterial pathogen. PLoS Pathog. (2017) 13:e1006657. doi: 10.1371/journal.ppat.1006657

 2. Watt G, Parola P. Scrub typhus and tropical rickettsioses. Curr Opin Infect Dis. (2003) 16:429–36. doi: 10.1097/00001432-200310000-00009

 3. Kelly DJ, Fuerst PA, Ching WM, Richards AL. Scrub typhus: the geographic distribution of phenotypic and genotypic variants of Orientia tsutsugamushi. Clin Infect Dis. (2009) 48:S203–30. doi: 10.1086/596576

 4. Xu G, Walker DH, Jupiter D, Melby PC, Arcari CM. A review of the global epidemiology of scrub typhus. PLoS Negl Trop Dis. (2017) 11:e0006062. doi: 10.1371/journal.pntd.0006062

 5. Palm TA. Some Account Of A Disease Called “Shima-Mushi,” or “Island-Insect Disease,” by the natives of Japan; peculiar, it is believed, to that country, and hitherto not described. Edinb Med J. (1878) 24:128–32.

 6. Ren J, Sun J, Wang Z, Ling F, Shi X, Zhang R, et al. Re-emergence of scrub typhus in Zhejiang Province, southern China: a 45-year population-based surveillance study. Travel Med Infect Dis. (2019). doi: 10.1016/j.tmaid.2019.05.013

 7. Yue Y, Ren D, Liu X, Wang Y, Liu Q, Li G. Spatio-temporal patterns of scrub typhus in mainland China, 2006-2017. PLoS Negl Trop Dis. (2019) 13:e0007916. doi: 10.1371/journal.pntd.0007916

 8. Woodruff R. The oxford textjournal of palliative medicine. J Pain Palliat Care Pharmacother. (2016) 30:335–6. doi: 10.1080/15360288.2016.1246509

 9. Griffith M, Peter JV, Karthik G, Ramakrishna K, Prakash JA, Kalki RC, et al. Profile of organ dysfunction and predictors of mortality in severe scrub typhus infection requiring intensive care admission. Indian J Crit Care Med. (2014) 18:497–502. doi: 10.4103/0972-5229.138145

 10. Rajapakse S, Weeratunga P, Sivayoganathan S, Fernando SD. Clinical manifestations of scrub typhus. Trans R Soc Trop Med Hyg. (2017) 111:43–54. doi: 10.1093/trstmh/trx017

 11. Mahajan SK, Mahajan SK. Neuropsychiatric manifestations of scrub typhus. J Neurosci Rural Pract. (2017) 8:421–6. doi: 10.4103/jnrp.jnrp_44_17

 12. Taylor AJ, Paris DH, Newton PN. A systematic review of mortality from untreated scrub typhus (Orientia tsutsugamushi). PLoS Negl Trop Dis. (2015) 9:e0003971. doi: 10.1371/journal.pntd.0003971

 13. Bonell A, Lubell Y, Newton PN, Crump JA, Paris DH. Estimating the burden of scrub typhus: a systematic review. PLoS Negl Trop Dis. (2017) 11:e0005838. doi: 10.1371/journal.pntd.0005838

 14. Peter JV, Sudarsan TI, Prakash JA, Varghese GM. Severe scrub typhus infection: clinical features, diagnostic challenges and management. World J Crit Care Med. (2015) 4:244–50. doi: 10.5492/wjccm.v4.i3.244

 15. El Sayed I, Liu Q, Wee I, Hine P. Antibiotics for treating scrub typhus. Cochrane Database Syst Rev. (2018) 9:CD002150. doi: 10.1002/14651858.CD002150.pub2

 16. Kelman P, Thompson CW, Hynes W, Bergman C, Lenahan C, Brenner JS, et al. Rickettsia parkeri infections diagnosed by eschar biopsy, Virginia, USA. Infection. (2018) 46:559–63. doi: 10.1007/s15010-018-1120-x

 17. Abdad MY, Abou Abdallah R, Fournier PE, Stenos J, Vasoo S. A concise review of the epidemiology and diagnostics of rickettsioses: rickettsia and orientia spp. J Clin Microbiol. (2018) 56:17. doi: 10.1128/JCM.01728-17

 18. Lim C, Blacksell SD, Laongnualpanich A, Kantipong P, Day NP, Paris DH, et al. Optimal cutoff titers for indirect immunofluorescence assay for diagnosis of scrub typhus. J Clin Microbiol. (2015) 53:3663–6. doi: 10.1128/JCM.01680-15

 19. Koh GC, Maude RJ, Paris DH, Newton PN, Blacksell SD. Diagnosis of scrub typhus. Am J Trop Med Hyg. (2010) 82:368–70. doi: 10.4269/ajtmh.2010.09-0233

 20. Paris DH, Blacksell SD, Newton PN, Day NP. Simple, rapid and sensitive detection of Orientia tsutsugamushi by loop-isothermal DNA amplification. Trans R Soc Trop Med Hyg. (2008) 102:1239–46. doi: 10.1016/j.trstmh.2008.04.040

 21. Goldberg B, Sichtig H, Geyer C, Ledeboer N, Weinstock GM. Making the leap from research laboratory to clinic: challenges and opportunities for next-generation sequencing in infectious disease diagnostics. MBio. (2015) 6:e01888–15. doi: 10.1128/mBio.01888-15

 22. Forbes JD, Knox NC, Ronholm J, Pagotto F, Reimer A. Metagenomics: the next culture-independent game changer. Front Microbiol. (2017) 8:1069. doi: 10.3389/fmicb.2017.01069

 23. Wu J, Wu Y, Huang M. Metagenomic next-generation sequencing helped diagnose scrub typhus without eschar: A Case report. Int J Infect Dis. (2020) 90:1–4. doi: 10.1016/j.ijid.2019.10.020

 24. Chen J, Zheng XD Dai QH, Hong WL Li YP, Chen R, et al. Diagnosis of severe scrub typhus infection by next-generation sequencing:a case report. BMC Infect Dis. (2020) 20:270. doi: 10.1186/s12879-020-04991-y

 25. Sonthayanon P, Chierakul W, Wuthiekanun V, Phimda K, Pukrittayakamee S, Day NP, et al. Association of high Orientia tsutsugamushi DNA loads with disease of greater severity in adults with scrub typhus. J Clin Microbiol. (2009) 47:430–4. doi: 10.1128/JCM.01927-08

 26. Pradutkanchana J, Silpapojakul K, Paxton H, Pradutkanchana S, Kelly DJ, Strickman D. Comparative evaluation of four serodiagnostic tests for scrub typhus in Thailand. Trans R Soc Trop Med Hyg. (1997) 91:425–8. doi: 10.1016/S0035-9203(97)90266-2

 27. Morch K, Manoharan A, Chandy S, Chacko N, Alvarez-Uria G, Patil S, et al. Acute undifferentiated fever in India: a multicentre study of aetiology and diagnostic accuracy. BMC Infect Dis. (2017) 17:665. doi: 10.1186/s12879-017-2764-3

 28. Wangrangsimakul T, Althaus T, Mukaka M, Kantipong P, Wuthiekanun V, Chierakul W, et al. Causes of acute undifferentiated fever and the utility of biomarkers in Chiangrai, northern Thailand. PLoS Negl Trop Dis. (2018) 12:e0006477. doi: 10.1371/journal.pntd.0006477

 29. Blauwkamp TA, Thair S, Rosen MJ, Blair L, Lindner MS, Vilfan ID, et al. Analytical and clinical validation of a microbial cell-free DNA sequencing test for infectious disease. Nat Microbiol. (2019) 4:663–74. doi: 10.1038/s41564-018-0349-6

 30. Langelier C, Kalantar KL, Moazed F, Wilson MR, Crawford ED, Deiss T, et al. Integrating host response and unbiased microbe detection for lower respiratory tract infection diagnosis in critically ill adults. Proc Natl Acad Sci U S A. (2018) 115:E12353–E62. doi: 10.1073/pnas.1809700115

 31. Wilson MR, O'Donovan BD, Gelfand JM, Sample HA, Chow FC, Betjemann JP, et al. Chronic meningitis investigated via metagenomic next-generation sequencing. JAMA Neurol. (2018) 75:947–55. doi: 10.1001/jamaneurol.2018.0463

Conflict of Interest: YZ, ZL, and HX are employed by Hugobiotech Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Liu, Zhang, Zhang, Lou, Xia and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	CASE REPORT
published: 24 November 2021
doi: 10.3389/fmed.2021.773145






[image: image2]

Case Report: Fascioliasis Hepatica Precisely Diagnosed by Metagenomic Next-Generation Sequencing and Treated With Albendazole
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The clinical manifestations of fascioliasis hepatica in humans are unspecific. Traditional diagnosis relies on evidence of live parasites or eggs in the bile or feces. However, due to similar imaging manifestations, they are often misdiagnosed as malignant tumors. Here, we report a case of a 43-year-old woman with fever and space-occupying liver disease. Liver biopsy, parasite-specific antibody screening, and stool testing did not find any pathogens. Therefore, metagenomic next-generation sequencing (mNGS) and routine microbiological examinations were performed. Finally, Fasciola hepatica was only identified by mNGS. The body temperature of the patient and the eosinophil count remained normal, and the space-occupying liver lesions were significantly absorbed after more than 7 months of treatment with albendazole. The details of this case highlight the timely use of mNGS to identify parasites and judge therapeutic effects after treatment, providing important help for clinical decision-making.
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INTRODUCTION

Fascioliasis hepatica is an infection caused by a trematode of the liver, Fasciola hepatica, that particularly affects sheep, goats, and cattle (1). The distribution of humans infected with F. hepatica depends on the intermediate hosts. Due to the habitat requirements of the intermediate hosts, the distribution may be patchy (2, 3). France, the United Kingdom, the former Soviet Union, Cuba, and other countries have reported numerous cases. However, the number of patients in China is less (3), mainly scattered in the Liaoning, Jining, Heilongjiang, Jiangxi, Yunnan, Guangdong, and Guangxi provinces. More importantly, there are no cases reported in Chongqing until now. The incubation period and clinical manifestations of human fascioliasis are different and are divided into two stages. In the acute phase, the main manifestations are fever, anemia, hepatomegaly, and a significantly elevated blood eosinophils count (3–7). While in the chronic phase, it manifests as jaundice, ascites, and even spreads to the extrahepatic organs through the bloodstream (8–11). The clinical outcomes of critically ill patients are always poor. So, the confirmation of the diagnosis is necessary. In non-endemic areas, diagnosis of fascioliasis hepatica can be difficult because the disease is not often encountered and the symptoms may be confused with other hepatic or biliary disorders, such as liver abscess, liver tuberculosis, and so on. Additionally, the radiological findings in F. hepatic infection may present with multiple nodular lesions, subcapsular low density, and solitary nodular lesions, etc. resulting in dilemma or confusion. Presently, metagenomic next-generation sequencing (mNGS) based on high-throughput sequencing has been widely used to screen for broad-spectrum pathogens, including Mycobacterium Tuberculosis, Toxoplasma gondii, and other atypical pathogens. Here, we report the first case of fascioliasis hepatica identified by mNGS in Chongqing, China.



CASE DESCRIPTION

A 43-year-old female, whose height was 160 cm and weight 46 kg [body mass index (BMI) 18.0], was admitted due to 2 months of repeated fever and space-occupying lesions in the liver on May 15, 2020 (day-1). The highest body temperature appeared at night but returned to normal in the morning, with dry cough, shortness of breath, and dull pain in the liver area. The physical examination of the whole body showed no obvious positive signs, there were no abdominal tenderness and percussion pain, and no enlarged superficial lymph nodes were palpated. So, the patient still could live and work properly. She lived in Chongqing city, whose economic situation is medium as a furniture sales staff. She visited Guangzhou province 6 months ago on business for 2 days. She denied any contact with livestock and eating wild vegetables, raw fish, shrimp, and so on, but drank tap water every day. The local hospital prescribed empirical antimicrobial therapy with azithromycin and Chinese herbal medicines; however, the treatment failed to relieve the symptoms of the patient. Thus, the patient was transferred to our hospital for further evaluation. An outline of the episodes is described in Figure 1. Chest CT scan showed no infection in the lungs, while mass-like shadows in the liver were observed on the abdominal CT scan. Routine blood parameters revealed elevated white blood cell and eosinophil count (Figure 2).


[image: Figure 1]
FIGURE 1. The clinical course of the patient (schematic). Hematoxylin and eosin staining of the liver specimen shows some punctate necrosis on the lobule, apoptotic bodies in the hepatic cord, fatty degeneration of hepatocytes, mild inflammation in the portal area, and eosinophil infiltration in the inflammatory necrosis area.



[image: Figure 2]
FIGURE 2. Timeline with relevant data from the episode of care; curves of body temperature and eosinophils count. The blue line shows the body temperature values. The orange line shows the eosinophil counts. Horizontal thick lines show the medications administered. PIP-SBT, Piperacillin-sulbactam.


Enhanced MRI of the upper abdomen showed the increased liver volume, uneven liver parenchyma signal, liver interstitial edema, and accumulated fluid in the abdominal cavity on hospital day 2 (Figure 3A). Laboratory tests showed elevated IgE (333 ng/mL), white blood cell, and eosinophil count on hospital day 5. Microbial tests, including blood cultures, stool examination, and stool precipitation, did not detect any pathogens. Eggs were not detected by direct fecal smear and fecal washing precipitation. Due to excessive pharyngeal reflex during gastroduodenal tube placement, two attempts failed to obtain the bile of the patient. The diagnosis of tuberculosis was excluded for the negative results of the chest CT scan, tuberculin skin test, tuberculosis IgG and IgM antibody screening, and T-Spot examination. Meanwhile, ovarian tumors, liver tumors, gastrointestinal tumors, and hematological tumors were also excluded temporarily as the negative results of abdominal enhanced CT and tumor marker detection such as AFP, CA-50, CEA, TAP, CA-125, CA-199, CA-242, and CA-724 and so on. The serum parasite IgG antibody, including schistosome, paragonimiasis, cysticercosis, trichinella spiralis, liver fluke, sparganosis, and hydatid IgG antibody detected by ELISA were negative on hospital day 12. Piperacillin-sulbactam was used as an antibacterial treatment for 10 days from hospital days 4–13.


[image: Figure 3]
FIGURE 3. Imaging features of the patient. (A) Abdominal MRI enhancement showed that the right lobe of the liver scattered flakes, irregular shape, enhanced uneven enhancement on hospital day 2. (B) Abdominal CT enhancement showed liver multiple nodules, mass slightly low-density shadow, edge enhancement on hospital day 13. (C) Abdominal CT enhancement showed multiple cystic and tubular low-density shadows scattered in the liver, and some showed edge enhancement on day 33. (D) Abdominal CT enhancement showed multiple cystic and tubular low-density shadows scattered in the liver, some showed edge enhancement, and a few lesions were smaller than those before on follow-up day 69. (E) Abdominal MRI enhancement showed cystic and tubular shadows in the right lobe of the liver, with irregular shapes and edge enhancement in the enhanced part. Some lesions were smaller than before on follow-up day 137. (F) Abdominal MRI enhancement showed the right lobe of the liver scattered flakes, irregular shape, enhanced edge uneven enhancement, lesions significantly reduced on follow-up day 418.


However, the body temperature of the patient fluctuated several times, and the eosinophil count was not significantly reduced (Figure 2). So, an enhanced CT of the lower abdomen was performed on hospital day 13, which showed multiple shadows of abnormal density in the liver and a small amount of effusion, suggesting the possibility of infectious and neoplastic lesions (Figure 3B). Because of the high fever, biapenem was adjusted to be used to cover drug-resistant bacteria for more than 2 weeks from hospital day-14 to day-32.

To further confirm the diagnosis, an ultrasound-guided percutaneous liver biopsy was conducted on hospital day-14. The hepatic histopathology reported mild inflammation in the portal area and eosinophil infiltration in the inflammatory necrotic area, with no evidence of malignancy, liver abscess, and parasitic infection on hospital day 20 (Figure 1).

As treatment with antibiotics was ineffective (long-term fever, significantly elevated eosinophils count, intrahepatic lesions), the enhanced MRI of the upper abdominal was re-examined on hospital day 33, which indicated no absorption of intrahepatic lesions (Figure 3C). Meanwhile, combined with Chongqing epidemiological studies of Clonorchis sinensis, parasite infection was suspected and praziquantel was used as treatment. The body temperature decreased, and the patient was discharged on day 36.

During the period of hospital days 33 and 67, the patient still had repeated fever with a maximum temperature of 39°C (Figure 2). An enhanced MRI of the upper abdominal showed that the liver shadow had less absorption (Figure 3D). So, albendazole was adjusted as the treatment on the follow-up day. Albendazole was orally taken 0.8 g once a day for half a month. As the body temperature of the patient decreased, the dose of albendazole was decreased to 0.6 g for half a month after drug withdraw. On the follow-up day, the dose of albendazole was not adjusted and the patient was prescribed to take albendazole according to taking half a month and stopping for half a month. Firstly, the peak temperature of the body decreased significantly. Secondly, the eosinophil count decreased and ultimately returned to normal. However, there was still a high fever up to 40°C (Figure 2), occasionally. Meanwhile, the enhanced MRI of the upper abdominal reexamined on follow-up day 137 showed that there was no significant absorption of the lesions compared with the previous (Figure 3E). So far, after a total of 106 days of empirical anti-parasitic treatment, the body temperature and eosinophil count decreased significantly, but the imaging manifestations did not improve significantly.

To identify the pathogen, liver tissue collected on hospital day 14 and peripheral blood on follow-up day 137 were sent for mNGS with the written consent of the patient. The total reads of the liver tissue and blood were 6.93 and 30,379 Mb, respectively. Meanwhile, the reads mapped to microbes in the liver tissue and blood were 934,425, and 29,009. The number of species-specific reads aligning to the Fasciola hepatica genome in the liver biopsy and blood was 3 and 51, respectively (Figure 4). Finally, the disease was diagnosed with fascioliasis hepatica with triclabendazole as the first-line drug (4). However, for the sake of the unavailability of triclabendazole under the epidemic of COVID-19 in China and other countries, and the partial effectiveness of albendazole on the fascioliasis hepatica which significantly decreased the body temperature and eosinophil count of the patient, albendazole was used with a prolonged treatment time following the previous way.


[image: Figure 4]
FIGURE 4. Diagnosis of Fasciola hepatica infection using metagenomic next-generation sequencing (mNGS). (A) The reads mapped to the Fasciola hepatica genome with coverage of 0.0001% in the liver tissue. (B) The distribution of species-specific reads aligning to the parasite in the liver tissue. (C) The reads mapped to the Fasciola hepatica genome with coverage of 0.0002% in the blood. (D) The distribution of species-specific reads aligning to the parasite in the blood.


Eventually, after receiving treatment of albendazole for more than 7 months, the body temperature and eosinophil count of the patient normalized with no obvious clinical manifestations. So, albendazole was discontinued on day-300. After more than 3 months after drug withdrawal on follow-up day 148, the enhanced MRI of the upper abdominal showed that the intrahepatic low-density shadow was smaller (Figure 3F), and the blood mNGS was negative (Table 1), suggesting the albendazole treatment was effective.


Table 1. Results of metagenomic next-generation sequencing (mNGS) in the liver tissue and blood.

[image: Table 1]



DISCUSSION

To our knowledge, this is the first case report of fascioliasis hepatica confirmed by mNGS, which played an important role in this case. Fascioliasis hepatica is often sporadic and has not been reported previously in Chongqing, China. The source of infection is contaminated water containing larva and aquatic plants and is easily ignored by clinicians in medical history collection. The diagnosis of fascioliasis hepatica may be difficult because of the lack of a clear epidemiological history, wide spectrum of differential diagnosis, and low incidence (3). The abnormal laboratory and radiological findings in F. hepatica infection may represent hepatitis, liver abscess, malignancy, and infection with parasites such as Ascariasis and Clonorchis sinensis. More recently, triclabendazole is the drug of choice for its effectiveness against both adult and immature worms (7, 12, 13). As for albendazole, it is partially effective against fascioliasis hepatica. In this case, triclabendazole was not obtained for treatment due to the epidemic of the coronavirus disease 2019 (COVID-19). After treatment with albendazole, the body temperature and eosinophil count of the patient decreased significantly. Albendazole is considered partially effective. In this particular case, both the MRI and CT of the upper abdomen showed abnormal uneven enhancement density shadows that are more likely to be considered as infectious lesions, but tumor lesions cannot be excluded. This may be related to the atypical imaging of fascioliasis hepatica. Such lesions pose a diagnostic dilemma or confusion between malignancy and infection (3). Also, there was no finding of parasites or eggs in the hepatic tissue, which was destroyed when making sliced specimens. Currently, diagnosis is confirmed only by demonstrating live parasites or eggs in the bile or feces, through Fecal Sedimentation, Modified Kato-Katz thick smear method, and Mercury-aldehyde iodine concentration method, but with a relatively low positive rate (4, 5). An examination of the precipitation or centrifugation of the duodenal fluid has a relatively high positive rate (14). Also, demonstrating live parasites or eggs by laparotomy, laparoscopy biopsy, and other histopathologic examination is less used in the clinic for the larger trauma.

However, there is no egg in the stool of the patient in the acute stage. The acute stage of fascioliasis hepatica begins with the slow migration of F. hepatica through the liver parenchyma; the mature flukes digest and consume hepatocytes, dig tunnels and caves, and reside in the liver for months, causing hepatitis, chills, fever, right upper abdominal pain, abdominal distension, and loss of appetite (4, 5, 7, 9, 15). While in the chronic stage, the worm moves to the bile duct, and the inner wall is digested, causing bile duct dilatation, cholangitis, cholelithiasis, and liver pain, jaundice, and other discomforts (9–11). But the clinical manifestations are atypical and difficult to diagnose. Therefore, it requires more diagnostic tools to assist in the diagnosis. In the acute stage, serum immunological examination, such as ELISA, indirect fluorescent antibody test (IFA), indirect hemagglutination test (IHA), and counter-current immune-electrophoresis (CIE), can be used as identification tools (16–19). But the serological tests may have similar results with other schistosome infections. Therefore, it is crucial to find early etiological evidence.

Metagenomic next-generation sequencing, with fast detection speed, broad coverage, and high accuracy, is a new type of less biased detection method (20–22), which can detect thousands to millions of nucleotides fragments at once (20, 21, 23, 24). The suspected pathogen can be detected by the mNGS, through the flow of sequencing, data cleaning, error detection, and database comparative analysis. At present, mNGS has been widely used in clinics, including, respiratory tract infection (25), central nervous system infection (26), joint infection (27, 28), hepatic tuberculosis (29), etc. Metagenomic next-generation sequencing has many advantages in identifying hard-to-culture, atypical, parasite, and rare pathogens, such as Mycobacterium Tuberculosis and Toxoplasma gondii. On the other side, it also has shortcomings such as its high cost, complex process, specimen contamination, etc. Fasciola hepatica was detected both in the blood and liver tissues of this case, with corresponding treatment, the clinical symptoms and imaging manifestations were recovered. The peripheral blood was sent for mNGS again after drug withdrawal, and no reads of Fasciola hepatica were detected. It proved the effectiveness and specificity of mNGS for the detection of parasites. We believe that the application of mNGS in pathogen identification will guide the clinical diagnosis and treatment, and then greatly improve the accuracy and benefit patients.
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Leishmania belongs to a genus of the protozoan parasites that causes leishmaniasis, and includes cutaneous leishmaniasis (CL) and visceral leishmaniasis (VL). In this case, Leishmania amastigotes were found on cytomorphology examination of the bone marrow specimen, followed by 1,076 Leishmania donovani reads using metagenomic next generation sequencing (mNGS). Since being definitely diagnosed with VL/HIV coinfection, the patient was treated with liposomal amphotericin B as the parasite-resistant therapy and was discharged after clinical cure. But nearly a year later, on the mNGS follow-up, L. donovani was detected in the patient’s blood plasma specimen with 941 reads, suggesting that a relapse of leishmaniasis had occurred. These results indicate that leishmaniasis still exists in China and may represent a public health concern. This case could be helpful in the differential diagnosis of leishmaniasis, and for determining disease progression, prevention, and control of vectors and reservoir hosts.
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Introduction

Leishmaniasis, a zoonotic disease caused by Leishmania that is spread by the sand fly species. It is a poverty-related disease with two main clinical forms: visceral leishmaniasis (VL) and cutaneous leishmaniasis (CL) (Palumbo, 2009). An estimated 0.9–1.3 million new cases of leishmaniasis per year are reported in nearly 100 countries and regions (Bora, 1999; Gramiccia and Gradoni, 2005; Ready, 2014). As a global public health concern, Leishmania mainly affects some of the poorest individuals in the world and is related to malnutrition, poor housing conditions, population displacement, lack of financial resources, and a weakened immune system (Gramiccia, 2011). VL has existed in China for at least 120 years (Han et al., 2018; Han et al., 2021). From 2002 to 2011, a total of 3,169 cases of visceral leishmaniasis were reported in China, with approximately 140 to 509 cases diagnosed per year (Lun et al., 2015). This suggests that leishmaniasis is not extinct in China, and has the potential to cause a public health problem.

As a major worldwide public health concern, the human immunodeficiency virus (HIV) infection is present in all countries and regions. There are about approximately 36.9 million individuals with HIV, and 2.0 million new infections are reported every year (Molina et al., 2003). It is clear that there is an overlap between leishmaniasis transmission and acquired immune deficiency syndrome (AIDS), resulting in an increasing number of cases of Leishmania–HIV coinfection (Puig and Pradinaud, 2003; Correa Soares et al., 2020).

Progress in the diagnosis of leishmaniasis depends on the development of effective methods and the discovery of suitable biomarkers. There are several approaches that have been used in the diagnosis of leishmaniasis, such as microscopic examination, culture, serologic diagnosis, and molecular approaches (Pace, 2014; von Stebut, 2017). However, these methods have similar limitations, including the non-routine availability of reagents. More importantly, physicians rarely consider the infection of such rare pathogens. Recently developed mNGS can overcome the limitations of traditional diagnostic tests. This new technology identifies all pathogens directly from the sample through a single run in a hypothesis-free and culture-independent manner. Studies have shown that mNGS provides more sensitive findings than the traditional culture method in clinical conditions such as immunodeficiency syndrome, blood stream, respiratory, and general infections (Wang et al., 2021). More importantly, due to unbiased sampling, mNGS is theoretically able to identify not only known pathogens but also unexpected pathogens and even discover novel organisms (Han et al., 2019; Zhang et al., 2020).

It should be noted that mNGS also has some limitations such as human genome contamination and possible environmental microbial contamination. The vast majority of reads obtained in mNGS are derived from the human host. This would impede the overall analytical sensitivity of mNGS for pathogen detection. Host depletion methods or targeted sequencing may help to partially mitigate this disadvantage. Because mNGS alone cannot define whether the detected microbe is the causative pathogen or environmental microorganism, a multidisciplinary approach by clinicians, microbiologists, and the lab technicians is required to interpret the result. The application of sequencing technology is shifting from research to clinical laboratories due to rapid technological developments and substantially reduced costs. Before this new approach could be considered as a first-line diagnostic test in Leishmania infection, the costs and availability should be further improved.

The patient in this case showed a co-infection with Leishmania and HIV, which was diagnosed by bone marrow microscopic examination (Figure 1) and mNGS. To our knowledge, this is a rare report of leishmaniasis diagnosed by mNGS in China.




Figure 1 | Arrowheads show Leishmania amastigotes in bone marrow cytology, which are oval and 2.9–5.7 × 1.8–4.0 µm in size. Scale bar = 10 μm. The cytoplasm is stained lilac or purple-blue with Wright’s stain and contains a large round nucleus. The nucleus (red or lavender) is located at the front of the worm and accounts for a third to a half of the worm’s length.





mNGS Protocol

DNA was extracted from 600 μl of bone marrow or plasma using the TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH, Beijing, China). We extracted the DNA from the negative and positive quality control sample along with the test specimens. Then, DNA libraries were constructed through DNA-fragmentation, end-repair, adapter-ligation, and PCR amplification. The constructed library was qualified by Agilent 2100 (Agilent Technologies, Santa Clara, CA) and using the Qubit 2.0 Fluorometer (Invitrogen, USA). The qualified double-strand DNA library was transformed into a single-stranded circular DNA library through DNA-denaturation and circularization. DNA nanoballs (DNBs) were generated from single-stranded circular DNA using rolling circle amplification (RCA). The DNBs were qualified using Qubit 2.0 Fluorometer. Qualified DNBs were loaded into the flow cell and sequenced (50 bp, single-end) on the BGISEQ-50 platform.

High-quality sequencing data were generated by removing low-quality and short reads (length <35 bp) using in-house software, followed by computational subtraction of human host sequences mapped to the human reference genome (hg19) using Burrows–Wheeler Alignment. After the removal of low complexity reads, the remaining data were classified by simultaneously aligning to Pathogens metagenomics Database (PMDB), consisting of viruses, bacteria, fungi, and parasites. The four Microbial Genome Databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/). RefSeq contains 4,945 whole-genome sequences of viral taxa, 6,350 bacterial genomes or scaffolds, 1,064 fungi, and 234 parasites associated with human diseases. The number of unique alignment reads was calculated and standardized to get the number of reads stringently mapped to pathogen species (SDSMRN) and the number of reads stringently mapped to pathogen genus (SDSMRNG). The amount of sequencing data produced by bone marrow and blood plasma mNGS after each step is shown in Figures 2, 3.




Figure 2 | The diagnosis of Leishmania infection by Metagenomic next-generation sequencing (mNGS). (A) Mapping of Leishmania donovani reads on the genome. (B) Reads distribution of total DNA in the bone marrow sample. (C) Distribution of pathogenic microorganisms reads in the absence of human, others and unclassified reads.






Figure 3 | The follow-up diagnosis of Leishmania infection by Metagenomic next-generation sequencing (mNGS). (A) Mapping of Leishmania donovani reads on the genome. (B) Reads distribution of total DNA in the blood plasma sample. (C) Distribution of pathogenic microorganisms reads in the absence of human, others and unclassified reads.





Results

An adult female was diagnosed with “HIV infection, liver cirrhosis” on admission with symptoms of fatigue and splenomegaly. A specific pathogen infection was suspected, and then the diagnosis of AID with visceral leishmaniasis was confirmed by bone marrow microscopy and mNGS. A relapse of leishmaniasis occurred in the follow-up reviews with mNGS nearly one year later.

The first sequencing detection identified 95,335 (among a total 23,910,670) sequence reads (0.3987%) matching to the parasite metagenomics database (Figure 2B), and the Leishmania genome reads (8,4831, 88.98%) were predominant among the parasites species, which corresponded to 1,076 L. donovani reads covering a high percentage (4.58%).Similarly, in the second detection, we obtained 145,456 (of a total 27,400,143) sequence reads belonging to the Leishmania genus genome, and there were 941 L. donovani uniquely aligned sequences corresponding to the Leishmania genome with a high coverage percentage (4.23%). As expected, no Leishmania read was detected from control sample.



Case Descriptions

The patient, a 54-year-old woman, was admitted to the infection ward of the Liaocheng People’s Hospital, China, for “recurrent fatigue, cough, pitting edema of the lower extremities, chest tightness, and dyspnea especially after activities for two years, sustained cough for two days” in October, 2019. Upon tracing the patient’s medical history, the following pieces of information were discovered: this patient was diagnosed with “AIDS” nine years ago at the hospital of Xinjiang Province without receiving standard treatment. Four years ago, she was diagnosed with “cirrhosis” due to fatigue and received liver protection treatment at the same hospital. However, she did not take any medications after being discharged from the hospital. She has been using oral anti-HIV drugs (lamivudine, compound sulfonic acid armor oxazole piece, and tenofovir) since 2018.

Born in Liaocheng of Shandong Province, this patient resided in the forest region of Xinjiang Province for more than 10 years, and returned to Liaocheng four years ago. There was no history of smoking, drinking, or toxic exposure. The physical examination revealed the following findings: blood pressure 105/51 mmHg, splenomegaly, and slight pitting edema over both legs. The routine laboratory tests were as follows: blood samples white blood cells (WBC) 1.14 × 109 cells/L, red blood cells (RBC) 1.19 × 109 cells/L, hemoglobin (Hb) 27 g/L, platelets (PLT) 41 ×8·109 cells/L, procalcitonin 0.34 ng/ml, C-reactive protein 15.15 mg/L; Urine samples: WBC 53 cell/ul and urobilinogen 34 μmol/L (+); Virus screening: hepatitis B surface antigen (HBs-Ag) >250 IU/ml, hepatitis B e antibody (HBe-Ab) 0.66 s/co, hepatitis B core antibody(HBC-Ab) 7.78 s/co, human immunodeficiency virus antibody(HIV-Ab) positive; Biochemical analysis: alanine aminotransferase (ALT)13 IU/L, aspartate aminotransferase (AST) 24 IU/L, albumin (ALB) 18 g/L, globulin (GLB)70 g/L, albumin/globulin (ALB/GLB) 0.26, cholinesterase (CHE) 1115 U/L, total bilirubin (TBIL) 27.2 μmol/L, direct bilirubin (DBIL) 20.1 μmol/L, uric acid (UA) 418 μmol/L, β2–macroglobulin (β2-mb) 5.29 mg/L, cystatin C (CYS-C) 1.14 mg/L, creatine kinase MB subtype(CK-MB) 24 μ/L; T cell subgroup count: CD4 23.01%, CD8 35.23%, CD4/CD8 0.65; Immunoglobulin + complement: C3 0.63 g/L, C4 0.12 g/L, IgG 44.90 g/L, IgA 5.79 g/L, IgM 15.30 g/L; Blood ammonia (AMON): 52.9 μmol/L; abdominal ultrasonography: diffuse liver disease (suggesting early liver cirrhosis), vessel broadening of the main portal vein and splenic vein, unclear wall of the gallbladder, splenomegaly; chest CT: bronchitis, pneumonia in the left lower lobe, multiple nodules in both lungs, mediastinal axillary lymph nodes; Examination of bone marrow cytomorphology: erythroid hyperplasia, higher polychromatic erythroblast, mature red blood Rouleau rank, abundant amastigotes of L. donovani around histiocytes (Figure 1); mNGS of bone marrow sample: 1,076 reads of L. donovani (Table 1).


Table 1 | The basic situation of Leishmania donovani in twice NGS-based detections.



The patient was hospitalized for AIDS and liver cirrhosis, and the relevant examinations revealed that RBC, WBC, and PLT counts decreased in peripheral blood, liver damage and pneumonia. After active treatments (blood transfusion to treat anemia, albumin infusion, anti-HIV therapy, levofloxacin to treat the infection, hepatoprotection to treat jaundice, rising white cells, diuresis, and potassium supplements), these symptoms showed no signs of improvement.

According to the results of the patient’s bone marrow cytomorphology examination and sequencing analysis, the patient was diagnosed with “leishmaniasis combined with AIDS”. Therefore, in the original treatment regimen, amphotericin B was administered for parasite-resistant therapy. The treatment schedule was the first day 5 mg dose for 6 h by continuous intravenous pumping on October 18, 2019, the dose was gradually increased to 5 mg day by day. On October 23, 2019, the blood parameters showed that the white cells were lower and there were signs liver damage and renal damage. Taking into account the side effects of amphotericin B, the treatment frequency and dose were changed to 20 mg every two days in a single dose (continuous intravenous administration for 6 h) of amphotericin B. We started to use liposomal amphotericin B On 30 October, scheduled for 3 mg/kg/time from the first day to the fourth day (continuous intravenous pumping 4 h), 1.6 mg/kg on day 13 (continuous intravenous pumping 4 h), 1.6 mg/kg on day 20 (continuous intravenous pumping 4 h), totally for 6 times. Then morphological examination of the bone marrow specimen was checked, and Leishmania was not detected. The patient’s symptoms improved and she was discharged from the hospital.

The patient was readmitted to the hospital for treatment due to fatigue in October 2020. Considering that it might be a relapse of leishmaniasis, mNGS tests for blood plasma specimen were performed, with the consent of her family. The results showed 941 reads of L. donovani (Table 1). However, considering the high cost of antiparasitic infection, the patient received supportive treatment and was discharged after symptom reduction.



Discussion

In this study, we describe a patient diagnosed with HIV infection, liver cirrhosis on admission to hospital with symptoms of fatigue and splenomegaly. A specific pathogen infection was suspected after collecting demographic information from the patient: a history of residing in the forest region in Xinjiang Province for more than 10 years, clinical symptoms, laboratory test results, imaging examination results, diagnosis and treatment history, and prognostic results. The diagnosis of HIV with L. donovani infection was definitely confirmed by mNGS (Tavares et al., 2003). In this study, we diagnosed a rare Leishmania infection in an HIV patient by metagenomic analysis. The patient was treated with liposomal amphotericin B and after one year of the initial treatment, mNGS detected 941 L. donovani reads from the patient’s plasma sample, suggesting a relapse of leishmaniasis. Leishmania donovani is a specific pathogen that is not normally present in the environment, serological or PCR reagents for this pathogen are not normally prepared routinely in the laboratory. This patient showed signs of infection on his second admission, so we screened him for possible infectious agents using mNGS, which eventually revealed the recurrence of leishmaniasis. Diagnosis using mNGS for Leishmania infection is a novel approach has raised concerns that Leishmania is still present in Central China. This finding provides a valuable reference for diagnosis.

Based on previous research, it can be concluded that the clinical manifestations of VL in HIV-infected patients are similar to those of non-coinfected individuals (Puig and Pradinaud, 2003). Typical VL includes intermittent or continuous fever, non-tender hepatosplenomegaly, pancytopenia, leading to anemia, hemorrhages and concurrent infections (de Araujo et al., 2012). However, the atypical form may be misdiagnosed with other opportunistic infections or is diagnosed with substantial delay, so early recognition and treatment are necessary (Nourian et al., 2019). In this case, the patient manifested unusual clinical presentations (fatigue, splenomegaly, anemia, no fever, hemorrhages, or concurrent infections), which frequently occur in individuals with low CD4+ T-cell counts (23.01%) (Bimal et al., 2008; Garg et al., 2009; Santos-Oliveira et al., 2010). Its timely etiologic diagnosis is challenging.

Some elements relevant to the host and environment can affect the prevalence of VL–HIV coinfection (Natalia Souza et al., 2018). Leishmania and HIV share an immunopathological mechanism, compromising macrophages and dendritic cells, which is typical of the presence of both pathogens, accelerating the progression of VL and HIV (Vassallo et al., 2014). The impaired immune function of VL/HIV coinfected patients may: (i) favor the reactivation of latent Leishmania infection; (ii) induce a more severe presentation of visceral Leishmaniasis; (iii) cause a poorer therapeutic response; and (iv) increase the risk of relapse after treatment (Olivier et al., 2003; Monge-Maillo and Lopez-Velez, 2016).

Therefore, the main challenges in the therapy of VL/HIV coinfection are developing an effective drug that not only resolves the first episode of VL, but also prevents relapses. However, there is rare evidence and data on the optimal therapy for VL/HIV coinfection. Liposomal amphotericin B is a new treatment with the characteristic of relatively high efficiency and low toxicity (Ponte-Sucre et al., 2017; Roatt et al., 2020). The World Health Organization (WHO, 2010) recommended liposomal amphotericin B as a first line therapy drug for visceral leishmaniasis in African countries (Abongomera et al., 2018). Ultimately, liposomal amphotericin B was used for antiparasitic therapy, and the overall treatment outcome was successful. Side effects emerged involving liver and kidney injury, which were significantly improved by a timely adjustment of the treatment schedule.

As shown previously, leishmaniasis–HIV coinfection presents some difficulties for diagnosis and identification due to atypical clinical manifestations, both in visceral and cutaneous forms. Additional toxicity should be avoided in the treatment of leishmania–HIV coinfection, and minimal side effects should be sought. Liposomal amphotericin B is the main drug for the treatment of leishmaniasis. However, dosing is still a significant problem, as there is no consensus on the optimal treatment regimen for different individuals worldwide (Silva Ferreira de Carvalho et al., 2020). An important point to be explored is the search for new active drugs against all species of Leishmania. After the clinical cure is obtained, parasites continue to be present in some organs or lesions, and reactivations or relapses of leishmaniasis may occur if immunosuppression is still present.
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Disseminated mucormycosis, a serious complication, is associated with high mortality in patients with acute leukemia after chemotherapy. Blood cultures are always negative because of recurrent empirical antifungal treatments. The identification of pathogens is important for diagnosis and therapy. In this case report, we diagnosed culture-negative disseminated mucormycosis with Rhizomucor miehei infection leading to cerebral infarction in a patient with leukemia using metagenomics next-generation sequencing (mNGS) form peripheral blood, cerebral spinal fluid, and bronchoalveolar lavage fluid. mNGS technology can be applied to precisely diagnose culture-negative disseminated mucormycosis.
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INTRODUCTION

Disseminated mucormycosis, characterized by necrosis and infarction of tissues due to invasion of vasculature by hyphae, is a rare disease that commonly occurs in severely immunosuppressed patients (1, 2). Disseminated mucormycosis is associated with a high mortality rate of approximately 96% in patients with acute leukemia after chemotherapy (3–5). Positive culture and histological evidence for mucormycosis from blood or tissue biopsies are the key diagnostic criteria (6–8). However, positive blood culture results perform poorly at the onset of clinical symptoms and change of videography suspected to be mucormycosis (9–13). The positive culture rate is only 38% for cerebral mucormycosis (14) and 50% for all types of mucormycosis (3). Besides, biopsy specimen is not always feasible in most vulnerable populations. Therefore, molecular diagnostic technology as an adjuvant method are used to improve the early identification of the causative pathogens and guide treatment for patients.

Metagenomic next-generation sequencing (mNGS), a new molecular diagnostic technology, detects microbial nucleic acids with genomics method contained in samples. Its most significant advantage is the lack of requirement for culture and premise hypothesis (14, 15). mNGS has been applied in infectious diseases including mucormycosis to identify causative pathogens (16, 17). We present a case of culture-negative mucormycosis with Rhizomucor miehei infection leading to cerebral infarction diagnosed by mNGS of peripheral blood (PB), cerebral spinal fluid (CSF) and bronchoalveolar lavage fluid (BAL).



CASE DESCRIPTION

A 44-year-old man with acute lymphoblastic leukemia (ALL) underwent induction chemotherapy (IC) (day 0). An outline of the episodes is showed in Figure 1. Bone marrow suppression with fever and septic shock occurred on day 10. Patient suffered serious infection, and empirical treatments were used with imipenem (IPI, 1 g, every 8 h, intravenous injection), vancomycin (VAN, 1 g, every 12 h, intravenous injection) and voriconazole (VRC, 200 mg, every 12 h, intravenous injection) as broad-spectrum antibacterial and antifungal prophylaxis and empirical treatments were used with broad-spectrum antibiotics including antifungal prophylaxis. The patient's blood pressure recovered but recurrent fever occurred after 3 days. At that time, a series of cultures of peripheral blood (PB) were negative from day 10 to day 28. No pathogen could be detected, and the patient experienced neutropenia from day 10 to day 25 (Figure 1). However, hemiplegia and hemiconvulsions suddenly occurred on patient's right limb, and computed tomography (CT) scans of patient's brain showed a hyperdense lesion with surrounding edema, which was highly suspected as cerebral infarction in the right parietal lobe and small hypodense areas in the left and right parietal lobes. No obvious abnormality was showed by magnetic resonance angiography (MRA) of patient's brain, but CT scans of the lung showed multiple hyperdense lesions on day 18 (Figure 1). Febrile neutropenia in patients after chemotherapy with cerebral symptoms may be highly indicative of infections in the brain (18, 19).


[image: Figure 1]
FIGURE 1. Clinical course of the patient (schematic). BDG, (1,3)-b-D-glucan; PCT, procalcitonin; CRP, c-reactive protein; CT, computed tomography; MRI, magnetic resonance imaging; MRA, magnetic resonance angiography; VRC, voriconazole; IPI, Imipenem; VAN, Vancomycin; TEC, teicoplanin; AmBL, liposome-associated amphotericin B; mNGS, metagenomics next-generation sequencing; PB, peripheral blood; CSF, cerebral spinal fluid; BAL, bronchoalveolar lavage fluid.


Treatment was continued VRC and IPI, and changed to teicoplanin (TEC, 400 mg, daily, intravenous injection) as antibacterial and antifungal drugs Treatment was changed to voriconazole (VRC) and imipenem as antifungal and antibacterial methods after a positive result for the test of (1,3)- β-D-glucan (100.70 pg/mL, Guangzhou Zhaokang Biotechnology Co., Ltd) on day 22. However, the fever was unresponsive and the lesions in the brain and lung were more serious a week later. The procalcitonin (PCT) level was elevated to 4.40 ng/mL, and c-reactive protein (CRP) reached 218.33 mg/L. Aminoleucine transferase (ALT) and aspartate transaminase (AST) reached 145 U/L and 242 U/L, respectively. Other drugs were applied to protect patient's liver function. Rhizomucor miehei infection was shown by mNGS (Genskey Medical Technology Co., Ltd, Beijing, China. NextSeq 500) of PB with high relative abundance about 99.94% on day 25 (Table 1), and liposome-associated amphotericin B (AmBL, 100 mg, daily, intravenous injection) was immediately used as antifungal therapy from day 25 to day 55. The patient's body temperature returned to normal (36–37°C) after 3 days of treatment and his complete blood count (CBC) recovered from neutropenia on day 28. Infection with Rhizomucor miehei was also proven by mNGS both in CSF with relative abundance about 0.35% on day 28 and BAL with relative abundance about 28% on day 35 (Table 1), and the routine and biochemical examinations of CSF were negative (Table 2). After 2 and 3 weeks of antifungal treatment, CT scans showed that lesions were obviously absorbed both in the brain (Figure 2) and the lung (Figure 3), and PCT and CRP were also recovered following antifungal therapy (Figure 4). Finally, the patient's general condition improved, and his right limb function partly recovered on day 55. He requested to go back to the local hospital to continue antifungal therapy due to his family reasons.


Table 1. Pathogenic microorganisms detected in peripheral blood, cerebral spinal fluid, and bronchoalveolar lavage fluid specimen of patient by next-generation sequencing.
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Table 2. Cerebrospinal fluid test on day 28.

[image: Table 2]


[image: Figure 2]
FIGURE 2. CT imaging for the patient's brain. (A) On day 25, a CT scan of the brain showed hyperdense lesions with surrounding edema in the right parietal lobe (red arrow) and hypodense areas (blue arrow) in the left and right parietal lobes. (B,C) After 2 and 3 weeks of treatment, a CT scan showed that the lesions were absorbed in the left and right brain (red arrow and blue arrow).



[image: Figure 3]
FIGURE 3. CT imaging for the patient's lung. (A) On day 25, a CT scan of the lung showed multiple inflammatory lesions (red arrow) and small amount of bilateral pleural effusion in both lungs. (B) After 2 weeks of treatment, a CT scan showed that the lesions were absorbed in the right side of patient's lung. (C) After 3 weeks of treatment, a CT scan showed that lesions were significantly absorbed in the right side of patient's lung (red arrow) and smaller amount of bilateral pleural effusion in the side of patient's lung than that after 2 weeks of treatment.



[image: Figure 4]
FIGURE 4. Daily course of the patient's treatment. Horizontal thick blue lines show the medications administered; VRC, voriconazole; AmBL, Liposome-associated amphotericin B; TZP, piperacillin-tazobactanm; IPI, Imipenem; PCT, procalcitonin; CRP, C-reactive protein.


After 2 months of follow-up by telephone, we learned that patient changed to receive antifungal treatment with amphotericin B (AmB, 150 mg, daily, intravenous injection) and posaconazole (Pos, 300 mg, daily, orally) for other 2 months, because patient's liver had recovered to normal function. Besides, significant reduction in the size of the lesions on imaging tests of this patient were reported. The next chemotherapy for ALL was also prepared to carried out. The antifungal drug regimen was well-tolerated and achieved a remarkable effect.



DISCUSSION

Mucormycosis occurred during the period of neutropenia after chemotherapy for ALL in this patient. Cerebral infarction and fungal encephalitis are caused by hematologic dissemination with poor outcomes. Only a few case reports on disseminated mucormycosis have been reported, and cerebral manifestations of mucormycosis have been recorded even less frequently (20–22).

The high mortality rate in patients with disseminated mucormycosis necessitates rapid diagnosis (3–5). However, very low positive rates of blood cultures from patients with ALL after chemotherapy were observed due to empirical antifungal therapy (23). Pagano, L. et al. showed that only 4 leukemia patients (~10%) were diagnosed ante-mortem among 116 patients with recorded infections of pulmonary filamentous fungal (24). Another study showed that approximately 35% of 37 patients with histologically recorded mucormycosis and hematological malignancies ware diagnosed ante-mortem (20). CT scans of the lung and the brain provide significant information's for the diagnosis of invasive fungi (25, 26). However, it is difficult to distinguish the kind of fungal infections by these imaging methods.

mNGS, a high-throughput screening method, is an emerging and relatively effective diagnostic method to detect pathogens that are culture-independent, especially for non-cultivable or uncommon microbiological organisms (27, 28). In addition, mNGS is used to detect pathogens by sequencing of extracted DNA from specimens, which is a non-culture-based and fast method (29). In this case study, mNGS of PB, CSF, and BAL was well employed to diagnose disseminated mucormycosis infection leading to cerebral infarction. In addition, high sequence of elizabethkingia and stenotrophomonas was detected by mNGS of BAL later. It could be a small amount of bacteria hidden in the infusion port, which caused the patient's second infection. Infusion port of patient was removed, and IPI was applied immediately again. PCT and CRP was controlled later.

In general, early initiation of antifungal therapy improves the outcome of mucormycosis infection. A previous study showed that 70 patients with hematologic malignancy and infection of mucormycosis who experienced delayed amphotericin B therapy (starting therapy more than 6 days after diagnosis) were reported to have two-fold increase in mortality rate at 12 weeks after diagnosis compared to early treatment (82.9% versus 48.6%) (30). In the present case study, mNGS, a fast and non-culture-dependent method, was used to diagnose mucormycosis infection, and the initial therapy of AmBL was performed immediately to treat this disease. The patient's general condition improved, and he eventually partly recovered his left limb function.

mNGS technology, with the advantages of speed and precision, is a selective method for culture-negative diagnosis of the fungal infection, and it can be applied to identify microbes in other symptoms in the future. Besides, some factors such as warm ischemia can interpreted NGS data, which may be the obstacles of NGS. In addition, febrile neutropenia in patients after chemotherapy with cerebral symptoms may be highly indicative of infections in the brain.



CONCLUSION

mNGS testing of PB, CSF, and BAL is a reliable and fast method for precisely diagnosing culture-negative disseminated mucormycosis. Early identification of infectious pathogens can guide antifungal therapy in such patients.
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Introduction: Non-Hodgkin lymphoma (NHL) has a much higher incidence rate than Hodgkin lymphoma. Approximately 40% NHL occurs in extranodal tissues or organs, and its clinical manifestations are often nonspecific. Primary bone NHL involving the mandible is an uncommon NHL that is characterized by fever, gum swelling and toothache. Therefore, it is often misdiagnosed as oral diseases.

Case Presentation: A 52-year-old female had recurrent fever for more than 1 month, with numbness in her left jaw and toothache. PET/CT showed an uptake area in the left mandible, suggesting microbial infections. However, antibacterial, and antiviral treatment were ineffective. Furthermore, metagenomic sequencing of plasma reported no pathogens, but instead showed significant copy number variations of multiple chromosomes, which highly suggested the existence of tumor. Finally, diffuse large B-cell lymphoma (DLBCL) was diagnosed by mandibular biopsy, and the patient was transferred to Hematology department for chemotherapy.

Conclusion: mNGS not only assists rapid etiological diagnosis, but also helps rule out infection and diagnose malignant neoplasm.

Keywords: non-Hodgkin lymphoma, mandibular NHL, diffuse large B-cell lymphoma, copy number variations, metagenomic next-generation sequencing, fever of unknown origin


INTRODUCTION

Lymphomas are a group of malignant neoplasms originated from lymphoid hematopoietic system and the second most common malignancy of the head and neck region (1–3). Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL) are the two main categories of lymphomas, the latter of which occurs more frequently (4). NHL patients usually present with painless lymphadenopathy, and might or might not have other symptoms including fevers, fatigue and drenching night sweats (5). NHL is primarily a disease of the lymph nodes, but it can also involve organs outside the lymphoid system such as the stomach, skin, lung, central nervous system, and oral cavity (6). Primary bone NHL involving the mandible, an uncommon oral cavity NHL, accounts for 0.6% of extranodal lymphomas (7). The clinical manifestations of Primary bone NHL involving the mandible are toothache, swelling, tooth loosening and pathological fracture. In early stage, it is often misdiagnosed as dental pulp disease, causing a delay in the diagnosis and treatment (7). Most Primary bone NHL involving the mandible are diffuse large B-cell lymphoma (DLBCL), which develops rapidly and has poor prognosis (8).

Metagenomic Next-generation Sequencing (mNGS) can unbiasedly sequence nucleic acids of both human and microbial origin from clinical samples. It is a hypothesis-free and culture-free technique that has been widely used in diagnosing infectious diseases (9). A retrospective study of patients with fever of unknown origin showed that the positive rate of mNGS in plasma samples was significantly higher than traditional culture (61.0 vs. 19.5%) (10). Meanwhile, the sequences of human DNA derived from mNGS can be used to detect chromosomal copy number variations, which might be useful for the diagnosis of cryptogenic malignancies (11).

Here we report a case of mandibular DLBCL in a 52-year-old female with recurrent fever and toothache, in which microbial infections were excluded based on mNGS results. Moreover, cancer was suspected due to abnormal copy number of the patient's chromosomes via analysis of host DNA sequences, which was later confirmed by mandible biopsy.



CASE REPORT


Case Presentation

A 52-year-old female presented with recurrent fever for more than 1 month, with a highest temperature of 38.8°C and chills. The patient experienced numbness in her left mandible and slight pain in her left teeth. The blood routine examination was normal, C-reactive protein (CRP) was 7.33 mg/L, erythrocyte sedimentation rate (ESR) was 42 mm/h, rheumatoid factor was 5.7 IU/ml, anti-o was 89 IU/ml, anti-nuclear antibody, alpha work, Epstein Barr virus, cytomegalovirus DNA, tumor biomarkers were negative. The head (including the mandible region), chest, and abdomen CT showed no active lesions, and echocardiography showed no abnormality. Prior to hospitalization, the patient had a full-body positron emission tomography (PET) scan performed, which revealed an elevated glucose metabolism in the left alveolar branch of the mandible (standardized uptake value (SUV) max = 5.87) (Figure 1). In addition, multiple small nodules were seen in both lungs and exudative changes in the lower lobes of both lungs and splenomegaly were observed. These findings were also confirmed by chest, abdomen, and pelvis enhanced CT. As a result, microbial infection was primarily suspected. Following 4 weeks of antibacterial and antiviral treatment, the patient still had recurrent fever, which was accompanied by perspiration. The blood routine showed the red blood cell count was 3.10*1012/L, hemoglobin was 86 g/L, neutrophil was 1.77*109/L, lymphocyte was 0.71*109/L, CRP was 16.6 mg/L.


[image: Figure 1]
FIGURE 1. (A) PET scan showing an area with glucose uptake in the facial region. (B) PET/CT scan revealing the uptake area located in the left mandible.


Urine routine examination showed that urine occult blood was weakly positive. Stool routine, blood transfusion routine, blood culture, urine culture, humoral immunity, Widal test, Ana antibody spectrum, antineutrophil cytoplasmic antibody, G test, and EBV-DNA were negative. GM test (0.59) and T-spot.TB test were positive. The biochemical examination showed normal liver and kidney function, albumin 26.7 g/L, ESR 46 mm/h, coagulation function showed D-Dimer was 0.73 mg/L, and prothrombin time was 15.30 s. Tumor biomarker test showed ferritin was 363.36 ng/ml, and serum immunofixation electrophoresis was negative. Ultrasound examination showed no obvious abnormalities of superficial lymph nodes, esophagus, and heart. However, abdominal ultrasound showed substantial echo at the lower pole of spleen, and accessory spleen was considered.



Initial Treatment

The patient was first administered with ticarcillin and moxifloxacin. Nine days after treatment, the fever was still present that peaked at 38.6°C. The blood routine and biochemical examination showed no apparent changes. The serum protein electrophoresis and free light chain quantitative were negative. The antibiotics were then escalated to linezolid combined with sulperazon and tinidazole. Three days later, the patient's symptoms did not improve, and thus antibiotics were withdrawn.



MNGS Testing

Due to little effect of antibiotic treatment, the patient's peripheral blood was collected for mNGS. No pathogen was detected, suggesting a likelihood of non-infectious disease. Meanwhile, the chromosomal copy number analysis showed significant alterations (both duplications and deletions) in chromosomes 1, 5, 6, 11, and 14, which indicated the presence of malignant tumor DNA (Figure 2). The same CNV analysis was repeated using buccal swab that showed no abnormalities, suggesting the CNVs were not due to inherited diseases.


[image: Figure 2]
FIGURE 2. CNV analysis of the patient's autosomes and sex chromosomes. Both plasma and mandibular biopsy samples showed large CNVs on chromosomes 1, 5, 6, 11, and 14. The same analysis using buccal swab showed normal copy numbers.




Follow-Up and Outcomes

The patient underwent bone marrow biopsy. The morphological examination showed that the percentage of erythroid cells was slightly higher, and iron staining showed that iron utilization was impaired. Hemophagocytes were sporadically seen in the bone marrow. A biopsy of the left mandible was taken, and the immunohistochemical results showed cells positive for CD20, CD79a, Bcl-2, CD5 and c-myc, and Ki-67 value-added index was 90% (Figure 3). In addition, CD10, kappa, lambda, CD138, CD38, CD3, Desmin, MyoD1, Myogenin, CD99, CK, Syn, EMA, CyclinD1, Bcl-6, MUM1, CD30 and Sox11 were negative. The pathological findings suggested that the tumor was malignant B-cell lymphoma (diffuse large B-cell type). The patient was diagnosed with DLBCL and transferred to the Hematology department for immunochemotherapy [rituximab 600 mg d1, cyclophosphamide 1.1 g d2, doxorubicin 40 mg d2, vindesine 4 mg d2, and prednisone 15 mg d1-5 (R-CHOP)]. Five cycles of R-CHOP were administered and another full-body PET-CT was performed, which showed a decline of glucose metabolism in the left mandible region (Supplementary Figure 1). Adjuvant radiation therapy was initiated following the conclusion of chemotherapy and a total of 15 sessions were performed, after which the patient was discharged. During the most recent follow up visit, the patient had no fever, no cough, no abdominal pain, normal diet, and sleep.


[image: Figure 3]
FIGURE 3. Left mandible biopsy and immunohistochemistry. (A) Multiple fragments of a squamous mucosa and soft tissue with a dense lymphoid infiltrate (×100 magnification). (B) Aggregate of atypical lymphoid cells (H&E staining; ×200 magnification). (C) Immunohistochemical staining showing sheets of large mononuclear lymphoid cells positive for CD20 (×100 magnification). (D) Sheets of large mononuclear lymphoid cells positive for CD79a (×100 magnification). (E) Cells positive for Bcl-2 staining (×100 magnification). (F) Cells positive for Ki67 staining (×100 magnification).





DISCUSSION

Approximately 40% of NHL occurred in extranodal tissues or organs (12, 13), and the most common sites of occurrence was gastrointestinal tract, followed by head and neck (14). A retrospective study revealed that of 381 patients with NHL (100 were extranodal), 16 (16%) had maxillary or mandibular involvement and most of which were DLBCL (15). DLBCL is the most common type of NHL, accounting for 40% of all cases. It is a type of cancer involving distinct clinical, morphological, immunohistochemical features and prognosis (7). Primary bone NHL involving the mandible is often characterized by swelling, pain, abnormal sensation, loose teeth, and pathological fracture. Patients are usually treated in the Department of Stomatology and often misdiagnosed with oral diseases. In this case, the patient received dental root canal treatment and anti-infection treatment with negligible improvement of symptoms.

Fever of unknown origin can be attributed to many factors, including infection (40%), neoplastic disease (20%), collagen-vascular disease (15%) and so on (16). A retrospective study found that tuberculosis was the most common cause of infectious fever and lymphoma was the most common cause of neoplastic fever (17). In this case, the hemogram and blood biochemistry of the patient were basically normal, CRP and ESR were slightly elevated, indicating inflammatory reaction. Routine etiological tests were negative except for T-spot.TB test. However, chest CT showed no signs of tuberculosis infection. And GM test was positive for the first time but negative when repeated. Combined with the lack of pathogens in mNGS results, microbial infection was mostly ruled out. In addition, the full-body PET scan showed increased glucose metabolism in the left mandible, and ferritin and tumor specific growth factor were elevated in serum. However, tumor was not suspected prior to mNGS because abscess, inflammation and dental caries could also lead to increased glucose metabolism, and the specificity of tumor biomarkers was low.

mNGS has been predominantly used for diagnosing infectious diseases, even though most sequences in clinical samples originate from the host. By analyzing human reads, one could obtain potentially valuable information and use it to aid diagnosis.

Copy number variation (CNV) is the change of copy number in one or more genes. Genomic instability is one of the hallmarks of cancer (18). Multiple studies have shown that DNA copy number variation (CNV) is an important component of genetic variation involved in the development and progression of many types of cancer. Chromosomal CNVs detected by sequencing-based tests have been recently used for early diagnosis of colorectal cancer (19), breast cancer (20), and hematologic malignancies (21). Therefore, mNGS has the potential to diagnose both microbial infections and tumor since it unbiasedly sequences DNA of both host and microbial origin. In Cui et al. (22) detected CNV in clinical samples and cell lines of DLBCL patients, and the results showed that CNV was related to the prognosis of patients and might be an important feature of tumor development. Shotgun metagenomic sequencing is suitable for CNV detection across all chromosomes, which has good specificity and reproducibility (23).

The gold standard for tumor diagnosis is biopsy and pathological staining, which requires an invasive procedure that typically takes 3–7 days. In addition, biopsy is not always performed especially when tumor is not primarily considered. Compared to that, mNGS can be performed on a variety of clinical samples and report results in hours. Although the detection of chromosomal CNVs by mNGS cannot directly lead to a specific cancer diagnosis, it could prompt more focused diagnostic testing for a tumor. By incorporating pathogen detection and copy number analysis, mNGS can provide multiple levels of diagnostic clues. It helps optimize the sensitivity of tumor diagnosis and has significance in differential diagnosis for patients suspected of infections, especially when empirical antibiotic therapy fails.
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Since the pandemic of Corona Virus Disease 2019 (COVID-19), especially in the centers most affected, the symptoms such as fever, cough, myalgia or fatigue, and radioactive signs typically related to COVID-19 like ground-glass opacity (GGO) often distract the attention of physicians from other diseases. Aspiration pneumonia and COVID-19 share similarities in some aspects. There may be risk of misdiagnosis in the case of considering radiological patterns of pneumonia. Early diagnosis and treatment often greatly improve prognosis. We herein reported a case of 40-year-old patient who underwent chest CT scan with the discovery of ground-glass opacity, intralobular reticular opacity and interlobular septal thickening, consolidation, and air bronchogram sign, which were mainly located in the middle and upper lobes of the right lung. It was considered to be infection related pneumonia based on the negative reverse transcription-PCR (RT-PCR) result of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The next-generation sequencing (NGS) of bronchoalveolar lavage fluid (BALF) was performed and detected nucleic acid sequences of Klebsiella sp. Consequently, the patient accepted sensitive intravenous antibiotics therapy for 13 days and had a remarkable clinical and radiological improvement. His case was followed up through imaging procedures. Because of possible radiologic and clinical similarities between aspiration and COVID-19 pneumonia, COVID-19 can be of some value in proposing a differential diagnosis of aspiration pneumonia. Clinicians could suggest a correct diagnosis by careful examination of the CT images together with attention to the clinical history and judicious utilization of NGS, especially.

Keywords: COVID-19, aspiration pneumonia, next generation sequencing—NGS, case report, differential diagnosis


INTRODUCTION

Since the outbreak of Corona Virus Disease 2019 (COVID-19), millions of families worldwide have been invaded, and the development of economy, education, health, and other industries in many countries has been affected in varying degrees. In absence of specific therapeutic vaccines or drugs, early detection and isolation becomes essential against the novel coronavirus. However, in that current emergency, with limitations of sample collection or transportation and kit performance, the total positive rate of reverse transcription-PCR (RT-PCR) for throat swab samples was reported to be about 30 to 60% at initial presentation (1). Therefore, radiologists revealed that chest CT can provide benefit for diagnosis of COVID-19. Despite its high sensitivity, CT findings are unspecific and may overlap with other diseases (2). However, the symptoms such as fever, cough, myalgia or fatigue, and radioactive signs typically related to COVID-19, like ground-glass opacity (GGO), often distract the attention of physicians from other diseases.

Aspiration pneumonia is a common disease caused by aspiration or inhalation of irritant substances. It is estimated to account for 5–15% of people diagnosed with community-acquired pneumonia (CAP) and is expected to occupy a larger proportion in the aging society over the next coming decades (3, 4). In general, its CT findings are simply characterized by gravity-dependent lung opacity. However, there are some similarities between aspiration pneumonia and COVID-19 pneumonia. Bilateral subpleural patches of GGO, multifocal patchy consolidation, especially in a peripheral distribution with bilateral, and multifocal lower lung involvement have been described as typical for the diagnosis of COVID-19 pneumonia in suspected cases (5, 6). Such presentations are also fairly common in aspiration pneumonia. These changes, which had been present in up to 74% of the patients, make the discrimination more difficult (7). Therefore, how to realize an effective differentiation of the two diseases and make an initial decision for appropriate allocation of the patients to the COVID or non-COVID wards or intensive care units (ICUs) was a challenge we encountered, especially in the current situation of the persistent outbreak of COVID-19 pandemic. In this context, an early, timely, and accurate diagnosis is utmost important for the treatment of potentially catastrophic and life-threatening infection along with for the prognosis of patients with infection. Here, we report one case of aspiration pneumonia in the atypical site, which was confirmed to be infected by Klebsiella pneumoniae (Klebsiella sp.). Clinical characteristics and findings of high-resolution thoracic CT of the patient are also described.



CASE PRESENTATION

A 40-year-old Chinese man with smoking (30 cigarettes per day) and drinking (300 ml 52% Chinese rice wine per day) habit for over 10 years, and with 2-month exposure history in COVID-19 epidemic area of Wuhan hospital presented to our Emergency Department on June 28, 2020. The chief complaints of this patient were fever and cough for two days, along with ten bouts of abdominal pain and diarrhea. In addition, the patient experienced shortness of breath since the morning of the day of consultation and still had a fever. For the monitoring of vital signs at admission, the patient presented with a blood pressure of 78/46 mmHg, pulse rate of 122 beats/min, respiratory rate of 35 breaths/min, body temperature of 39°C, and oxygen saturation of 79% on room air. Further physical examination revealed dry skin but cold limbs, several spider nevi in the neck, and moist crackles in the right lung on auscultation. For his epidemic history, the emergency physician immediately prescribed throat swab test for COVID-19. The results of routine laboratory tests showed white blood cell count of 3.73 × 109/L (94% neutrophils), platelet count of 32 × 109/L, procalcitonin of 66.5 ng/ml, creatinine of 182.7 μmol/L, alanine aminotransferase (ALT) of 175 U/L, aspartate aminotransferase (AST) of 416 U/L, lactic acid of 5.6 mmol/L, and Na+ of 132 mmol/L with no rest abnormalities in electrolytes.

The patient was provided with chest CT, with the observation of large pieces of high-density shadows particularly dominant in the middle and upper lobes of right lung (Figure 1A). The patient appeared with a pale face, was restless, and showing signs of severe respiratory distress and was thus provided with endotracheal intubation for ventilation. Subsequently, when the RT-PCR result for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) returned negative the second morning, the patient was admitted to ICU for further monitoring and therapy. At first, the vomiting history of the patient was not collected due to sedation. Intravenous norepinephrine and hydrocortisone (100 mg q12 h) were given due to the lack of fluid infusion space to reverse shock. Under the view of bronchofiberscopy, the patient was found to have moderate stenosis of right middle and upper lung bronchus and suctioned with copious yellow bloody secretions from the airways. We chose meropenem (1 g q12 h) and moxifloxacin (0.4 g qd) as the antibiotics for empirical antibacterial treatment, for it was difficult to judge whether the pathogen was gram-positive or gram-negative bacteria. At the same time, the blood sample and bronchoalveolar lavage fluid (BALF) were collected to perform metagenomic next-generation sequencing (NGS) and bacterial culture on the first day. The bioinformatics pipeline included (1) standard sample quality filtering, (2) elimination of replicate reads, (3) removal of low-complexity reads matching human genome sequence, and (4) classification of reads by simultaneously aligning to Pathogens metagenomics Database, which was downloaded from latest RefSeq:NCBI reference consisting of 4,945 whole genome sequence of viral taxa, 6,350 bacterial genomes or scaffolds, 1,064 fungi related to human infection, and 234 parasites associated with human diseases.


[image: Figure 1]
FIGURE 1. Serial roentgenograms and chest CT images of the patient we reported. (A) Transverse thin-section CT of right upper lobe showed ground-glass opacity (GGO), intralobular reticular opacity and interlobular septal thickening. Consolidation and the air bronchogram signs were also presented in the right middle lobe of the patient (on admission). (B) Chest CT of the right upper lobe revealed consolidation with cavitation and GGO, with the air bronchogram signs partially absorbed (on day 12 after admission). (C) Follow-up CT images on July 4, 2021. The consolidation with cavitation of the right upper lobe were nearly absorbed, but fiber strands were left in the right upper and middle lobe.


After 48 h on admission, both the NGS of BALF and whole blood sample revealed Klebsiella sp., which was consistent with the bacterial culture result of BALF 3 days later. The other micro-organisms detected in the NGS were not regarded as responsible for the invasive pulmonary infection (Table 1). Taking into account the clinical manifestations, rapid organ damage, the NGS test, and CT results, the patient was diagnosed with aspiration pneumonia infected by Klebsiella sp. Accordingly, we suspended moxifloxacin. After 8 days of monotherapy with meropenem (1 g q8 h), the patient received an adjusted treatment by piperacillin/tazobactam (4.5 g q8 h) after the body temperature of the patient returned to normal, improvement of laboratory findings, and withdrawal of the ventilator. His mental state had markedly improved and the patient was successfully transferred from the ICU to the respiratory ward on July 8, 2020. Finally, he was smoothly discharged 3 days later when CT scans were in remission (Figure 1B) even though he was left with slight paroxysmal dry cough (Figure 2). Long-term follow-up is currently ongoing to monitor changes in the lung lesion of the patient (Figure 1C) and the patient still has symptoms of intermittent cough 1 year later.


Table 1. The results of next-generation sequencing (NGS) in the case.
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FIGURE 2. Timeline with relevant data from the case in our hospital; curves of body temperature and leukocyte counts. The arrows below indicate major events. Blue line shows body temperature values. Orange line shows leukocyte counts. ICU, critical care unit; NGS, next-generation sequencing, BALF, bronchoalveolar lavage fluid.




DISCUSSION AND CONCLUSIONS

In the setting of COVID-19 pandemic, considering that the patient was living in the epidemic area for 2 months, emergency physicians carried out RT-PCR of SARS-CoV-2 at the very beginning without any hesitation. While waiting for PCR results, the chest CT of the patient showed some radiological signs related to COVID-19, such as GGO, consolidation, and intralobular reticular opacity. Of course, they deployed a single isolation room for the patient. However, during this period, the patient deteriorated and had to receive ventilation. Notably, the treatment and monitoring were relatively limited in the Emergency Department. When the patient was admitted to ICU and received more direct examines along with the NGS test, it was only then that we further proposed a possible diagnosis of aspiration pneumonia despite how no definite history of aspiration was provided and no specific inhalant was found under fiberoptic bronchoscope. Coincidentally, after repeated questioning later on, the patient finally admitted to having several bouts of drunken vomiting 3 days before the onset of symptoms.

Aspiration pneumonia mainly occurs in patients with neurological diseases, disturbance of consciousness, esophageal diseases, trauma, etc., which may cause the irritant substances to enter the respiratory tract and induce secondary inflammation, resulting in an impaired natural defense mechanism. Aforementioned conditions contribute to a large number of admissions to emergency departments. There are currently multiple difficulties for clinical management of aspiration pneumonia, such as the lack of accurate diagnostic standards. The challenge in specifically diagnosing aspiration pneumonia is that for many patients in the community who are at risk for macroaspiration, there is difficulty to get the history of events that occurred in the days leading up to the onset of fever, cough, and infiltrating shadows displayed by chest radiograph. To some extent, chest CT is used to evaluate pulmonary lesions, which is of great importance in the diagnosis of aspiration disorders. Studies have shown that CT manifestations of aspiration pneumonia mainly include atelectasis, centrilobular nodules, bronchiolectasis, consolidation, “tree in bud,” and GGO (8). In addition, these cases can be classified into the following patterns of pneumonia based on CT: lobar pneumonia, bronchopneumonia, bronchiolitis, or others (e.g., pneumonia with interstitial changes, abscess formation) (7). However, these CT findings have been categorized as “atypical signs” of COVID-19 by Radiological Society of North America (RSNA) (9). In view of the diversity and complexity, the imaging findings of aspiration pneumonia are numerous with the absence of specificity. However, due to the special anatomical position of the right bronchus, it is suggested that the location sites of pulmonary findings are more prevalently distributed in the right lung (10) and in lower lung lobes (7). Posterior segments of the upper lobes and superior segments of the lower lobes are frequently involved when patients aspirate in the recumbent position, whereas the bibasilar segments, particularly, the right middle lobe and lingular segment, are affected in patients in their upright position (11–13). Quite a few cases occur in the right middle and upper lobes at the same time, which, however, is the case of our report.

At present, the pathogenic bacteria of aspiration pneumonia have changed from anaerobic to gram-negative bacteria, and the most common bacteria are, in fact, enteral gram-negative species, including Escherichia coli, Klebsiella sp., and Pseudomonas sp. (14). According to a retrospective study from Japan, CT findings of GGO was most frequent in patients with concurrent pneumonia than those with Klebsiella pneumonia alone, followed by consolidation and intralobular reticular opacity (15). In previous studies, alcoholism was the most commonly associated condition, followed by a smoking habit, cardiac disease, and malignant disease (15, 16). Our case was nearly the same as reported in a recent study as well (17). Interestingly, our case is consistent with two of these conditions described above. Nevertheless, Klebsiella sp. are major pathogens in healthcare-associated infections, and their importance appears to be increasing. It has been reported that patients with Klebsiella sp. chest infection frequently suffer a rapid fatal outcome (18). In terms of CT manifestations of Klebsiella sp. pneumonia, the previous report mostly showed necrosis or cavity (19), due to this bacteria being associated with pyogenic lung necrosis and pathological processes that result in frequent cavitation. But recent studies revealed that CT findings in patients with acute Klebsiella sp. pneumonia consisted mainly of GGO (100%), consolidation (91.4%), and intralobular reticular opacity (85.9%), which were found in the periphery (96%) of both sides of the lungs (72.2%) and were often associated with pleural effusion (53%) (16). In terms of treatment, antibiotics are mainly administrated according to PK/PD principle, but it is necessary to be alert to carbapenem-resistant Klebsiella sp. Furthermore, no randomized controlled trials have so far reported the positive effect of glucocorticoid, and it is not recommended in the routine treatment of aspiration pneumonia (20). Moreover, glucocorticoids have been shown to promote the in vitro growth of Streptococcus pneumoniae and certain gram-negative rods (21). However, in the treatment process of this patient, glucocorticoid was applied to prevent shock rather than pneumonia.

Next-generation sequencing (NGS) may serve as a perfect one-step tool to study a broad range of pathogen characteristics and is applicable on identifying multiple known or new pathogens (viruses, bacteria, fungi, or parasites) from cultures or directly from clinical samples (22). In addition, NGS is also helpful in detection of novel resistance genes in bacteria, both in current and in historical strain collections. Novel variants of antimicrobial resistance genes, disease transmission, and virulence can be identified or predicted using NGS and further experiments (23). In this case, the patient was initially suspected with COVID-19 on admission and given isolation. Meanwhile, based on the physical condition of the patient being classified as an emergency, to some extent, the treatment of patients has been delayed. After all, the Gram-negative bacteria, Klebsiella sp., that caused shock were quickly identified through NGS technology detection, and the patient was saved by antibiotics targeted at the pathogenic bacteria.

In summary, it is difficult to differentiate COVID-19 pneumonia from other types of pneumonia. There may be a risk of misdiagnosis based on radiological patterns of pneumonia only. Therefore, it is not generally recommended to adopt routine CT screening for diagnosis or exclusion of COVID-19, especially under the condition of not-well-controlled COVID-19 pandemic. Correctly triaging these patients is necessary to reduce the risk of infection transmission and alleviate the pressure of emergency department within hospital. On the other hand, our case highlights the importance of clinician awareness of early pathogen diagnosis by NGS of infectious diseases, antibiotic treatment shall be adopted in a timely manner to decrease mortality and improve prognosis.
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Here, we aimed to retrospectively analyze the clinical characteristics of 27 patients with severe pneumonia caused by Chlamydia psittaci between January 2019 and April 2021 in southwest China. To this end, we collected data on the exposure history, clinical symptoms, laboratory examination, imaging characteristics, evolution, etiology, treatment, and outcomes to suggest a better diagnosis and prevention system. Our results showed that a metagenomic next-generation sequencing test could provide early diagnosis. All patients were sensitive to quinolones and tetracyclines, and the recovery rate was relatively high. Overall, all patients were in critical condition with moderate to severe acute respiratory distress syndrome and shock. In conclusion, early diagnosis of pneumonia caused by C. psittaci depends on effective molecular testing, and most patients recover after treatment.
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1 Introduction

Chlamydia psittaci is a gram-negative bacterium with a size between bacteria and viruses. It widely exists in wild birds or poultry such as parrots, wild pigeons, chickens, and ducks. Ten genotypes are known that correspond to different hosts and virulence, causing zoonotic infectious diseases (Knittler and Sachse, 2015). Humans are usually infected by inhaling the organisms in dry feces or bird feather dust when caged birds spread their wings. Cage cleaning may pose a risk of infection. Bird bites, mouth to beak contact, and even brief contact, such as visiting bird parks, are also related to the spread of this infection (Hinton et al., 1993). The typical clinical symptoms include fever, chills, headache, dry cough, gastrointestinal problems, severe pneumonia, endocarditis, jaundice, and nervous system complications (Johnston et al., 2000; Hogerwerf et al., 2017; Rybarczyk et al., 2019). There are only a few reports that of clustered cases in families and hospitals, indicating the possibility of human-to-human transmission (Wallensten et al., 2014). C. psittaci pneumonia has been recognized worldwide, including in the United States, United Kingdom, Europe, Middle East, and Australia, and was previously thought to cause 1% of the cases of community-acquired pneumonia (Petrovay and Balla, 2008). However, the exact incidence and prevalence of psittacosis are difficult to determine or may even be underestimated owing to the lack of routine tests and the differences in sensitivity and specificity of common diagnostic tests (Rybarczyk et al., 2020). Pneumonia caused by C. psittaci usually has mild symptoms, but some patients can progress to severe disease and even die of respiratory failure and multiple organ failure (Branley et al., 2014). For critically ill patients, successful treatment depends on accurate diagnosis and appropriate support. With the rapid development of molecular methods, especially metagenomic next generation sequencing (mNGS), the early diagnosis of diseases is possible, and the number of related cases reported has increased (Shi et al., 2021; Teng et al., 2021; Yuan et al., 2021). In this study, we summarize the epidemiology, clinical characteristics, laboratory data, and clinical outcomes of 27 cases of severe pneumonia caused by C. psittaci diagnosed by mNGS, to provide a basis for effective diagnosis and treatment.



2 Methods


2.1 Setting

This study was approved by the Ethics Committee of Sichuan Provincial People’s Hospital (No. 2020-111), and all data were anonymous before analysis. The study was carried out in accordance with the Declaration of Helsinki. The data of the study were obtained from the comprehensive ICU of four tertiary A hospitals in southwest China, with more than 280 ICU beds in total.



2.2 Study Design

In this retrospective study, we included 27 cases of severe C. psittaci pneumonia diagnosed by mNGS in the ICU of four tertiary A hospitals in southwest China from May 2018 to March 2020. The diagnostic criteria of C. psittaci pneumonia refer to previous literature reports (Su et al., 2021). We recorded data on age, sex, exposure history, comorbidities, onset course, symptoms, signs, imaging, laboratory examination, method of diagnosis, treatment, and clinical outcomes.



2.3 mNGS Detection Method

A 1.5–3 mL bronchoalveolar lavage fluid (BALF) sample from each patient was collected according to standard procedures. A 1.5 mL microcentrifuge tube with 0.6 mL sample, enzyme, and 1 g 0.5 mm glass bead were attached to a horizontal platform on a vortex mixer and agitated vigorously at 2800–3200 rpm for 30 min. A 0.3 mL sample was separated into a new 1.5 mL microcentrifuge tube and DNA was extracted using the TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH) according to the manufacturer’s recommendation. Then, DNA libraries were constructed through DNA-fragmentation, end-repair, adapter-ligation, and PCR amplification. Agilent 2100 was used for quality control of the DNA libraries. Quality qualified libraries were sequenced by BGISEQ-50/MGISEQ-2000 platform (Jeon et al., 2014). High-quality sequencing data were generated by removing low-quality reads, followed by computational subtraction of human host sequences mapped to the human reference genome (hg19) using Burrows–Wheeler Alignment (Li and Durbin, 2009) The remaining data, by removal of low-complexity reads, were classified by simultaneously aligning to four Microbial Genome Databases, consisting of bacteria, fungi, viruses, and parasites.

The classification reference databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/). RefSeq contained 4,945 whole genome sequences of viral taxa, 6,350 bacterial genomes or scaffolds, 1,064 fungi related to human infection, and 234 parasites associated with human diseases.



2.4 Statistical Method

Statistical analyses were performed using R software version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria) and SPSS version 20.0 (IBM Corporation, Armonk, NY). Categorical data were summarized using frequencies and percentages. Continuous data were summarized using median and interquartile range (IQR). Unpaired Wilcoxon’s rank-sum test was used to test differences for continuous variables and Fisher’s exact test was used for categorical variables. Survival rate was calculated and plotted by Kaplan-Meier method, and univariate analysis was performed by log-rank test. All reported p-values were two-sided and statistical significance was set at p < 0.05.




3 Results


3.1 Epidemiology

The average age of the patients was 60 years (35–87 years). One woman was in her third trimester. Except for four patients who kept pigeons and six who had contact with poultry in open markets, the remaining patients had no clear history of exposure to birds (Table 1).


Table 1 | Basic characteristics of patients (n = 27) included in the study.





3.2 History and Clinical Manifestations

Among the 27 patients, 10 had hypertension, 11 had cirrhosis, one had diabetes, one had pneumoconiosis, and one had gout. The symptoms of most patients were high fever (≥39°C), cough with or without expectoration, dizziness, headache, and disturbance of consciousness (Table 1). The median time from admission to diagnosis was 11 days (2–20 days), and the median time from admission to respiratory failure was 11 days (1–16 days). Eleven patients (40.7%) developed sepsis and acute respiratory failure upon admission to the intensive care unit (ICU).



3.3 Auxiliary Examination


3.3.1 Laboratory Tests

All patients were tested for Chlamydia trachomatis IgM on admission, and eight were positive (Table 2). Most patients had normal white blood cells but elevated hs-CRP(high-sensitivity C-reactive protein ), lymphocytopenia, hyponatremia, and abnormal liver enzymes. The APTT, D-Dimer, MYO and HS-TNTI of the death group and the survival group were statistically significant.


Table 2 | Laboratory test.





3.3.2 Imaging Examination

Chest imaging showed that early lesions were mainly involved in a single lobe of the right lung, with inflammatory exudation and local consolidation. As the disease progressed, inflammatory exudates developed in both lobes with pleural effusion (Figures 1A–C). One patient was discharged with residual pulmonary interstitial changes, and the rest had absorbed inflammatory pleural exudate.




Figure 1 | (A) Before treatment. (B) Before metagenomic next-generation sequencing (mNGS). (C) After the treatment.





3.3.3 mNGS Results

All patients underwent fibrobronchoscopy, and they were tested based on BALF, mNGS, and routine microbiology within 3 days of admission to the ICU. mNGS using BALF samples showed the presence of Helicobacillus (7–15234 copies) (Supplementary Material) in all patients, Candida albicans in six patients, Corynebacterium striatum in three patients, and Streptococcus pneumoniae in two patients. mNGS testing of blood samples from five patients revealed the presence of Chlamydia psittaci.




3.4 Treatment Process

All patients were treated with quinolones, macrolides, or tetracycline antibiotics. Among them, 15 patients were treated with class III drugs before diagnosis (14 quinolones, six levofloxacin, eight moxifloxacin; Macrolide 1 (azithromycin 1)). After diagnosis, 27 patients had their medication adjusted accordingly as follows: 17 cases (63%) were quinolones (levofloxacin: six cases, moxifloxacin: eight cases); there were six cases of tetracycline treatment, accounting for 22.2% (one case of minocycline, five cases of doxycycline), and five cases of macrolide treatment, accounting for 18.5% (five cases of azithromycin). One patient received a combination of azithromycin and doxycycline. Among the 27 patients, 21 patients had fever. The duration of fever withdrawal was approximately 1–4 d, with an average of 2.3 d, accompanied by a significant decrease in hs-CRP, and the effect was significant. Five patients were treated with methylprednisolone (80–320 mg, bid) for inflammatory exudation of the chest early in the disease and did not show spread of infection. Six patients (22.2%) developed nosocomial infections, and one patient (3.7%) had carbapenem-resistant Klebsiella pneumoniae and carbapenem-resistant Acinetobacter baumannii in the lungs and blood, increasing the risk of death.

Among the 27 patients, five patients had mild acute respiratory distress syndrome (ARDS), 16 patients had moderate ARDS, and six patients had severe ARDS (Table 3). All patients received mechanical ventilation, including 14 patients with invasive mechanical ventilation and 23 patients with non-invasive mechanical ventilation. In 10 patients, it was difficult to maintain oxygenation during the treatment of non-invasive ventilator-assisted ventilation, and thus, treatment was replaced with invasive mechanical ventilation. All patients receiving invasive mechanical ventilation were treated with a small tidal volume protective pulmonary ventilation, sedation and analgesia, and prone ventilation as recommended in ARDS treatment guidelines. Three patients with severe ARDS developed extremely severe ARDS during the course of 8–12 d and were given intravenous extracorporeal membrane oxygenation for 6, 10 and 16 d, respectively. In the course of treatment, 4 patients were treated with CRRT because of renal function injury, of which 3 cases died and 1 patient survived and discharged without residual renal function injury.


Table 3 | Treatment and outcomes.





3.5 Clinical Outcomes

Overall, the majority of patients had a good prognosis (Table 4). Of the 27 patients, 23 patients survived, and one patient had residual pulmonary interstitial changes without significant decreased activity tolerance. None of the surviving patients had serious complications during follow-up. Four patients died from secondary nosocomial infections. The vital signs of three patients were not maintained after intravenous extracorporeal membrane oxygenation support therapy, including one pregnant woman. All three patients recovered well and were discharged easily. No complications occurred in the follow-up of 3 months. In the case of the pregnant woman, after admission, even though we carried out routine fetal monitoring of the patient, death of the fetus occurred due to various factors, such as severe hypoxia, antimicrobial agents, sedation and analgesia, medical treatment, and the use of anticoagulant drugs, and 2 d after tracheal intubation, labor was induced with the informed consent of the patient’s family.


Table 4 | Univariable logistic regression of factors associated with death risk of critically ill patients with Chlamydia psittaci.



In the pregnant woman’s case, even though we conducted regular fetal monitoring after the patient was admitted to hospital, owing to various factors such as severe hypoxia, anti-infective drugs, sedation and analgesia, and the use of anticoagulant drugs after ECMO, fetal death was found in utero, 2 days after endotracheal intubation, and labor was induced with the informed consent of the patient’s family. Univariate logistic regression of death factors in the study cohort showed that APTT ≥40 s, Myoglobin(MYO) ≥ 300ng/mL and Hypersensitive troponin I(HS-TNTI) ≥ 50ng/L were risk factors for death in severe patients (Table 3).




4 Discussion

As previously reported, nearly 63.7% of patients with C. psittaci infection are male (Yung and Grayson, 1988), which was in agreement with the rate in our study (69% male).The majority of infections reported in previous studies were in adults between the ages of 30 and 60 years (Shi et al., 2021), as was the case in our cohort. Usually, 90% of the patients have a history of exposure to poultry (Saeki et al., 1996), but in our study, only 31% of the patients reported a contact. Our analysis showed that fever was the most common symptom in patients—results that were consistent with those reported in a previous study (Yung and Grayson, 1988). Besides, nine patients showed neurological symptoms, such as disturbance of consciousness or confusion, whereas 19 patients were diagnosed with hyponatremia. Although the effects of psittacosis on the nervous system were first reported in 1880, the underlying mechanism remains unclear (Macfarlane and Macrae, 1983; Saeki et al., 1996). Four potential pathogenic mechanisms have been proposed: direct invasion of C. psittaci to the central nervous system, autoimmune mechanisms, embolism, and electrolyte disorders (Al-Kawi and Madkour, 1986; Vassallo and Shepherd, 1997; Walder et al., 2003). In a previously reported case of encephalopathy (Walder et al., 2003), C. psittaci was found in the cerebrospinal fluid of the patient, which may show that the first mechanism is the most possible. Since quinolones or tetracyclines are not able to cross the blood–brain barrier, the prognosis for patients with severe nervous system symptoms is often poor. Indeed, three of the four patients that died in the duration of our study developed neurological symptoms, despite the administration of antibiotics.

All patients showed markedly increased levels of hs-CRP and slightly increased levels of liver enzymes. A previous study reported that C. psittaci is more pathogenic and propagates faster than other Chlamydia species, causing severe inflammation. Therefore, the increase in white blood cells was not obvious at the early stages of the disease, but that of hs-CRP was rapid, and the results were consistent with those presented in a previous study (Knittler and Sachse, 2015). C. psittaci first enters the reticular endothelial cells of the liver and spleen to proliferate after inhalation through the respiratory tract, and consequently, patients with respiratory symptoms also show changes in liver enzymes. A previous study suggested that the diagnosis of C. psittaci should be considered when patients aged <60 years with fever, liver enzyme changes, or nervous system symptoms are admitted from early May to early October (Raeven et al., 2016), even if they have no history of contact with birds, to prevent septic shock and ARDS at a later stage.

We found that lymphocytopenia occurred in 93% of critically ill patients. Lymphocytopenia is a significant symptom of patients with severe community-acquired infections. It has been reported that some atypical types of pneumonia can destroy the cytoplasmic components of lymphocytes, leading to lymphocyte apoptosis (Gu et al., 2005). Lymphocytopenia is also common in critically ill patients with psittacosis. Indeed, the four patients that died showed a continuous decrease in the lymphocyte count throughout the course of the disease that was irreversible. Thus, further research is needed to explore the causes of lymphocytopenia caused by C. psittaci.

In addition, the increase of MYO and Hs-TNTi caused by chlamydia psittaci was also common in our patients, especially in patients who died. MYO≥300ng/mL and HS-TNTi ≥50ng/L were one of the high-risk death factors in patients with chlamydia psittaci pneumonia. In previous reports, the increase of (Su et al., 2021) CK was a high risk factor for severe chlamydia psittaci pneumonia. Our study further proved that not only CK, MYO and HS-TNTI related to myocardial enzymes were also high risk factors for severe patients, suggesting that myocardial injury caused by Chlamydia psittaci is not rare in clinic. In the clinical treatment, we should be highly alert to such patients to avoid severe cases.

Mechanical ventilation is the primary supportive treatment for critically ill patients. In the present study, all patients were provided oxygen therapy (PaO2/FiO2 < 300), whereas six patients with severe ARDS received lung-protective ventilation and prone position ventilation. Three of the latter also received ECMO adjuvant therapy.

A previous study showed that patients with psittacosis had a good prognosis after timely diagnosis and antibiotic treatment. We found that more than 50% of the patients (15/27 cases) were administered quinolones as a preliminary antibiotic treatment that was adjusted after the diagnosis based on the symptoms (Chen et al., 2020). Tetracycline antibiotics are the primary recommendation for C. psittaci pneumonia. In our cohort, all patients treated with tetracycline antibiotics were sensitive. However, presently tetracycline resistance is also one of the problems that need to be paid attention in a clinical setting. Tetracycline resistance originated from the environment (Thaker et al., 2010) but is now widely distributed in symbiotic bacteria and pathogenic bacteria, so has been also looking for a solution, clinical if use dehydration tetracycline or analogues inhibiting Tet (X7) (Gasparrini et al., 2020) can prevent the tetracycline antibiotics degradation and save efficacy or develop feasible adjuvant method to against tetracycline resistance by enzymatic inactivated (Markley et al., 2019). Therefore, in patients with severe disease who show tetracycline resistance, we may need to combine macrolides or quinolones. Previous studies showed that quinolones are not effective in patients with psittacosis. In our study, only four patients were treated with quinolones until recovery, whereas the remaining patients were quickly switched to macrolides or tetracyclines after the diagnosis of psittacosis. Most patients showed good efficacy and quick recovery. The four patients that died were administered carbapenems during the preliminary antibiotic treatment, although their procalcitonin was slightly increased at admission. The prolonged use of carbapenems led to multiple drug-resistant bacterial infections, followed by multiple organ failure and death.

Although systemic sex hormone therapy is controversial in ARDS patients, considering severe pneumonia and severe systemic inflammatory reaction, glucocorticoids were used in all patients, showing good clinical results without any complications. However, additional research and analysis of a higher number of cases is needed to confirm the results.

Clinical diagnosis of C. psittaci pneumonia is mainly based on the combination of clinical manifestations and laboratory examination. This theoretical gold standard method of pathogen culture is not routinely tested in most laboratories owing to the infectious nature of C. psittaci itself, which requires high levels of biosafety. Currently, commercially available laboratory tests mainly include serological, microbial culture, and nucleic acid amplification tests. The most commonly used serological tests include a complement binding test (CF) and microimmunofluorescent antibody test. The microimmunofluorescent antibody test is the most sensitive and specific serological test for C. psittaci, but it is only available in specialized laboratories (Wreghitt, 1993) The CF test is a test traditionally used for diagnosis and requires showing antibody titers at least four times higher than the upper normal limit in repeated serum samples. It has disadvantage of requiring repeated CF tests after 2 weeks and being unable to distinguish between different Chlamydia species. Early effective tetracycline therapy might also delay or attenuate the antibody response in critically ill patients. In addition, direct immunofluorescent antibody staining of respiratory secretions (sputum, throat swabs) has been used for rapid diagnosis (Oldach et al., 1993), but more studies are needed to demonstrate its sensitivity and specificity. As a result, molecular approaches are becoming popular. Nucleic acid amplification tests are considered more sensitive and specific than serological antibody tests. Unfortunately, this approach has not been carried out on a clinical scale and has only been conducted in cases of suspected C. psittaci outbreaks. With the development of mNGS, a variety of pathogens in different specimens can be quickly and accurately detected, including atypical pathogens, viruses, and fungi, among others, which are difficult to culture. It has the advantage of a wide detection range and no requirement for identifying suspected pathogens in advance and can be used for the diagnosis of lower respiratory tract infections. When treating patients with severe pneumonia, early identification of the pathogen is of utmost importance. With mNGS, etiological results can be obtained within 24 h at the earliest, and tetracycline-based antimicrobial therapy can be adjusted in time to minimize the time required to diagnose psittacosis and the disease process. At the same time, no other pathogens were detected by mNGS, thus reducing the use of unnecessary antibacterial drugs (such as carbapenems and antifungal drugs), effectively reducing the cost and time of hospitalization, and avoiding the emergence of drug-resistant bacteria. Several hospitals in this study were class-A tertiary teaching hospitals, but they only tested for Chlamydia IgM. Therefore, in this study, the application of Acer sequencing technology for the diagnosis of C. psittaci pneumonia could be used to quickly and specifically identify this species, thus shortening the diagnosis time, identifying other potential pathogens, and allowing for the initiation of targeted antimicrobial therapy in time.

This study had some limitations: 1) data were limited since the number of seriously ill patients was relatively small and 2) the CDC recommends a single IgM antibody titer of 1:16 or higher as a diagnostic test, but unfortunately, our institution does not have this requirement. C. psittaci IgM antibody was not detected in any of the patients. 3) Further studies with larger sample sizes are needed to support and confirm our findings.

Overall, for fever of unknown cause combined with exposure history, liver enzymology changes, and nervous system changes, we should be alert to the occurrence of C. psittaci pneumonia. Medication should be administered in a timely manner to avoid the later development of ARDS or sepsis or even multiple organ failure. Among all diagnostic methods, mNGS allows for early diagnosis that will help devise effective treatment plans and reduce the recovery time.
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In this study, the aim was to investigate the discriminatory power of molecular diagnostics based on mNGS and traditional 16S ribosomal RNA PCR among Nocardia species. A total of fourteen clinical isolates from patients with positive Nocardia cultures and clinical evidence were included between January 2017 and June 2020 in HeNan Provincial People’s Hospital. DNA extraction and 16S rRNA PCR were performed on positive cultures, and pathogens were detected by mNGS in these same samples directly. Among the 14 Nocardia isolates, four species were identified, and N. cyriacigeorgica (8 cases) is the most common species. Twelve of the 14 Nocardia spp. isolates were identified by the two methods, while two strains of N. cyriacigeorgica were not identified by mNGS. All tested isolates showed susceptibility to trimethoprim-sulfamethoxazole (SXT), amikacin and linezolid. Apart from Nocardia species, other pathogens such as Acinetobacter baumannii, Klebsiella pneumonia, Aspergillus, Enterococcus faecalis, Human herpesvirus, etc., were detected from the same clinical samples by mNGS. However, these different pathogens were considered as colonization or contamination. We found that it is essential to accurately identify species for determining antibiotic sensitivity and, consequently, choosing antibiotic treatment. 16S rRNA PCR was useful for identification of nocardial infection among species, while this technique needs the clinicians to make the pre-considerations of nocardiosis. However, mNGS may be a putative tool for rapid and accurate detection and identification of Nocardia, beneficial for applications of antimicrobial drugs and timely adjustments of medication.
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Introduction

Nocardia is a genus of aerobic, Gram-positive, branching, filamentous, weakly acid-fast bacteria (Wang et al., 2015). The organisms are saprophytic and are found in water, soil, dust, and vegetable matter. Upon exposure to dust particles, Nocardia may become airborne, causing infection by inhalation (Chen et al., 2014). Individuals with poor immune system, for example, patients with lung disorders, diabetes, cancers, HIV/AIDS, chronic alcoholism, connective tissue disorders, organ transplantation, and those undergoing corticosteroid therapy are prone to infections with Nocardia spp. (Kandi, 2015). The major clinical symptoms of human nocardiosis include lymphadenitis, lymphangitis, encephalitis, pneumonia, and cutaneous tissue lesions (Condas et al., 2015). Despite its infrequency, pulmonary nocardiosis is clinically severe (Sadamatsu et al., 2017). Recently, nocardiosis has been described as isolated cases and case series in lungs and other sites of immunocompetent patients, representing 33%-56% of total cases. Of note, bronchiectasis, chronic obstructive pulmonary disease (COPD), pulmonary alveolar proteinosis, and asthma are predisposing factors among patients with chronic respiratory diseases (Sadamatsu et al., 2017).

Reports on the incidence of Nocardia infection worldwide are limited, which might be caused by difficulties in isolation and incubation of Nocardia as well as lack of systematic literatures on Nocardia infection in health system (Darazam et al., 2013). There are annually approximate 500-1000 cases of nocardiosis in the United States. 16S rRNA PCR is vital for the accurate identification of Nocardia in clinical microbiology laboratories, but this method requires a priori knowledge of microorganisms that are suspected to exist in clinical samples under investigation prior to detection (Boers et al., 2019). Unbiased metagenomic next generation sequencing (mNGS) can detect infectious especially the rare or new pathogens (Lu et al., 2020), and compared with traditional methods, it performs better in diagnosis, indicating its application in early diagnosis and management of patients.

However, understanding of nocardiosis is mostly derived from case reports in China, and case series are required for shedding light on nocardiosis. We conducted this study to identify Nocardia species using 16SrRNA and mNGS in a tertiary hospital in China. The major aim was to investigate the discriminatory power of molecular diagnostics based on mNGS and traditional 16S ribosomal RNA PCR among Nocardia species. A secondary objective was to investigate the species distribution, clinical manifestations, and microbiological characteristics in our hospital.



Methods


Study Design and Participants

This study was conducted at the HeNan Provincial People’s Hospital, a 3900-bed tertiary care teaching hospital in China and all culture-proven cases of nocardiosis from January 2017 to June 2020. Medical records were reviewed for clinical information, including demographics, laboratory and radiological findings, physical examination, symptoms at presentation, antibiotic treatment, and outcome. Isolation of Nocardia species from clinical samples including bronchoalveolar lavage, sputum, lung aspiration, and purulent pus as well as pertinent clinical symptoms and imaging findings were required for nocardiosis diagnosis. Nocardia species were identified by conventional phenotypic identification methods and Bruker MALDI-TOF MS systems (Bruker Daltonics, Billerica, MA, USA). After the microbial culture dish gave an alarm, parallel specimen were sent to commercial companies for mNGS. 16S rRNA PCR was carried out to identify the species for the culture results. In spite of Nocardia being isolated from samples, cases without clinical symptoms and chest radiographical findings were judged as colonization and excluded from analysis. Disseminated nocardiosis was defined as involvement of ≥2 non-contiguous organs or the central nervous system.



16S rRNA PCR and Sequencing

The bacteria isolation and culture protocol were conducted according to a previous study (Larruskain et al., 2011). The species further identification of each Nocardia strain was done by sequencing the 16S rRNA gene (1500 bp).Genomic DNA of Nocardia was extracted by using Ezup Column Bacteria Genomic DNA Purification Kit (Cat. No. SK8255, Sangon, China). PCR primers were the bacterial 16S rRNA universal primer pairs, 7F and 1540R(5’ CAGAGTTTGATCCTGGCT3’, 5’AGGAGGTGATCCAGCCGCA3’), 27F and 1492R(5’ AGTTTGATCTTGGCTCAG 3’, 5’GGTTACCTTGTTACGACTT 3’). The 16S rRNA gene was amplified by PCR under the thermal cycling conditions of 35 cycles at 94°C for 1 min for denaturation, 60°C for 1 min for primer annealing, and 72°C for 2 min for primer extension. A 3730XL automated DNA sequencer (Applied Biosystems, Foster City, CA, USA) with primers used in gene amplification was used for sequencing the PCR products. The resulting DNA sequences were analyzed by the BLAST program.



Metagenomic Next Generation Sequencing and Data Analysis

A 300 μl sample of bronchoalveolar lavage fluid (BALF), sputum, tissue, purulent pus, etc. were collected in DNase/RNase tubes for identifying the potential pathogens. DNA libraries were constructed through transposase mediated methods, and PCR amplification followed (Vision Medicals, China). For measurement of the adapters and the sizes of fragments before sequencing, the quality of the DNA libraries was determined by an Qsep1 bio-fragment analyzer (BiOptic. Inc., La Canada Flintridge, CA). Qualified DNA libraries were pooled together and sequenced on Nextseq 550 Dx sequencing platform (illumina, San Diego, CA). After removal of low-quality, and short (length < 40bp) reads, Burrows-Wheeler Alignment was used for computational subtraction of human host sequences mapped to the human reference genome (hg38 and YH sequences), and the high-quality sequencing data were generated. After removal of low-complexity reads, the remaining data were classified according to four (bacteria, parasites, fungi, viruses) Microbial Genome Databases. The classification reference databases were downloaded and optimized from public databases including NCBI, EBI or Genbank. At last, the multi-parameters of species in Microbial Genome Databases were calculated and exported. Results were interpreted by professionals with microbiology and clinical background.



Antimicrobial Susceptibility Tests

The in vitro antimicrobial susceptibility of all strains was detected using broth microdilution method, as recommended by the CLSI for antimicrobial susceptibility testing of Nocardia. Antimicrobials (amikacin, trimethoprim-sulfamethoxazole, linezolid, imipenem, minocycline, cefotaxime, ciprofloxacin, tobramycin) were used for susceptibility testing. Resistance to two or more of the most commonly used drugs (amikacin, ceftriaxone, TMP-SMZ and imipenem) refers to multidrug resistance (Betrán et al., 2016).




Results


Demographic and Clinical Features

In the present study, fourteen patients with positive Nocardia cultures and clinical evidence were included. The clinical features of the patients and Nocardia strains isolated from samples are shown in Table 1. In 12 cases of these patients, only the lung was infected. One case had pulmonary and neurological involvement. The other patient had skin involvement. Male patients accounted for nine cases, and the median age was 56 years (range, 23-75) in all fourteen patients. Chronic lung disease (6 cases), including bronchiectasis (4 cases), COPD (1 case) and interstitial pneumonia (1 case), were most common underlying diseases. Other 7 patients had underlying disease with poor immune system, including solid tumor (3 cases), chronic renal disease (2 cases), diabetes mellitus (1 case) and hematological malignancy (1 case). Only one patient with skin nocardiosis had no underlying disease. Three patients died of the severity of their disease. The most common presenting manifestations were fever (8 cases), cough (7 cases) and sputum production (5 cases), followed by dyspnea (4 cases), hemoptysis (1 cases), chest pain (1 case), cutaneous abscess (1 case). Neurological signs were observed in one patient who has disseminated nocardiosis. All 14 patients underwent chest computed tomography (CT). Bronchiectasis (n=4) and infiltration (n=4) were the most common presentation of chest CT findings, followed by consolidation (n=3), masses (n=3), cavity (n=3), nodules (n=2) and pleural effusion (n=1).


Table 1 | Clinical features of the patients and Nocardia strains isolated from samples.





Distribution of Nocardia Species

Of the 14 Nocardia isolates, 12 isolates were identified by the two methods, while two isolates of N. cyriacigeorgica were not identified by mNGS. The isolated Nocardia species include N. cyriacigeorgica (8 cases), N. farcinica (4 cases), N. otitidiscaviarum (1 case) and N. brasiliensis (1 case), determined by its 99.93% or 100% sequence similarity to the reference sequence in GenBank (Table 1).



Antimicrobial Susceptibility

Tests of antimicrobial susceptibility were performed on these isolates, and the results are provided in Table 2. All tested isolates were susceptible to amikacin, trimethoprim-sulfamethoxazole, linezolid. Susceptible isolates were seen for imipenem (10/14), minocycline (8/14), cefotaxime (4/14) and ciprofloxacin (6/14). Multidrug-resistance was found in four isolates including one isolate of N. cyriacigeorgica (1/8), one isolate of N. farcinica (1/4), one isolate of N. otitidiscaviarum (1/1) and one isolate of N. brasiliensis (1/1). All these four multidrug-resistant isolates were resistant to imipenem, cefotaxime, ciprofloxacin,


Table 2 | Antimicrobial susceptibility of Nocardia species was determined using the standard broth microdilution method.





Other Pathogens Detected by mNGS

Other than Nocardia species, different pathogens such as Acinetobacter baumannii, Klebsiella pneumonia, Aspergillus, Enterococcus faecalis, Human herpesvirus, etc., were detected from the same clinical samples by mNGS. Combined with clinical manifestations, conventional culture method and (1, 3) -β-D-glucan and galactomannan (GM) test, these different pathogens were considered as colonization or contamination.




Discussion

Although being considered as an opportunistic infection, nocardiosis also infects immunocompetent hosts. In this study, the most common underlying disease is bronchiectasis, which is consistent with the previous report from China. A study by Yang et al. that analyzed 13 patients infected by nocardiosis showed that twelve cases were diagnosed with pulmonary nocardiosis and bronchiectasis in 6 patients (Yang et al., 2017). Results from other reports are different, showing that COPD is the third most common risk factor, second only to chronic steroid therapy and solid organ transplantation (Kancherla et al., 2019). Nevertheless, bronchiectasis and COPD were deemed as risk factors for pulmonary nocardiosis (Kancherla et al., 2019). Pulmonary structural abnormalities and bacterial colonization on the bronchus facilitate the presence of Nocardia (Tomás et al., 2007). Patients with bronchiectasis were increasingly diagnosed with pulmonary nocardiosis. The reasons for the apparent increase are not entirely clear. The increased incidence of nocardiosis with bronchiectasis can be caused by environmental exposures, microbiologic surveillance, and other factors (Woodworth et al., 2017).

Clinical manifestations of nocardiosis lack specificity (Mootsikapun et al., 2005). Our findings indicated that the most common clinical manifestations were fever and cough. In this study, bronchiectasis and infiltration were the most common CT manifestations, followed by consolidation, masses, cavity, nodules and pleural effusion. Different from our study, most patients were observed with cavitation coupled with nodules, masses and consolidations in other reports (Chen et al., 2014). Mehrian et al. found that multiple pulmonary nodules, consolidation, and cavity are the main CT presentations of pulmonary nocardiosis in either immunocompetent patients or those with immune deficit, but these characteristics are not specific (Mehrian et al., 2015). The higher prevalence of bronchiectasis in our study in comparison to other reports is probably the main reason for the difference of computed tomography features.

In consistent with other studies, the Nocardia species showed good sensitivity to SXT, linezolid, and amikacin in the present study. Additionally, these isolates showed varying susceptibilities to different antibiotics. Different Nocardia species may have different susceptibility profiles, and this information is crucial for providing adequate antimicrobial therapy as well as investigating the epidemiology of Nocardia infections (Tamakoshi et al., 2018). When Nocardia is isolated from clinical specimens, the species should be identified. The traditional culture and biochemical methods are very time-consuming, resulting in a delayed diagnosis of nocardiosis. However, early application of suitable antibiotherapy, which depends on early detection of the nocardial infection, is vital for decreasing the high death rates of patients with nocardiosis (Couble et al., 2005). 16S rRNA PCR and sequencing offer accurate, inexpensive, rapid, and reliable identification of nocardial infection among species (Rahdar et al., 2021). At present, 16S rRNA PCR and sequencing are used for limited number of pathogens at a time or successful culture of microorganisms from clinical samples was required. In our study, 16S ribosomal RNA gene sequencing was useful for identification and detection of species of Nocardia. However, two isolates of N. cyriacigeorgica were not identified by mNGS. The possible reason is that mNGS currently has some limitations, such as human background and lack of unified standards for detailed experimental steps. However, since mNGS possesses more sensitivity than 16S rRNA sequencing analysis in diagnosing unspecified pathogens, especially rare pathogens, mNGS was adopted for pathogenic diagnosis of diseases. In our study, mNGS detected other pathogens apart from Nocardia species in the same samples, nevertheless, these cases were not considered as mixed infection. The results of mNGS still should be analyzed by clinicians in combination with the clinical features and conventional methods (such as traditional culture, G test, GM test, Aspergillus IgG antibody test, Cryptococcus serum antigen assay, etc.). Almost all pathogens in the samples can be detected by mNGS, while 16S rRNA PCR and sequencing were only applied for detection of a specific pathogen with the matched primers, and under such condition, rare pathogens may be missed, or primers containing mismatches for the tested pathogens may be mistakenly used, which leads to reduction in sensitivity and failure in detection (Gu et al., 2019). Thus, mNGS combined with targeted sequencing may be significantly useful for nonsterile samples, such as those from stool, polymicrobial abscesses, or bronchoalveolar lavage (Gu et al., 2019).

In conclusion, our study analyzed imaging findings, clinical features, drug susceptibility pattern, treatment and outcomes of nocardiosis-infected patients. These results will be promising for early diagnosis and management of patients. We found that 16S rRNA PCR was useful for identification of nocardial infection among species, while this technique needs the pre-considerations of nocardiosis by clinicians. However, mNGS may be advantageous for rapid and accurate detection and identification of Nocardia, which promotes applications of appropriate antimicrobial drugs and timely medication adjustments if necessary.
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Background

Fever of unknown origin (FUO) is still a challenge for clinicians. Next-generation sequencing technologies, such as whole exome sequencing (WES), can be used to identify genetic defects in patients and assist in diagnosis. In this study, we investigated the application of WES in individuals with FUO.



Methods

We performed whole-exome sequencing on 15 FUO patients. Clinical information was extracted from the hospital information system.



Results

In 7/15 samples, we found positive results, including potentially causative mutations across eight different genes: CFTR, CD209, IRF2BP2, ADGRV 1, TYK2, MEFV, THBD and GATA2.



Conclusions

Our results show that whole-exome sequencing can promote the genetic diagnosis and treatment of patients with FUO.





Keywords: next-generation sequencing, whole exome sequencing, fever of unknown origin, gene mutation, genetic diagnosis



Introduction

Fever of unknown origin (FUO) has been a clinical problem since it was defined in 1961. FUO was first proposed by Petersdorf and Beeson in 1961, and was defined as a fever lasting more than 3 weeks with a temperature over 38.3°C on several occasions, that remained undiagnosis after one week of inpatient investigation (Petersdorf and Beeson, 1961). Accurate diagnosis can be challenging because a wide variety of diseases, including some rare diseases, can cause fever. Current methods including laboratory examinations, radiographic modalities and invasive investigations, are of limited use and sometimes cannot fully explain the disease and pathogenesis. Since infectious diseases are still the leading cause of FUO, many studies in recent years have focused on the etiology of the disease, and new technologies such as metagenomic next-generation sequencing (mNGS) have been applied to detect pathogens (Gu et al., 2019; Wright et al., 2021). However, few studies have focused on the role of host factors, which also play an important role in the development of diseases. It is novel for clinicians to explore the causes of fever from the perspective of host factors. Studies have shown that although phenotypic expression is highly variable, some cases of fever are related to gene mutations (Özen et al., 2017). For example, systemic autoinflammatory syndrome is known to often manifest as fever of unknown origin and is diagnosed by clinical suspicion and genetic testing (Lachmann, 2015). Some autoimmune diseases are also considered to be due to genetic factors (Liu et al., 2015; Erman and Çipe, 2020). Next-generation sequencing technologies (NGS), such as whole exome sequencing (WES), can be used for diagnosis or research to identify genetic mutations associated with the clinical phenotype of patients. As a noninvasive technology, NGS is capable of high-throughput sequencing with high sensitivity at relatively low cost, and it can effectively discover many new genes and pathways related to disease (Levy and Boone, 2019). In this study, we sought to analyze 15 cases of FUO utilizing WES to determine whether WES could be effectively utilized to identify the genetic cause of FUO.



Materials and Methods


Study Design and Participants

Fifteen patients hospitalized with FUO were selected in the First Affiliated Hospital of Zhejiang University between September 1, 2019 and September 1, 2021. All patients had fever lasting more than 3 weeks with a temperature over 38.3°C on several occasions, and the diagnosis was unclear after one week of inpatient investigation. Blood samples from these patients were collected for WES, and clinical, radiological, and pathogenic findings, as well as treatment data were extracted from the hospital information system. Ethics approval was obtained from the Institutional Review Board of the First Affiliated Hospital, Zhejiang University School of Medicine. Patients or their guardians signed a written informed consent.



Sequencing

Genomic DNA was extracted from whole blood obtained from the patients and any participating family members. DNA samples were randomly disrupted by the ultrasonic high-performance sample processing system (Covaris). Segments were selected using the Agencourt AMPure XP-Medium kit, and library preparation was performed. Then the DNA of the target gene exon and adjacent splice regions was captured and enriched using a BGI V4 chip. Sequencing was performed on the Mgiseq-2000 sequencing platform. The average effective sequencing depth of the target region was ≥100X, and >95% of target bases, and had coverage >20X. The sequences were compared with the UCSC hg19 human reference genome by BWA. SNP detection and InDel analysis were performed, and then the mutation was selected by filtering through database annotation. The classification of variant pathogenicity is based on the American College of Medical Genetics (ACMG) guidelines.




Results

These patients were between 15-63 years old, and they came to our hospital with different symptoms related to the respiratory system, cardiovascular system, immune system, central nervous system and skin. Seven patients were diagnosed with infectious diseases, including bronchiectasis with infection, Mycobacterium arhus infection, idiopathic pericarditis, Mycobacterium intracellular infection, Scedosporium boydii infection and Mycobacterium avium infection. Three patients were undiagnosed, and other patients were diagnosed as follows: pyoderma gangrenosum, hemophagocytic syndrome, systemic lupus erythematosus (SLE) and hemophagocytic syndrome, periodic fever syndrome, and pulmonary embolism. Patient characteristics are given in Table 1.


Table 1 | Clinical characteristics of patients.



We analyzed 15 cases of FUO using WES, with 14 submitted as probands only and 1 with two additional family members. The results were divided into three categories: definitive result refers to the pathogenic or likely pathogenic variant in a disease gene associated with the clinical phenotype, possible/probable diagnosis refers to variants in a disease gene possibly related to the clinical phenotype, negative result means that no variants in genes related to the reported phenotype have been found (Retterer et al., 2016). Overall, across the 15 cases, a definitive result was given in 2 cases, a possible/probable result was given in 5 (Table 2) and a negative result was given in 8 cases. The heterozygous missense mutation (c.2042A>T p.G lu681Val) in the CFTR gene in S-1 and the mutation (c.194_195insT p.Ala66Argfs*119) in the GATA2 gene in S-15 were classified as likely pathogenic through ACMG guidelines for pathogenicity. The heterozygous missense mutation (c.1049-18A>G) in the IRF2BP2 gene in S-2, the mutation (c.10601C>T p. Ser3534Leu) in the ADGRV 1 gene in S-5, the compound heterozygous mutations (c.3083A>G p.Asn1028Ser, c.2590C>T p.Arg864Cys) in the TYK2 gene in S-7, and the mutation (c.472T>G p.Cys158Gly) in the THBD gene in S-12 were all considered to be possibly associated with the reported phenotype. The pathogenicity of these mutations has not been reported and they were classified as a VoUS (variant of unknown significance) according to the ACMG guidelines. The mutation (c.220C>T p.Gln74*) in the CD209 gene in S-2 and the heterozygous missense mutation (c.442G>C p.Glu148Gln) in the MEFV gene in S-11 have been reported previously. They were possibly associated with the reported phenotype and were also classified as a VoUS. WES data also identified two cases with CNVs greater than 1 Mb. A duplicate copy of chromosome 8 was detected in S-4, and approximately 60.8 Mb of suspected chimeric repeat was detected in the 1q21.1-q32.1 segment in S-6. This finding was not previously detected in the ISCA, Decipher and ClinVar databases and requires further study.


Table 2 | The positive results of whole exon sequencing.





Discussion

We have performed clinical and molecular analyses in 15 patients with FUO to investigate the potential use of WES to identify genetic causes of FUO, which has rarely been studied before. The mutational analysis identified that 7 patients (46.7%) had positive results. The mutation detected in S-1 has previously been identified to play a role in bronchiectasis. CFTR can regulate airway epithelial surface mucus. Genetic defects of CFTR leads to poor mucus cilia clearance, excessive mucus secretion and recurrent infections with virulent pathogens including Pseudomonas aeruginosa, Staphylococcus aureus, and nontuberculous mycobacteria (Perrem and Ratjen, 2019). Studies have shown that heterozygosity for CFTR has pathogenic consequences and contributes to the development of bronchiectasis (Tzetis et al., 2001; Casals et al., 2004). This patient had been hospitalized several times with fever, cough and sputum, and had a history of intracellular mycobacterium infection. Therefore, the host factors that contributed to the disease were of great interest to us, and we look forward to finding better treatments. CFTR modulators are a new class of drugs that directly solve functional protein defects, and can enhance CFTR gene or protein expression levels at the cell surface (Patel et al., 2020). Significant progress has been made in the development, which is expected to improve the prognosis of patients.

S-2 carried two heterozygous missense mutations. The first was in the CD209 gene (c.220C>T p.Gln74*) and the second was in the IRF2BP2 gene (c.1049-18A>G). The CD209 gene encodes the dendritic cell-specific intercellular adhesion molecule-3 binding nonintegrin factor (DC-SIGN) molecule, which is located on the surface of dendritic cells and alveolar macrophages. It is a natural immune recognition receptor associated with tuberculosis. Mycobacterium tuberculosis can bind to DC-SIGN through its cell wall component lipid arabinomannan (mannose-cappedlipoarabinomannan, ManLAM), leading to the infection of dendritic cells and alveolar macrophages (Barreiro et al., 2006). Studies have shown that CD209 gene variants may affect the protection against and susceptibility to Mycobacterium tuberculosis infection (da Silva et al., 2014). Keller et al. showed that IRF2BP2 variant led to failure of B cell differentiation, impaired immunoglobulin secretion and a familial form of common variable immunodeficiency disorder (CVID14) (Keller et al., 2016). The patient was young and had no structural bronchial abnormalities or other risk factors. Therefore, we highly suspect that these mutations compromised immune function and susceptibility to Mycobacterium tuberculosis in this patient.

A novel heterozygous mutation (c.10601C>T p. Ser3534Leu) in ADGRV 1 was identified in S-5. ADGRV1 mutation has been seen previously associated with familial febrile seizure 4 (Han et al., 2020), which is a febrile disease. Since the patient in our study also presented with recurrent fever without evidence of infection or common autoimmune disease, we propose that the new mutation in ADGRV1 may have an impact on the occurrence of febrile disease in this patient. Further research is needed to prove that ADGRV1 mutation is a significant susceptible gene for febrile disease.

WES revealed compound heterozygous mutations (c.3083A>G p.Asn1028Ser, c.2590C>T p.Arg864Cys) in the TYK2 gene in S-7. Sanger sequencing showed that both parents were heterozygous for mutations in TYK2: c.2590C>T in the mother and c.3083A>G in the father (Figure 1). The patient had recurrent fever with nontuberculous mycobacteria invading the bowel, lymph nodes and bronchus. Previous studies have shown that TYK2 mutations are associated with susceptibility to mycobacterial disease (Kreins et al., 2015; Rosain et al., 2019), which is consistent with this patient. In addition to conventional anti-tuberculosis treatment, injection of recombinant IFN-γ and transduction of the TYK2 gene are new treatment options (Minegishi et al., 2006; Bustamante et al., 2014).




Figure 1 | Sanger sequencing of TYK2 mutations in the patient and his parents. Reprinted with permission from Guo, W., Feng, X., Yang, M., Shangguan, Y., Shi, P., Wang, S., et al. (2020). Mycobacterium Intracellulare Infection Associated with TYK2 Deficiency: A Case Report and Review of the Literature. Infect. Drug. Resist. 13, 4347-4353. Creative Commons Attribution - Non Commercial (unported, v3.0) License (https://creativecommons.org/licenses/by-nc/3.0/).



The heterozygous missense (c.442G>C p.Glu148Gln) in the MEFV gene in S-11 has been reported to cause disease. Homozygous or compound heterozygous mutations can manifest as normal phenotypes and atypical partial clinical phenotypes of familial Mediterranean fever (FMF), while patients with typical FMF phenotypes are extremely rare (Cekin et al., 2017). These mutations may be conditional disease-causing polymorphic sites. Carrying multiple mutation sites may cause disease, but the condition may be atypical. S-11 presented with recurrent fever with joint pain, and periodic fever syndrome was considered, which is related to the MEFV mutation. Colchicine can effectively control FMF, and thalidomide, sulfasalazine, nonsteroidal anti-inflammatory drugs, and biological agents such as IL-1 antagonists and TNF-α inhibitors can also be used (Petrushkin et al., 2016).

S-12 carried a novel mutation (c.472T>G p.Cys158Gly) in the THBD gene. Thrombomodulin (THBD) is encoded by the THBD gene and expressed in vascular endothelial cells. It is a cofactor for thrombin-mediated activation of the anticoagulant protein C pathway and plays a key role in maintaining the balance of coagulation and anticoagulation (Esmon and Owen, 1981). Studies show that THBD mutations can lead to thrombomodulin protein defects, a tendency toward thrombosis, and an increased risk of venous thrombosis (Key and Reiner, 2016; Zhang et al., 2021), which supports the diagnosis of pulmonary embolism in this patient. The patient was admitted to the hospital due to fever, had a history of pulmonary embolism, and without risk factors such as trauma, tumor, long-term bed rest, and varicose veins of the lower extremities. Repeated attacks of pulmonary embolism were harmful to the patient, and the results of WES provide a basis for subsequent prevention. We think that individuals with THBD gene defects need to be more vigilant about the risk of thrombosis and take more active preventive and treatment measures.

S-15 carried a novel mutation (c.194_195insT p.Ala66Argfs*119) in the GATA2 gene. The patient presented with fever of unknown origin, accompanied by cough and sputum. Blood cell count revealed monocytopenia (monocyte count: 10 cells/mm3). A transbronchial biopsy of the lung showed Mycobacterium avium infection. Pulmonary alveolar proteinosis was also seen in this patient. The combination of these phenomena supported the diagnosis of monocytopenia and mycobacterial infection (MonoMAC) syndrome caused by GATA2 gene mutations, with nontuberculous mycobacterial infection as the main clinical feature. GATA2 encodes a hematopoietic transcription factor that controls myeloid differentiation and plays an important role in the proliferation and differentiation of hematopoietic stem cells and multipotential progenitor cells (Ding et al., 2017). GATA2 mutations not only lead to the reduction of monocytes, NK, B and dendritic cells, but also cause patients to be susceptible to MDS and AML (Camargo et al., 2013). Currently, symptomatic treatment is generally adopted according to the clinical manifestations of patients. Allogeneic hematopoietic stem cell transplantation has been proven to be an effective strategy to restore the patient’s hematopoietic and immune functions (Moraes-Fontes et al., 2019).

According to the current literature and related studies, no proven phenotype-related mutations were detected in the remaining eight samples, which may be caused by other mutation sites. As our data accumulate, further investigation of FUO patients in a larger patient cohort is likely to identify genetic mutations not included in the current study. Two of the eight patients were diagnosed as Scedosporium boydii infection and mycobacterium intracellular infection respectively, whose FUO phenotypes was thought to be related to pathogens/pathogen-derived factors.

The diagnosis of FUO remains challenging. Many FUOs caused by inflammatory diseases and rare diseases are particularly difficult to diagnose and require a high degree of clinical suspicion as well as reliable molecular evidence to confirm. Advances in molecular genetic technology have increased the importance of these tests in the diagnosis of FUO. Based on our experience, we recommend WES as an auxiliary test for many indications, including no immunodeficiency found in routine examination, such as HIV, complement, antibodies, and cytokines, but clinically highly suspected immune abnormalities and, suspicion of self-inflammatory disease and deficiencies in inflammation regulation. Importantly, some diagnostic results can affect the treatment options and improve the prognosis. New treatments that target genetic mutations may be more effective than traditional treatments. We believe that WES will play an increasingly important role in the diagnosis and treatment of FUO-related infectious and noninfectious diseases. Despite the rapid development of WES technology, it also has some limitations. First, structural mutations, large fragment insertion mutations, dynamic mutations and complex recombination mutations cannot be detected. Second, the database it uses is not perfect, so the analysis results may not be comprehensive. Additionally, the report takes approximately four weeks, resulting in the lack of timely guidance for disease diagnosis and treatment. Thus, clinical data needs to be further accumulated in future studies. We hope that more global multicenter clinical data and WES results can be uploaded simultaneously, so that more genetic-related diseases can be recognized.

Our research has some limitations. The sample size in our study was modest; thus, larger studies are needed to analyze the role of WES in patients with FUO in the future. We also have not further confirmed the pathogenicity of these mutations discovered by WES and cannot determine whether these mutations are etiologies of these patients. Subsequent separation and functional studies at the PBMC level other than the whole blood level are needed to support our findings.



Conclusion

Here, we demonstrate the application of WES in patients with FUO to identify potential disease-causing genetic mutations. Through this analysis, we found positive results in 7 patients, including 8 gene variants, representing a positive rate of 46.7% in our population (n=7/15). In conclusion, WES successfully detected mutant genes and identified some potential diseases causing fever, which has a complementary role in the diagnosis and treatment of patients with FUO.
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Purpose: The objective of our study was to report a case of encephalitis and endophthalmitis caused by pseudorabies virus (PRV), identified using metagenomic next-generation sequencing (mNGS).

Case Presentation: A 54-year-old worker, from a swine slaughterhouse, developed signs of severe encephalitis, including fever, disturbance of consciousness, hypopnea, and status epilepticus, after finger injury at work. The PRV sequences were successfully identified from the blood, cerebrospinal fluid (CSF), and aqueous humor of the patient through mNGS, which was further verified using a Sanger sequencing.

Conclusion: Our case emphasizes the importance of mNGS in early diagnoses of infectious diseases, and gives a clue that PRV can spread across species and infect human. It is necessary to carry out a skin protection and education about disease prevention for people who have close contact with swine.

Keywords: pseudorabies virus, Suid herpesvirus 1, endophthalmitis, next-generation sequencing, encephalitis


INTRODUCTION

Pseudorabies virus (PRV), also called Aujeszky disease virus or Suid herpesvirus 1, belongs to Alphaherpesvirinae subfamily of the family Herpesviridae and is widely distributed around the world. Swine are the main natural hosts and sources of PRV infections (1). The PRV is latent in the peripheral nervous systems (PNS) of infected swine, which shed large quantities of virus in bodily secretions and excretions. The PRV is mainly spread via direct contact, and may also be transmitted by water, air, and contaminated fomites (2). There are some reports on human PRV infection based on clinical manifestations and epidemiological history. However, few researches had conclusive evidences for human PRV infection due to the rigorous conditions of viral PCR and viral culture and low accuracy of antigen-antibody test (3–5). In recent years, with the application of metagenomic next-generation sequencing (mNGS) in the diagnosis of infectious diseases, human encephalitis and/or endophthalmitis caused by PRV has been reported, confirming the possibility of cross-species infection of PRV (6–11). The PRV related infection has received increasing attention since the first case of human endophthalmitis caused by PRV was reported in 2018 (6). Given the close relationship between human and swine, we report this case to emphasize the importance of mNGS in early diagnosis and highlight the threat to public health.



CASE PRESENTATION

A 54-year-old male, who worked as a butcher of the slaughterhouse in Hunan Province, China, was admitted to the Neurology Intensive Care Unit (NICU) of Second Xiangya Hospital, Central South University, due to recurrent fever for a duration of 8 days and convulsions with impaired consciousness for 3 days. He obtained some minor cuts on his left hand during the autopsy process of a dead swine 14 days before his initial symptom occurred. The initial symptoms (day 1) presented with cough and fever (the highest temperature of 39°C). No other neurological symptoms were presented at that time. He was then admitted to the local hospital and was diagnosed with upper respiratory tract infection, receiving an antibiotic treatment. However, his condition was not improving. On day 5, after initial symptoms, he developed fuzzy consciousness, headache, fecal, and urinary incontinence. Plain brain computer tomography (CT) was normal. Analysis of cerebrospinal fluid (CSF) showed white blood cells (WBC) of 4 × 106/L (0–5 × 106/L) and protein content of 0.63 g/L (0.15–0.45 g/l) (Table 1). The results of CSF further indicated that it was an early phase of viral meningitis. He was given an antiviral treatment (Acyclovir and Ribavirin) and antibiotic therapy (Piperacillin/tazobactam). On day 6, he developed facial and limb convulsions and was treated with anti-epileptic therapy (sodium valproate and midazolam). He was given an emergency orotracheal intubation and ventilator-assisted ventilation, due to shortness of breath. On day 8, after the initial symptoms, he was referred to our hospital due to status epilepticus and disturbance of consciousness. On admission, he presented with a body temperature of 39°C, heart rate of 107 bpm (beats per minute), blood pressure of 155/94 mmHg, and oxygen saturation (SpO2) of 99% at an inspired oxygen concentration of 30% with mechanical ventilation, and no spontaneous breaths were detected. Glasgow Coma Scale (GCS) was E1VTM1. Pupils were both 3 mm in diameter. The left pupil was sluggishly reactive to light and the reflex of the right one disappeared. Although he had neck stiffness and Kernig signs, long tract signs, such as hyperreflexia, Hoffman's signs, as well as Babinski signs were not detected. Some minor cuts were found on his left hand (Supplementary Figure 1). Laboratory findings were WBC 12.01 × 109/L (3.5–9.5 × 109/L), hemoglobin (Hb) 127 g/dl (115–150 g/dl), sodium 148.3 mmol/L (135–145 mmol/l), potassium 3.4 mmol/L (3.5–5.5 mmol/l), creatinine 89 μmol/L (62–115 μmol/L), albumin 39.7 g/L (40–55 g/l), alanine transaminase (ALT) 90.6 U/L (9–50 U/l), and aspartate transaminase (AST) 49.3 U/L (15–40 U/l). Serological tests for HIV, TP, hepatitis B/C, and TB (T-SPOT) were negative. The cytomegalovirus antibody IgG (CMV-IgG) of 19.300 IU/mL, herpes simplex virus type I antibody (HSV) IgG of 26.76 COI (positive), rubella virus antibody IgG (RU-IgG) of 20.800 IU/mL, and Toxoplasma gondii antibody IgG (TOX-IgG) of <0.130 IU/ml were found. The IgM against all pathogens was negative. Lumbar puncture indicated an opening pressure of 290 mmH2O (80–180 mmH2O), CSF showed WBC of 10 × 106/L (0–5 × 106 /L), protein of 0.37 g/L (0.15–0.45 g/L) and glucose of 3.05 mmol/L (synchronous blood glucose of 9.7 mmol/L) (Table 1). Besides, CSF latex agglutination test (LAT), microbiological tests including the Gram/acid-fast bacillus (AFB) were negative, as well as the autoimmune encephalitis antibodies including NMDAR, AMPA1, AMPA2, LGI1, CASPR2, GABABR, IgLON5, DPPX, GAD65, GlyR1, DRD2, mGluR5, mGluR1, and Neurexin-3a, which were tested based on a cell-based assay (Kingmed Diagnostics Co., Ltd.). On day 8, Plain CT brain imaging was still normal after initial symptoms (admission day) (Figure 1A). With the suspicion of viral meningitis on admission, he was treated with Acyclovir (500 mg, Q8h), 20% Mannitol (125 ml, Q8h), Glycerol fructose (250 ml, Q12h), Piperacillin/tazobactam (4.5 g, Q8h), fluid therapy and nutritional support. The epileptic seizures of the patient were difficult to bring under control, propofol was used intravenously to stop status epilepticus. Meanwhile, oral antiepileptic therapy including Levetiracetam and Oxcarbazepine were applied. On day 11, after initial symptoms, pathogen reads PRV was detected in CSF, blood, and aqueous humor, using PACEseq mNGS, so we accordingly added Phosphonoformate (3 g, Q8h) combined with Acyclovir (500 mg, Q8h) to enhance the antiviral treatment. However, the condition of the patient did not see any significant improvement. On day 15, after initial symptoms, Plain CT brain imaging showed patchy hypo-density in the bilateral frontotemporal lobe (Figure 1B). Methylprednisolone Sodium Succinate (120 mg, Qd) was intravenously given for 7 days, followed by oral prednisone (60 mg, Qd) treatment. There was no improvement of the consciousness of the patient. Even when all the sedatives used to control epileptic were stopped, he was still in deep coma. On day 19, CT brain imaging showed multiple patchy hypo-density in right basal ganglia, left thalamus, bilateral frontotemporal lobe, and bilateral insular lobe (Figure 1C). On day 24, the lesion site of CT brain is basically the same as before (Figure 1D), which indicated that the present treatment might not be effective. During hospitalization, the patient was unable to wean off mechanical ventilation, although the pulmonary infection had been basically healed. Given that the prognosis of the patient was extremely poor, the patient was voluntarily discharged to local hospital for palliative treatment.


Table 1. Dynamic CSF analysis over the course of hospitalization.

[image: Table 1]


[image: Figure 1]
FIGURE 1. The plain CT brain imaging on the 8th day (A), 15th day (B), 19th day (C), and 24th day (D) after initial symptoms.




MNGS

A PACEseq mNGS detection (Hugobiotech, Beijing, China) was performed. The QIAamp DNA Micro Kit (QIAGEN) was used to extract DNA. The library was then built using QIAseq™ Ultralow Input Library Kit (Illumina, San Diedo, CA, USA). The library quality was assessed using Qubit (Thermo Fisher) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and was finally sequenced on Nextseq 550 platform (Illumina, San Diedo, CA, USA). Short, low-quality, and low-complexity reads were removed from the raw data. The human DNA was also filtered out by alignment to human reference database (hg38) using bowtie 2. The remaining reads were finally aligned to Microbial Genome Databases (ftp://ftp.ncbi.nlm.nih.gov/genomes/) by BWA. A total of 652 unique reads mapped to the Suid alphaherpesvirus 1 genome out of 15,970 microbial reads (Figure 2A) with a genome coverage rate of 25.3% (Figure 2B) in CSF sample, whereas only one unique read of Suid alphaherpesvirus 1 in blood sample was detected, which might be due to the low concentration of viral DNA in blood. Notably, mNGS of aqueous humor sample detected 1,566 unique reads (0.42%, 1,566/368,878) (Figure 2C) aligned to the Suid alphaherpesvirus 1 genome with a genome coverage rate of 35% (Figure 2D). Furthermore, PCR targeting glycoprotein B (gB) gene of Suid alphaherpesvirus 1 showed that fragments of about 194 bp in length were successfully amplified from CSF and aqueous humor samples (Figure 2E). The identity of the fragment sequence obtained from a Sanger sequencing, against the reference sequence of Suid alphaherpesvirus 1 (GenBank accession no. MK806387.1) was 99% (Figure 2F). However, a negative PCR result was found in blood sample due to the low viral load. The above results confirmed the presence of Suid alphaherpesvirus 1 in CSF and aqueous humor samples.


[image: Figure 2]
FIGURE 2. Findings of mNGS and PCR confirmation; (A,B) mNGS results of the CSF. (C,D) mNGS results of the aqueous humor; (E) Gel electrophoresis of PCR products; (F) Sanger sequencing result; Genome coverage rate is total length of detected sequences dividing by the length of published genome sequence. The “AH,” “CSF,” “NC,” and “M” represent aqueous humor, cerebrospinal fluid, negative control, and marker, respectively.




DISCUSSION

Pseudorabies virus (PRV) is an alpha herpesvirus that causes neurological diseases in many wild and domestic animals. The PRV infection is highly prevalent among swine. This virus, which takes swine as its natural host, has been found in humans in 1914, but those cases were debatable because they lacked evidence of antibodies or PRV sequences. Three suspected cases of human PRV infection with positive antibodies were reported in 1987, strongly indicating that PRV could infect human (3). In 2018, Ai et al. reported a case of human endophthalmitis caused by PRV infection, and this is the first case of human PRV endophthalmitis revealed by mNGS and PCR, while PRV was only detected in the aqueous humor in this case (6). Among the reported cases, the main manifestation was severe encephalitis or endophthalmitis, respectively (7–11). While, in our case, PRV, as detected by mNGS in blood, CSF, and aqueous humor samples, exhibited a wider range of infections.

Clinical manifestations and neuroimaging changes of our patient was basically consistent with those of patients with PRV encephalitis as previously reported (7–11). The clinical characteristics of suspected pseudorabies encephalitis (PRE) are as follows: (I) the patients mainly engaged in the production, processing or marketing of live swine and raw pork; (II) acute onset with fever, headache, and other “cold-like symptoms”; (III) severe encephalitis with rapid progress characterized by seizures, disturbance of consciousness, ICU treatment often needed, and even ventilator-assisted breathing; (IV) other systems, such as endophthalmitis; (V) The PRE neuroimaging show necrotizing encephalitis mainly involved gray matter, including limbic system, basal ganglia, and brainstem; (VI) The CSF exhibits characteristics of aseptic meningitis or viral meningitis, including elevated intracranial pressure (ICP), a mild to moderate increase of WBC, lymphocytic inflammation in CSF cytology, elevated CSF protein and so on; (VII) Antiviral drugs, human immunoglobulins and steroid hormones can be tried, but effective antiviral treatments have yet to be determined. In addition to the typical severe cases, there are also cases with relatively mild clinical manifestations or incomplete involvement.

In our case, the early diagnosis was delayed, mainly due to the early “cold-like symptoms,” which did not arouse the attention of the patient and, thus, early effective treatment was not delivered. In the later stage, the clinical manifestations of the patient progressed to the typical manifestations of severe encephalitis. As the patient rapidly progressed to a coma, the endophthalmitis of the patient was not diagnosed. The PRV in the aqueous humor was found positive in the follow-up body fluid testing. Plain CT is not sensitive enough in the early stage of disease, and as the disease progressed, it showed that the characteristic neuroimaging changes, our patient showed hypo-density lesions in the bilateral frontotemporal lobe, basal ganglia, thalamus, and insular lobe. Repeated CSF tests are suggestive of viral meningitis, mainly with elevated ICP and mild increase of WBC. We used mNGS to place a strict alignment of the PRV in the blood, CSF and aqueous humor of the patient, while the nucleic acid for Herpes simplex virus (HSV) and other DNA viruses were negative. Other clinical virology tests and pathogen tests of the patient were negative, as well as the autoimmune encephalitis antibodies, which helped to exclude other causes of encephalitis.

Antiviral drugs should be used for initial treatment of patients with highly suspected viral encephalitis. Postponing antiviral therapy (more than 48 h) can lead to a poor prognosis, including ocular complications-acute retinal necrosis syndrome (12). Acyclovir, as the main drug for the Herpes simplex encephalitis (HSE), may not have an ideal effect on a severe PRV encephalitis. Accordingly, we added phosphonoformate as the intensive antiviral therapy for this patient. Meanwhile, human immunoglobulins and glucocorticoids can also be tried, and we used methylprednisolone sodium succinate for a short period of time, while the condition of the patient had not been effectively improved. Although we successfully detected PRV by using mNGS and a corresponding antiviral therapy was also performed, the prognosis of this patient was worse without timely and accurate diagnosis in the early stage of PRV infection, emphasizing the importance of mNGS in early diagnoses.

The mNGS results of the patient demonstrated the presence of PRV in blood, CSF, and aqueous humor, which was a newly identified virus that infects human. In addition, mNGS data also showed high reads number and coverage rate of PRV, which was further confirmed by PCR and Sanger sequencing, validating the credibility of the mNGS technology. Specific viral diagnosis could be achieved by demonstration of viral nucleic acid, or antibody in CSF or isolation of the virus from CSF or brain tissue (12). The sensitivity of traditional CSF diagnostic methods for CNS viral infections is very low, because the short period of viremia and difficulty in obtaining brain tissue through biopsy make it difficult to isolate viruses. However, the state-of-the-art mNGS technology could detect all the pathogens in the clinical sample without a priori and with high sensitivity. It has been more and more accepted as a rapid and precise method for clinical diagnostics of infectious diseases, including sepsis, meningitis, and pneumonia. The mNGS performs a great advantage in clinical diagnosis, especially for rare, new, and mixed infections (13). There are also some limitations in using mNGS. The key limitation of mNGS is that microbial nucleic acids from the patients' samples are dominated by human host background, which limits the overall analytical sensitivity of the approach for pathogen detection, given the relative scarcity of microbial non-human reads that are sequenced. However, mNGS is a revolutionary technology that has disrupted traditional clinical diagnostics on several fronts.

Since 2017, reported cases of PRV encephalitis or endophthalmitis were all from China. In 2020, hSD-1/2019, a human-originated PRV strain, was isolated from an acute human encephalitis case, and showed close phylogenetic relationships and similar etiological characteristics to Chinese PRV variant strains, implying that there may be certain risks of PRV transmission from swine to human (14). It was hypothesized that the PRV detected in our case may be a variant strain rather than PRV classical strain, which can be further confirmed by a whole genome sequencing. Thus, we went back to the slaughterhouse to collect the residual blood from the slaughter knife for further analysis, but PRV virus was not detected. It may be due to the fact that the knife had been exposed to the air for a long time. The swine slaughtered by the patient had been sold on the market, so we can no longer trace the source of the infection. Additionally, novel Chinese PRV variant strain may lead to failure of the standard Bartha-K61 vaccine to protect swine against the PRV (15). Given the current global epidemic of PRV in swine, this “new life-threatening zoonosis” deserves more attention, and the mechanism of human PRV infection requires further investigation.



CONCLUSION

We found that PRV infection can result in prominent central nervous system (CNS) disorders and fatal encephalitis in human. For cases of encephalitis with unknown etiology, if the epidemiology, clinical manifestations, CSF, and brain imaging conform to the PRE, PRV nucleic acid testing and serological testing should be perfected as soon as possible. The mNGS helps to rapidly screen for new viral encephalitis such as PRV from encephalitis of an unknown etiology. The PRE are rare encephalitis which are detectable, treatable, and preventable. People who worked in the animal husbandry and veterinary should increase awareness of self-protection when contacting swine, as broken skin or mucous membrane might make it easy for PRV to transmit from infected animals to human. Establishing accessible diagnostic protocol, determining effective antiviral treatment, exploring the infection pathway and pathogenic mechanism of PRV to human are all the remaining problems to be solved.
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Background: Unbiased metagenomic next-generation sequencing (mNGS) detects pathogens in a target-independent manner. It is not well-understood whether mNGS has comparable sensitivity to target-dependent nucleic acid test for pathogen identification.

Methods: This study included 31 patients with chickenpox and neurological symptoms for screening of possible varicella-zoster virus (VZV) central nervous system (CNS) infection. Microbiological diagnosing of VZV cerebrospinal fluid (CSF) infection was performed on stored CSF samples using mNGS, quantitative and qualitative VZV-specific PCR assays, and VZV IgM antibodies test.

Results: The median age was 30.0 [interquartile range (IQR), 24.3–33.3] years. 51.6% of the patients were men. About 80.6% of the patients had normal CSF white blood cell counts (≤ 5 × 106/L). VZV IgM antibodies presented in 16.1% of the CSF samples, and nucleic acids were detectable in 16.1 and 9.7% using two different VZV-specific real-time PCR protocols. Intriguingly, maximal identification of VZV elements was achieved by CSF mNGS (p = 0.001 and p = 007; compared with qualitative PCR and VZV IgM antibody test, respectively), with sequence reads of VZV being reported in 51.6% (16/31) of the CSF samples. All VZV PCR positive samples were positive when analyzed by mNGS. Of note, human betaherpesvirus 6A with clinical significance was unexpectedly detected in one CSF sample.

Conclusions: Our study suggests that CSF mNGS may have higher sensitivity for VZV detection than CSF VZV PCR and antibody tests, and has the advantage of identifying unexpected pathogens.

Keywords: metagenomic next-generation sequencing, varicella-zoster virus, central nervous system infection, polymerase chain reaction, nucleic acid test


INTRODUCTION

Central nervous system (CNS) infections have led to a substantial morbidity and mortality in clinical practice; however, the etiologic agents remain undetermined in around half of the cases (1, 2). The diagnostic challenge is that more than 100 infectious agents can cause encephalitis, and that the initial neurological manifestations of many CNS infections are non-specific (3–5). It is difficult to measure all the CNS pathogens by traditional microbiological tests, such as morphological, serological, molecular, and culture methods (5). An acceptable, but not optimal, strategy is to target the most possibly causative pathogens based on a clinical judgment. However, in this context, the efficacy of pathogen discovery would largely depend on the clinical experience of the treating physician. Moreover, the etiologies of cases with atypical manifestations or caused by rare pathogens are likely to be unconfirmed.

Unlike the traditional pathogen-detection methods, which require a prior knowledge of the causative agents, the unbiased metagenomic next-generation sequencing (mNGS) identifies pathogens in a target-independent way (6). It has been reported that cerebrospinal fluid (CSF) mNGS helps to detect known as well as unexpected CNS pathogens (7–11). However, it is less clear whether mNGS has comparable sensitivity as compared with traditional pathogen-detection methods for diagnosing a specific CNS infection. Clinicians may still want to know whether pathogen-specific nucleic acid test is needed when an mNGS reveals a negative result for the pathogen of interesting. For the diagnosis of CNS Mycobacterium tuberculosis (MTB) infection, studies have shown that mNGS has higher sensitivity as compared with MTB-specific PCR (12, 13). Whether similar finding could be found in viral encephalitis needs to be further studied.

The sensitivity of CSF mNGS for pathogen detection may be greatly influenced by the CSF pleocytosis which leads to a substantial human DNA contamination (14). Since viral encephalitis generally has less inflamed CSF compared with other forms of CNS infections, the advantage of pathogen identification by mNGS may be more prominent in viral encephalitis. In the present study, we aimed to investigate the potency of CSF mNGS for identification of the etiologic agent using a model of varicella-zoster virus (VZV) CNS infection.



METHODS


Patients

This study included 31 patients with suspected VZV CNS infection admitted to the second hospital of Nanjing, China, from August 2018 to November 2020. In Nanjing, the second hospital of Nanjing is the only designated hospital for managing patients with primary VZV infection. Patients with characteristic skin rashes suggestive of varicella and concomitant neurological symptoms were hospitalized for screening of possible VZV CNS involvement. Diagnostic procedures in routine clinical care for those patients included a cerebral MRI and analysis of CSF cell counts, chemistry, and bacterial culture. After obtained written informed consent, additional CSF samples were collected and stored at −80°C until analysis for VZV IgM antibodies, VZV PCR, and unbiased mNGS.

The medical records, such as epidemiological and demographic data, medical history, underlying comorbidities, clinical manifestations, laboratory tests, cerebral imaging findings, treatments, and outcomes, were retrieved from an electronic health record system. This study was approved by the ethics committee of the second hospital of Nanjing (reference number: 2020-LY-kt061).



Metagenomic Next-Generation Sequencing

Cerebrospinal fluid samples were sent for PMSeq-DNA, a commercially available service from BGI-Shenzhen, which detects pathogenic microorganisms through mNGS. In this study, 600 μl CSF sample was mixed with enzyme and glass beads, and was vortexed vigorously at 2,800–3,200 rpm for 30 min. Then, total DNA was extracted from 300 μl each CSF sample using TIANamp Micro DNA Kit (DP316, Tiangen Biotech, Beijing, China) according to the recommendation of manufacturer. DNA libraries were constructed through DNA-fragmentation, end-repair, adapter-ligation, and PCR amplification. After quality control with Agilent 2100 (Agilent Technologies, CA, USA), libraries were sequenced by BGISEQ-50 platform. Low-quality sequence reads and sequence reads mapped to the human reference genome (hg19) were removed. The remaining data were classified by aligning to four Microbial Genome Databases containing bacteria, fungi, viruses, and parasites. The reference databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/) which contained 4,945 whole genome sequences of viral taxa, 6,350 bacterial genomes or scaffolds, 1,064 pathogenic fungi genomes, and sequences of 234 parasites associated with human diseases.



Detection of VZV-IgM Antibodies

An ELISA kit (ESR104M, SERION, Friedrich-Bergius-Ring, Würzburg, Germany) was used to measure VZV-IgM antibodies in CSF samples. The ELISA procedure was done following SERION ELISA classic CSF Diagnostics instructions with a modification that the dilution factor of CSF samples was changed from 1:20 to 1:10. As a CSF standard was not included in the kit, the interpretation of ELISA results was based on average optical density (OD) 450 values. The ELISA test was considered negative if the average OD value from duplicate sample wells is <0.1 or was <2-fold of that in the negative control. In our study, CSF samples from nine patients with syphilis-seropositive were used as negative control. Those nine patients were excluded from neurosyphilis based on normal CSF cell counts and chemistry tests, and negative CSF treponema pallidum particle agglutination assays. The ELISA assay was considered positive if the average OD value from each of the duplicate sample wells was ≥2-fold of that in the negative control.



Real-Time PCR Detection Assay

The VZV nucleic acid was detected by real-time PCR assay. For the qualitative assay, 30 μl of total DNA was extracted from 200 μl CSF sample using TIANamp Micro DNA Kit (DP316, Tiangen Biotech). Then, the presence of VZV DNA was detected using a commercially available VZV nucleic acid detection kit following the instruction of manufacturer (D2211, Daan Gene, Guangdong, China). Each sample was testes two times. The following PCR program was run in the applied biosystems (ABI) 7500 Thermal Cycler (Applied Biosystems, MA, USA): 50°C for 2 min; 95°C for 15 min; 45 cycles of 94°C for 15 s; and 55°C for 45 s. A cycle threshold (Ct) value of 38 or less was considered positive.

In addition, the CSF samples were sent for absolute quantification of the VZV viral load using an in-house real-time quantification PCR test at a third-party diagnostic company (New Jingpei Diagnostics, Shanghai, China). Then, 100 μl of total DNA was extracted from 200 μl CSF sample using a DNA/RNA extraction Kit (ZTLJB, Tianlong Biotech, Hangzhou, China). Furthermore, 5 μl DNA sample was added to the reaction mix prepared following instruction of QuantiTect Probe PCR Kit (204343, Qiagen, Germany). The primers and probe set for VZV DNA amplification and detection were as follows: forward primer: 5′-TGCAGGGCATGGCTCAGT-3′; reverse primer: 5′-CCCAAGAACCACATGTCCAAC-3′; and probe: 5′-FAM-TCCTCAGTGCGGTGGTTGCCCA-BHQ1-3′ (15). The following PCR program was run in the applied biosystems (ABI) 7500 Thermal Cycler: 50°C for 2 min; 95°C for 15 min; 45 cycles of 94°C for 15 s; and 60°C for 40 s. Standard curve for absolute quantification was generated by amplifying serial dilutions of a plasmid containing VZV DNA segment. The lower limit of detection as evaluated by the service provider was 500 copies/ml.



Statistical Analysis

Continuous variables were expressed as the medians and interquartile ranges (IQRs). Categorical variables were shown as the counts and percentages in each category. Comparison between groups was done using McNemar's test for categorical variables, when appropriate. Statistical analysis was done by using SPSS version 22.0 (IBM, NY, USA). A p < 0.05 is considered statistically significant.




RESULTS


The Characteristics of the Patients

The characteristics of the 31 patients admitted for screening of the VZV CNS infection were summarized in Table 1. None of the patients previously received chickenpox vaccine or had any evidence of immune deficiency. The diagnosis of primary VZV infection was mainly based on the presence of typical rashes morphologically resembling chickenpox. Serum VZV IgM antibodies were positive in 66.7% (8/12) of the patients. The median age was 30.0 (IQR, 24.3–33.3) years. About 51.6% (16/31) of the patients were men, and 54.8% (17/31) patients had contacted with chickenpox within 4 weeks. The median time from onset of illness to admission was 4.0 (3.0–5.0) days, while from onset of neurological symptoms was 2.0 (1.0–4.0) days. The most common neurological symptom was headache (93.5%, 29/31), followed by nausea (45.2%, 14/31) and vomiting (19.4%, 6/31). Signs of meningeal irritation were not common, with nuchal rigidity seen in 12.9% (4/31) of the patients and Kernig's sign in 3.2% (1/31) of the patient. The majority of the patients (80.6%, 25/31) had CSF white blood cell counts not more than 5 × 106 cells/L.


Table 1. Clinical, laboratory, and imaging characteristics of the 31 patients hospitalized for screening of varicella-zoster virus (VZV) central nervous system (CNS) infection.
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Diagnosis of VZV CNS Infection Through CSF VZV IgM Detection, VZV PCR, and mNGS

At the time of discharge, 41.9% (13/31) of the patients were clinically diagnosed with VZV CNS infection. Of the 13 patients with a clinical diagnosis of VZV CNS infection, 6 had CSF pleocytosis (leukocytes >5 × 106 cells/L). The diagnosis of VZV CNS infection in the remaining 7 patients with normal CSF white blood cell counts was made by expert penal after thoroughly evaluating the clinical course and imaging findings of those patients. To explore the microbiological evidence of VZV CNS infection, stored CSF samples were tested for VZV IgM antibodies, VZV PCR, and unbiased mNGS. VZV IgM antibodies were presented in 16.1% (5/31) of the CSF samples.

Varicella-zoster virus nucleic acids were detected in 16.1% (5/31) and 9.7% (3/31) of the CSF samples, respectively, when different real-time PCR reagents were used. VZV nucleic acids were detected in three CSF samples by both qualitative and quantitative VZV PCR. Two CSF samples, with negative quantitative VZV PCR results, tested weak positive for VZV by using qualitative VZV PCR with cycle threshold of 37.88 and 37.93, respectively. Intriguingly, maximal identification of VZV elements was achieved by CSF mNGS (p = 0.001 and p = 007; compared with qualitative PCR and VZV IgM antibody test, respectively), with sequence reads of VZV being reported in 51.6% (16/31) of the CSF samples (Table 2). The VZV relative abundance was provided in Supplementary Table 1. All the cases with positive CSF VZV PCR results tested positive for VZV sequence reads with CSF mNGS (Table 2).


Table 2. Diagnosis of VZV CNS infection.
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Pathogens Unexpectedly Identified by mNGS and the Clinical Significance

Of the 16 patients with VZV DNA detected by mNGS, the median VZV read was 6 (IQR, 1–85) (Figure 1A); VZV was the only reported pathogen in five CSF samples, and the remaining 11 CSF samples also detected other pathogens, most commonly the CMV (5 CSF samples; range of sequence reads, 1–26) (Figure 1B). Pathogens unexpectedly identified by mNGS in the 31 CSF samples were shown in Table 3; of which, 5 had HSV-1 sequence reads (range, 1–155). The presence of CMV and HSV-1 was evaluated by two real-time PCR based kits (Sansure Biotech, Hunan, China), and none of the CSF sample showed positive result.


[image: Figure 1]
FIGURE 1. Metagenomic next-generation sequencing (mNGS) of cerebrospinal fluid (CSF) samples. Metagenomic next-generation sequencing was performed on CSF samples from 31 patients with suspected varicella-zoster virus (VZV) central nervous system (CNS) infections. VZV sequence reads were the only sequence reads reported in 16.1% (5/31) of the patients. VZV sequence reads and sequences reads of other pathogens were both reported in 35.5% (11/31) of the patients (A). Of those 16 patients with VZV being detected by CSF mNGS, variable numbers of VZV sequence reads were reported (B).



Table 3. Pathogens unexpectedly reported by the mNGS.
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A mNGS of the CSF sample revealed relatively high sequence reads of human betaherpesvirus 6A (HHV-6A) and low sequence reads of VZV (889 and 6, respectively). The patient was admitted to the hospital because of fever and itchy blisters for 6 days and difficulty urinating for 1 day. She had a close contact with her son who was recently diagnosed with chickenpox. CSF analysis demonstrated pleocytosis with leukocytes of 120 × 106 cells/L. A cerebral MRI showed multiple abnormalities in left thalamus, cerebellar vermis, and left cerebral peduncles. At that time, she was clinically diagnosed with VZV CNS infection, and was treated with acyclovir, intravenous immunoglobulin, and dexamethasone. The clinical condition was gradually improved. After hospitalization for 26 days, the patient was discharged without obvious symptoms. The presence of HHV-6A in the stored CSF sample, which was unexpectedly identified by mNGS, was further confirmed by real-time PCR following the protocol described by Gautheret-Dejean et al. (16).




DISCUSSIONS

Viral encephalitis accounts for 20–50% of microbiologically confirmed cases of encephalitis, with herpes simplex virus being the most common etiologic agent followed by VZV (17). Detection of the specific viral IgM antibodies or nucleic acid in CSF sample is regarded as a confirmation of viral encephalitis (3, 17). As for the VZV encephalitis, those parameters have variably diagnostic sensitivities, possibly due to different patients being enrolled in the studies (18–21). In a study on VZV CNS infections, VZV nucleic acid was detectable in the CSF only in one-fourth of the patients (18). Since CSF VZV viral load is correlated with the severity of VZV CNS infection (22, 23), patients with mild neurological involvement may have extremely low viral burden below the detection limit of VZV PCR. The presence of VZV IgM antibody in CSF could be analyzed by using the commercial ELISA kits. However, a CSF standard is generally not provided by the manufacturers, which makes setting a cut-off value complicated. This may be one of the reasons that contributes to the low utility of this parameter in diagnosing VZV CNS infection, although a study revealed a low sensitivity of CSF IgM antibody for identification of VZV CNS infection (18).

For the above-mentioned reasons, a negative CSF VZV IgM test or nucleic acid test does not necessarily rule out VZV CNS infection. Therefore, in the present study, we did not arbitrarily define “true positive” or “true negative” cases of VZV CNS infection. In this context, the exact sensitivity of each microbiological test for diagnosing of CNS infection was not calculated. Instead, the magnitude of positive result was compared. Our study showed that, compared with CSF VZV IgM antibody test or CSF VZV PCR test, CSF mNGS identified much higher number of cases with clues of VZV CNS infection. Of note, all the CSF samples with positive VZV PCR results tested positive for VZV sequence reads by using mNGS. Those findings suggest that CSF VZV-specific PCR may not improve the sensitivity of diagnosing VZV CNS infection when mNGS has already been performed on CSF samples.

The mNGS focuses on the whole genome sequence of the pathogen which is broken into small sequence segments that are unbiasedly amplified and measured. Therefore, sequences of a given pathogen are more likely to be detected by mNGS targeting the whole genome of the pathogen, as compared with pathogen-specific PCR which generally targets single or two regions of the genome sequence (24). Moreover, in the case of target gene mutation, pathogen-specific PCR may not be able to amplify the target gene, which leads to a false negative result. The abovementioned reasons could explain why, in our study, mNGS performed better with regard to the detection of VZV sequences compared with PCR methods. Finally, as shown in Table 1, the level of CSF white blood cells infiltration is relatively low. In this condition, the sensitivity of mNGS for pathogen detection may be less impacted by human genome contamination.

The main advantage of mNGS is unbiased sampling which enables broad identification of pathogens in a hypothesis-free manner (6). Using this relatively novel strategy, others and we have already diagnosed a number of unexpected or rare cases with infectious etiologies (7, 9, 25–28). In the current study on patients with suspected VZV CNS infection, HHV-6A was unexpectedly identified by CSF mNGS from a patient with obvious neurological symptoms. Since HHV-6A has been shown to be related to neurological diseases (29–33), the presence of HHV-6A in the CSF sample of our patient could be of clinical importance. The finding re-emphasizes that agnostic mNGS is a useful strategy for identification of the etiologic agent when the treating physician is not familiar with the encountered clinical situation.

The mNGS is not a perfect diagnostic strategy in clinical microbiology. The unbiased sampling is not just an advantage but also, to some extent, could be a drawback. First, clinical samples are dominated by human host background. Unwanted human DNA occupies the majority of sequence reads of the mNGS which would limit the sensitivity of this strategy for pathogen identification (6, 34). Second, sequence reads from microorganisms not related to the clinical diseases can also be reported, which complicates the interpretation of the mNGS results. Those microbial contaminants, such as environmental microbes and skin flora, could be generated during sample collection and processing. Even the reagents used for processing may be contaminated by microbial DNA (6, 34). Finally, mNGS does not have the power to distinguish invasive infection from colonization. In addition, it could not differentiate between latent and active infections. In this condition, mNGS results should be interpreted based on the clinical judgement of the treating physicians.

As shown in Table 3, trace amounts of microbial nucleic acids, most commonly the CMV and HSV-1, were reported. CMV and HSV-1 are common human pathogens, both of which could cause CNS diseases (3). The mNGS, itself, could not answer whether those microbial DNAs really presented in the CSF samples. Additionally, it is not possible to tell whether those pathogens caused the neurological symptoms of our patients. Those drawbacks of mNGS are not likely to be completely resolved in the near future. At this point, it is advocated that mNGS results are treated as a list of candidate etiological agents which help to narrow the diagnosis. Only when the limitations of the mNGS are fully understood, then the clinicians may properly interpretate the mNGS results.

In conclusion, our study found that CSF mNGS was the most sensitive microbiological test for diagnosing VZV CNS infection, and could unexpectedly identify the causative agent that were not recognized based on traditional diagnostic tests. Perhaps, for the diagnoses of viral encephalitis caused by DNA virus, with continuing improving the methodology of mNGS, pathogen-specific PCR may not be needed when mNGS has already been used for pathogen detection. Nevertheless, pathogen-specific antibody detection may still be performed because it provides different biological information. Finally, although the sensitivity of mNGS can be further increased by technical innovation, the specificity will continue to be a great concern. Clinical judgement of the treating physicians is very important for interpretating the results.
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Introduction

The diagnosis of infection-caused fever of unknown origin (FUO) is still challenging, making it difficult for physicians to provide an early effective therapy. Therefore, a novel pathogen detection platform is needed. Metagenomic next-generation sequencing (mNGS) provides an unbiased, comprehensive technique for the sequence-based identification of pathogenic microbes, but the study of the diagnostic values of mNGS in FUO is still limited.



Methods

In a single-center retrospective cohort study, 175 FUO patients were enrolled, and clinical data were recorded and analyzed to compare mNGS with culture or traditional methods including as smears, serological tests, and nucleic acid amplification testing (NAAT) (traditional PCR, Xpert MTB/RIF, and Xpert MTB/RIF Ultra).



Results

The blood mNGS could increase the overall rate of new organisms detected in infection-caused FUO by roughly 22.9% and 19.79% in comparison to culture (22/96 vs. 0/96; OR, ∞; p = 0.000) and conventional methods (19/96 vs. 3/96; OR, 6.333; p = 0.001), respectively. Bloodstream infection was among the largest group of those identified, and the blood mNGS could have a 38% improvement in the diagnosis rate compared to culture (19/50 vs. 0/50; OR, ∞; p = 0.000) and 32.0% compared to conventional methods (16/50 vs. 3/50; OR, 5.333; p = 0.004). Among the non-blood samples in infection-caused FUO, we observed that the overall diagnostic performance of mNGS in infectious disease was better than that of conventional methods by 20% (9/45 vs. 2/45; OR, 4.5; p = 0.065), and expectedly, the use of non-blood mNGS in non-bloodstream infection increased the diagnostic rate by 26.2% (8/32 vs. 0/32; OR, ∞; p = 0.008). According to 175 patients’ clinical decision-making, we found that the use of blood mNGS as the first-line investigation could effectively increase 10.9% of diagnosis rate of FUO compared to culture, and the strategy that the mNGS of suspected parts as the second-line test could further benefit infectious patients, improving the diagnosis rate of concurrent infection by 66.7% and 12.5% in non-bloodstream infection, respectively.



Conclusion

The application of mNGS in the FUO had significantly higher diagnostic efficacy than culture or other conventional methods. In infection-caused FUO patients, application of blood mNGS as the first-line investigation and identification of samples from suspected infection sites as the second-line test could enhance the overall FUO diagnosis rate and serve as a promising optimized diagnostic protocol in the future.





Keywords: metagenomic next-generation sequencing, fever of unknown origin, precision diagnose, etiology, application



Introduction

Since 1961, Petersdorf has defined the fever of unknown origin (FUO) as a fever of 38.3°C or higher for 3 weeks or more on multiple occasions; the etiology cannot be determined despite appropriate investigation even after at least a week in the hospital (Petersdorf and Beeson, 1961). Over 200 disorders have been found in the differential diagnosis of FUO, which was divided into infection, non-infectious inflammatory disease (NIID), cancer, other conditions, and unresolved diagnosis (Mourad et al., 2003; Kucukardali et al., 2008; Horowitz, 2013). Due to the complicated clinical characteristics and absence of laboratory analysis indicators, the disease is difficult to be diagnosed and contributes to a tremendous cost on average of 40,295 US dollars during hospitalization (Szymanski et al., 2020). Because infection is one of the main causes of FUO (Fusco et al., 2019; Naito et al., 2019; Wright and Auwaerter, 2020; Wright et al., 2021), an optimized screening and diagnostic work flow for detecting pathogens of infection-caused FUO is needed.

Since the launch of the second-generation sequencing platform in early 2000, next-generation sequencing (NGS) technology has advanced at a rapid pace in the past 20 years. Nowadays, NGS may be performed for as low as $1,000 per sample (10.5 MB) to an average depth of 400× coverage (Yohe and Thyagarajan, 2017). Metagenomic next-generation sequencing (mNGS) is an inspection method that uses a next-generation sequencing platform to detect all genomes of environmental or patient samples (Chiu and Miller, 2019). Because of its unbiased and high throughput, mNGS has been used to study human microbial flora (Lagier et al., 2018), human pathogens (Gu et al., 2019), environmental microflora (ocean or soil) (Zhao & Bajic, 2015; Fierer, 2017), forensic field (Hampton-Marcell et al., 2017), etc. In addition, recent studies have reported their successful applications of mNGS in a variety of infectious disorders including central nervous system infection (Wilson et al., 2018; Wilson et al., 2019; Zhang et al., 2020), respiratory tract infection (Langelier et al., 2018), focal infection (Zhang et al., 2019), bloodstream infection (Gosiewski et al., 2017), etc. However, research directly evaluating the ability of mNGS in FUO is still limited, although previous study has exhibited its ability in increasing cost efficacy of FUO (Chai et al., 2018). Consequently, in this study, we undertook a retrospective cohort analysis on the overall clinical values of mNGS in the application of FUO patients in the east of China.



Materials and Methods


Study Design and Participants

This was a single-center, retrospective cohort study, in which all patients at the Huashan Hospital with the diagnosis of fever of unknown origin from March 7, 2017, to August 1, 2018 were enrolled (Figure 1). The final diagnosis of the 175 cases (Table 1) were evaluated by the experts group including three experienced physicians. Blood samples were collected after getting the consent of the patients or their surrogates and sent for mNGS and culture synchronously. Other examinations such as blood routine, blood biochemical tests, autoimmune antibody, and conventional pathogenic methods (including blood smear, latex agglutination test, serologic tests, and nucleic acid amplification testing (NAAT) (traditional PCR, Xpert MTB/RIF, and Xpert MTB/RIF Ultra) were performed according to the clinical necessity. If the patients were suspected of having infections other than bloodstream infections, specimens of suspected infected sites will also be sent for mNGS and the above-mentioned methods.




Figure 1 | Overview of patients’ enrollment workflow. Flowchart of study.




Table 1 | Distribution of 175 FUO cases.





Criteria of Positive Detection Criteria for mNGS Test

Each sample’s sequencing results were divided into two tables, one for bacteria/fungi and the other for viruses. The specifically mapped read number (SMRN) of each microbial taxonomy was standardized to SMRN per 20 million (M) of total sequencing reads (SDSMRN, standardized SMRN).

	

A bacterial/fungal was considered positively detected if (i) it was among the top 10 genera with the highest SDSMRN; (ii) within its genus, it was ranked top; (iii) its SDSMRN >1; and (iv) it was a commonly reported bloodstream infection pathogen.

A virus was judged positively detected if (i) if a virus belonged to the top 3 with the highest SDSMRN and (ii) it had a SDSMRN >5.

Because of the low yield of DNA extraction and relatively limited risk of contamination, pathogens such as Mycobacterium spp., Nocardia spp., Brucella spp., and others were considered identified if (i) it was one of the top 20 genera with the highest SDSMRN, (ii) it positioned first within its genus, and (iii) it had a SDSMRN >1. For the detection of pathogens within the Enterobacteriaceae family, only the species with highest SDSMRN was considered as a positive detection.

The clinical interpretation of sequencing results was mainly based on the symptoms, physical signs, and uses of drugs. The final diagnosis of the 175 cases was evaluated by the expert’s group including three experienced physicians who worked alone.



Criteria of Fever of Unknown Origin

	Classic fever of unknown origin: a group of diseases that cannot be diagnosed after 1 week of comprehensive physical examination in the outpatient or hospitalization. Fever lasts for more than 3 weeks, and oral temperature is >38.3°C at least three times (or at least three times the temperature fluctuates >1.2°C within 1 day);

	Inpatients of fever of unknown origin: The patient had no fever when admitted but had a fever for more than 3 days after admission. The oral temperature was >38.3°C at least three times (or body temperature fluctuates >1.2°C at least three times within 1 day);

	Neutropenic patients with fever of unknown origin: The patient has agranulocytosis (neutrophil count <0.5 × 109 cells/L); fever that lasts more than 3 days, oral temperature >38.3°C (or body temperature fluctuates >1.2°C, within 1 day); the body fluid specimens were cultured for >48 h, and the results were negative.





Metagenomic Next-Generation Sequencing and Data Analysis


Sample Processing and Nucleic Acid Extraction

Three to five milliliters of the blood sample was drawn in an ethylenediaminetetraacetic acid (EDTA) anticoagulant tube (BD Vacutainer® EDTA tubes) at room temperature within 12 h before plasma separation and centrifuged at 400g for 20–30 min at 20°C. The plasma from the patients was transferred to two new sterile 1.8-ml tubes and kept at −80°C until DNA extraction. Other samples of latent infected parts, including sputum, bronchoalveolar lavage fluid (BALF), cerebrospinal fluid (CSF), urine, puncture fluid, pleural fluid, NPS, and tissues (lung tissues, bone marrow, lymph nodes, and aortic valve vegetations) were collected according to standard procedures and also stored at −80°C. Before extraction, sputum specimens were liquefied and NPS was submerged in 3 ml preservation solution, while other samples went straight to the next operation.

Each sample was used for DNA extraction. For all liquid samples except plasma, 600 μl was transferred into a fresh 1.5 ml microcentrifuge and mixed with 1 g 0.5 mm BioSpec beads (0.5 mm dia. zirconia/silica, Cat. No. 11079105z) before being agitated vigorously at 2,800–3,200 rpm for 30 min on a horizontal platform on a Vortex-Genie 2 Vortex Mixer 12 (Scientific Industries, USA). Cell-free DNA was extracted directly from plasma without cell-wall-breaking treatment. Total DNA was extracted with TIANamp Micro DNA Kit (DP316, Tiangen Biotech, Beijing, China).

Samples from patients suspected with viral infection at the time of sample collection went through RNA extraction. Total RNA was extracted with QIAamp Viral RNA Mini Kit (52906, Qiagen, China) according to the manufacturer’s instructions. With the SuperScript II Reverse Transcription Kit (18064-014, Invitrogen, China), the RNA was reverse transcribed and synthesized into double-stranded complementary DNA (ds cDNA).

DNA libraries were constructed via DNA fragmentation, end repair, A-tailing addition, adapter ligation, and PCR amplification. The Agilent 2100 and Qubit 2.0 system was used to performed quality control (200–300 bp, >2 ng/μl), and qualified libraries were sequenced on BGISEQ-2000 platform with single-end 50 bp strategy. At least 20 million reads were produced from each sample. To control the sequencing quality and contamination of each sequencing run, we added positive and negative control (HeLa cell lines with or without Acinetobacter baumannii) in each run.



Bioinformation Pipeline

High-quality sequencing data were generated by removing low-quality and short (length <35 bp) reads. Next, the clean reads after quality filtering were mapped to a human reference database including hg19 and Yanhuang genome sequence using Burrows–Wheeler alignment (Version 0.7.10). Remaining reads were aligned to the non-redundant bacterial, virus, fungal, and parasite databases using Burrows–Wheeler alignment (Version 0.7.10). The mapped data were processed for advanced data analysis. The genome databases were downloaded from National Center for Biotechnology Information (NCBI) (ftp://ftp.ncbi.nlm.nih.gov/genomes/). RefSeq contains 4,061 whole genome sequence of viral taxa, 2,473 bacterial genomes or scaffolds, 199 fungi related to human infection, and 135 parasites associated with human diseases. We uploaded the raw data onto China National GeneBank (CNP0000607).




Statistical Analysis

In this article, the pathogens extra detection rate (PEDR) of mNGS and the improved diagnostic rate (IDR) of mNGS were calculated by the following methods:

Pathogens extra detection rate:

	

	

where the true mNGS-positive cases were those in consistent with clinical judgement.

Improved diagnostic rate:

	

	

	

The continuous variants of baseline characteristics were analyzed using the Student’s t-test with their odds ratios (ORs) and 95% confidence intervals (95% CIs). We analyzed McNemar test and kappa test to compare differences across subgroups. Statistical analyses and figures were conducted using the SPSS statistical package 12.0 software, Excel 2019, Xmind 8.0 version, and R 4.1.0 version.




Results


General Characteristics of Enrolled Patients

A total of 176 patients with the diagnosis of FUO were enrolled in the study and underwent clinically baseline screening in Huashan Hospital affiliated to Fudan University from March 7, 2017 to August 1, 2018. We excluded one case for low quantity of nucleic acid verification of mNGS and finally enrolled 175 individuals. According to the 175 patients’ final diagnosis, 96 of these 175 patients were classified to the group of infectious disease (ID). Seventy-three patients were categorized into the non-infectious disease (NID), and the other six patients were idiopathic group (IG) (Figure 1). Additionally, the NID group was further classified to NIID (n = 39), tumor (n = 16), and other diseases (n = 18). All the baseline characteristics of 175 patients are shown in Table 2, and there was not any significant difference in baseline data including gender, age, count of white blood cell (WBC), C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and procalcitonin (PST) between ID and NID groups.


Table 2 | The baseline of enrolled patients.





Distribution of Identified Pathogens by mNGS

In general, the results of pathogens detected by mNGS showed that the virus was the most prevalent pathogens, in which the most frequently detected was EBV and then CMV (Figure 2). The top identified bacteria were Mycobacterium tuberculosis complex and Escherichia coli, and we also detected a wide range of fungi, such as Penicillium marneffei, Aspergillus spp., etc. mNGS was proved to have advantage over culture mainly in the identification of causal agents that cannot be cultured or had time-consuming culture process, such as EBV, Aspergillus spp., and MTB complex. However, mNGS had some more false-positive cases than that in culture in our study (Supplementary Tables 1A–C). Figure 3




Figure 2 | The distribution of pathogens detected by metagenomic next generation sequencing (mNGS). The distributions were divided into four parts, namely, bacteria, parasites, fungi, and viruses, and each part consisted of identical detection (the blue), extra detection (the green), and false positive detection (the gray).






Figure 3 | mNGS improves the diagnosis rate of infectious diseases. The diagnostic workflows of the 175 FUO patients’ pathogen identification. The yellow, green, red, and purple part show the mNGS’ improving diagnostic rate of bloodstream infections, concurrent infection with bloodstream infection, non-bloodstream infection, and latent or chronic infection, respectively. The numbers of improved rate of mNGS were calculated by:  ,.





Diagnostic Performance on Pathogens Extra Detection Rate of mNGS, Compared to Culture and Other Conventional Methods in Using Blood Samples in Infection-Caused FUO

In order to evaluate the diagnostic performance of mNGS, we calculated a set of PEDRmNGS/culture. The overall PEDRmNGS/culture was 22.9%, PEDRmNGS/culture of bloodstream infection was 38%, but PEDRmNGS/culture of non-bloodstream infection was only 6.5%. We concluded that the mNGS of the FUO patients’ blood samples might increase the pathogens extra detection rate of infectious diseases compared to that of culture alone by 22.9% (22/96 vs. 0/96; OR, ∞; p = 0.000) (Table 3). Bloodstream infection comprised the largest component of all the diseases, and the blood mNGS test could have a 38% improvement of pathogens extra detection rate compared to culture in the bloodstream infection (19/50 vs. 0/50; OR, ∞; p = 0.000) (Table 3), but the pathogens extra detection rate of blood mNGS test in non-bloodstream infection was limited only by 6.5% (Table 3).


Table 3 | The diagnostic value of mNGS compared to culture in blood samples in FUO.



We further analyzed the consistency between mNGS and culture of blood samples. In both mNGS and culture, 8 of 96 cases tested positive for infectious disease, and 66 of 96 cases were negative. Twenty-two cases were mNGS test positive and culture negative. None of the samples had only culture-positive results (Table 3). In our analysis, the concordance of mNGS and culture was not so consistent (Kappa value = 0.342, p = 0.000; McNemar, p = 0.000), and the possible reason may be that the total diagnostic efficacy of mNGS is higher than that of culture by 22.9% (Table 3).

We also evaluated pathogens extra detection rate of mNGS compared to other conventional methods in blood samples (Table 4). The total PEDRmNGS/conventional methods was 19.79%, the bloodstream infection of PEDRmNGS/conventional methods was 32%, and the non-bloodstream infection’s PEDRmNGS/conventional methods was 6.52%. Overall, the total pathogens extra detection rate of mNGS was higher than that of conventional methods (19/96 vs. 3/96; OR, 6.333; p = 0.001) by 19.79% in all diseases, particularly in bloodstream infection by 32.0% (16/50 vs. 3/50; OR, 5.333; p = 0.004), while the pathogens extra detection rate of blood mNGS in non-bloodstream infection showed limited efficacy by 6.52% (Table 4). mNGS was also outstanding in the exclusion of infectious disease than conventional methods, according to the negative results of the tests in the NID (Tables 3, 4).


Table 4 | The diagnostic value of mNGS compared to conventional methods in blood samples in FUO.





Diagnostic Performance on Pathogens Extra Detection Rate of mNGS, Compared to Conventional Methods in Using Non-Blood Samples in Infection-Caused FUO

We also obtained a set of PEDRmNGS/conventional methods of non-blood samples to evaluate the diagnostic efficacy of mNGS. The total PEDRmNGS/conventional methods of non-blood samples in all infections was 20%, and non-bloodstream infection’s PEDRmNGS/conventional methods was 26.2%, while the bloodstream infection’s PEDRmNGS/conventional methods was only 7.7%, respectively. The use of mNGS in non-blood samples showed better performance than conventional methods in infectious diseases (9/45 vs. 2/45; OR, 4.5; p = 0.065) and improved the pathogens extra detection rate by 20%. What is more, especially in non-bloodstream infection, the application of non-blood samples mNGS increased the pathogens extra detection rate by 26.2% compared to conventional methods (8/32 vs. 0/32; OR, ∞; p = 0.008) (Table 5).


Table 5 | The diagnostic value of mNGS compared to conventional methods in non-blood samples in FUO.





The Application of mNGS in Assisting FUO Clinical Decision-Making and Improving Diagnostic Rate

To assist the clinical decision-making, we have summarized a diagnostic work flow (Supplementary Figure 1) of the 175 FUO patients comparing mNGS with culture. We have found that the application of blood mNGS as the first-line examination is an effective strategy in the diagnosis of infection-caused FUO, including bloodstream infection, concurrent infection with bloodstream infection, and non-bloodstream infection. We reported an IDRBSI of 10.9%, an IDRCO-BSI of 66.7%, and an IDRnon-BSI of 12.5%, respectively. Compared to culture, blood mNGS test can improve the diagnostic rate of bloodstream infection by 10.9%. The application of mNGS as the second-line test in the suspected infectious part can also improve the diagnostic rate of the FUO patients by 66.7% among those who have concurrent infection with BSI. Moreover, mNGS can diagnose more non-bloodstream infectious diseases than culture by 12.5%.

Furthermore, mNGS may diagnose the cases of latent or chronic viral infection (HBV, CMV, EBV, etc.), and those pathogens may be not the main cause of FUO but assist the later clinical decision-making.




Discussion

The global burden of febrile illness is still difficult to quantify. Currently, the cause of fever disease is still not identified in approximately 9–51% of patients (Bleeker-Rovers et al., 2007; Shi et al., 2013; Kabapy et al., 2016). Despite advances in diagnostic methods, the proportion of patients with undiagnosed FUO after the systematic examination has not decreased. The reason may be that with the improvements of medical care and diagnostic tools, diagnosis rates of common diseases are improved. However, cases that meet the classic definition of FUO are becoming increasingly complex (Shi et al., 2013; Robine et al., 2014).

Although the proportion of different causative diseases of FUO has changed over time, infectious factors remain the primary cause (Fusco et al., 2019). The complex infectious diseases pose a challenge for diagnostic and therapeutic determination. Unbiased mNGS represents a powerful tool to fill the gaps in our understanding of the etiology of FUO, thus informing the improvement of diagnostic algorithms. The previous study mentioned above has proved that mNGS can provide a 30%–50% extra detection rate in multiple types of infection such as focal infections, central nervous infections, and respiratory infections.

In this study, we conducted a retrospective cohort study to evaluate the diagnostic value of mNGS techniques in patients who were diagnosed with FUO. The PEDRmNGS/conventional methods of blood mNGS in infectious disease is 19.79%, which is higher than that of conventional methods, particularly in BSI that is 32.0%. Also, the PEDRconventional methods  of non-blood mNGS in infection is 20%, which is also higher than that of conventional methods, especially in non-BSI that is 26.2%. Thus, the application of mNGS can help improve the clinical diagnosis by 38% in bloodstream infection and 6.5% in non-bloodstream infection. Our study showed that mNGS may act as a promising tool for the diagnosis of FUO patients. However, the results implied that if only blood samples are tested in patients of FUO, the clinical value of mNGS is relatively low. Only by collecting effective specimens from the part suspected of specific infection can the detection rate of the etiology be improved. The assessment and identification of etiology have improved the medical management of patients with FUO, helping to avoid the administration of unnecessary antibiotic therapy (Wylie et al., 2012).

What is more, mNGS is considered to have the latent to be used as an all-in-one diagnostic test, helping differentiate infections and non-infections, identify causative agents, and discover novel or emerging pathogens (Jerome et al., 2019). However, the expensive cost made mNGS not act as an all-purpose tool to resolve any uncertainty, but rather as a technology that cloud be used in specific contexts, such as seriously ill cases, or as a supplement to some special clinical cases (Chai et al., 2018).

In our study, we found the problem of the low detection rate of RNA virus, intracellular bacteria, and fungi. We listed the probable reasons of the low detection rate of RNA virus as follows. We apply the RNA meta-transcriptomics test process in all respiratory samples and did not apply the process in other samples considering the high expense of the mNGS process and higher RNA virus detection rate in respiratory samples. In addition, since we did not remove the human cellular RNA before the mNGS sequencing process, the virus’ RNA genome is difficult to be detected compared to the human’s cellular RNA yield. Thus, the detection rate of the RNA virus is relatively low in our study. In order to get a higher detection rate of RNA viruses and make a more accurate diagnosis of FUO, we need to perform the RNA meta-transcriptomics procedure to the samples and reassess the diagnostic rate in the further study.

The low detection rate of the fungi was mainly caused by the rigid cell walls; thus, many studies recommended adding bead beating to solve the problem. But at the same time, it also increases the host background of human DNA (Gu et al., 2021). Moreover, some studies are trying to add lyticase to increase the fungi’s DNA release.

For the intracellular bacteria, the low detection rate is related to the limited copies of intracellular bacteria in plasma. Some studies have improved the protocol of the whole process by increasing the DNA and RNA’s release of samples by resuspension in lysis buffer [10 mM Tris–HCl, 25 mM EDTA, 1% sodium dodecyl sulfate (SDS), 0.8 mg/ml, proteinase K] with a mixture of 1.0 mm zirconia and 0.1 mm of silica/zirconia beads, then going on the instructions of DNA extraction (Batinga et al., 2017). On the other hand, deepening the sequencing coverage of samples can be another method (Zhou et al., 2019).

Our study still had some limitations. First, this is a retrospective study with a small sample size in one single center; for the limited diseases and the patients’ number, a larger cohort from some multicenter study may be needed to further confirm our results. Second, there are still six patients who have not finally been diagnosed in our cohort, which implied that the mNGS alone cannot act as the final diagnostic tool for the FUO diseases. To get the final outcome of those patients, we may need follow-up information in a longer period.

In conclusion, this single-center retrospective study found that using mNGS to detect pathogens in FUO holds higher diagnostic sensitivity than culture or other conventional methods. In FUO patients, particularly those suspected of infectious illnesses, utilizing blood mNGS as the first-line investigation can increase the diagnosis rate; using samples from other suspected infection sites as the optional second-line test could further improve diagnostic ability. However, because mNGS technology is expensive and the FUO disease spectrum is relatively broad, including a large number of non-infectious diseases, accurate and effective selection of target samples and specimens could contribute to better efficacy use of mNGS’ unbiased and precise characteristics and is the key for significantly improving the patients’ diagnostic rate and success rate of treatment. Overall, the application of mNGS in FUO patients serve as a promising optimized diagnostic protocol in the future.
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Introduction: Leptospirosis poses a major threat to human life. The disease spectrum ranges from a nearly undetectable presentation to severe multi-organ dysfunction and death. Leptospirosis is difficult to diagnose by traditional antibody and culture tests. We here present a case of multiple organ failure associated with leptospirosis.

Material and Methods: A 64-year-old woman presented with fatigue and arthralgia, which developed rapidly into multiple organ injuries, and she eventually died of cerebral hemorrhage. Serum antibody test and cultures of blood, sputum, urine, and feces samples were all negative. The patient was diagnosed with leptospirosis by the next-generation sequencing (NGS).

Conclusion: We conclude that leptospirosis is a neglected zoonosis caused by pathogenic Leptospira species. New techniques such as NGS are highlighted for early diagnosis. Surveillance for pathogens during diagnosis can provide guidance for clinical treatment and improves prognosis.

Keywords: leptospirosis, next generation sequencing, diagnosis, multiple organ failure, clinical treatment


INTRODUCTION

Leptospirosis is a widely distributed zoonosis and a major public health problem. Its clinical manifestations are complex and diverse; misdiagnosis is common and the fatality rate is high (1). Humans can be infected via direct or indirect contact with animal urine or excreta, making them unintentional and susceptible hosts. Leptospirosis ranges from a mild and self-limiting illness to severe disease and death (2). Early detection, accurate diagnosis, timely treatment, and close observation are essential to improve cure rate and decrease fatality rate (3). The classical bacterial culture process requires a long time (about 13 weeks). Moreover, the antibody detection has poor specificity and tends to yield false positive results (4, 5). New techniques including nucleic acid molecular diagnostic technologies, such as polymerase chain reaction (PCR) or high-throughput sequencing using next-generation sequencing (NGS) have been developed and applied in the detection of leptospirosis, which can provide valuable guidance for clinical treatment (5–8). Here, we present a case of leptospirosis caused by Leptospira interrogans associated with symptomatic multi-organ dysfunction.



CASE PRESENTATION

On October 13, 2020, a 64-year-old woman was referred to our hospital with fatigue, low blood pressure, arthralgia, and myalgia, for 1 week. She had a history of untreated hydronephrosis for 4 years and was positive for hepatitis B surface antigen for several decades. She did farm work in the mountain without personal protection 1 week prior to admission to a local hospital.

Her laboratory findings on admission were as follows: white blood cell (WBC) count 15.3 × 109/L; platelet (PLT) level 10 × 109/L; albumin level 22.7 g/L; alanine transaminase (ALT) level 79 U/L; aspartate aminotransferase (AST) level, 134 U/L; total bilirubin (TBI) level 105.3 μmol/L; direct bilirubin (DBI) level 60.6 μmol/L; creatinine level 87.3 μmol/L; blood urea nitrogen level 16.68 mmol/L; prothrombin time (PT), 18.6 s; activated partial thromboplastin time (APTT) 41.9 s; and D-dimer level 6,320 μg/L. Her blood pressure (120/73 mmHg) and breathing was stable.

Four days later, her blood pressure fell dramatically to 84/58 mmHg, jaundice appeared, and renal function deteriorated despite symptomatic treatment. Subsequently, she was transferred to our hospital and complained of generalized pain without fever and jaundice on the entire body. Physical examination revealed thickened wet rales in both lungs, abdominal distention, and edema in both lower limbs. Neurological examination was negative. Other signs were normal. The Glasgow Coma Scale score was 15/15 and blood pressure was 100/80 mmHg and pulse rate 98 beats/min (on noradrenaline maintenance) in the supine position. Laboratory parameters were markedly elevated: white blood cell count 57.0 x 109/L; total bilirubin 254.5 μmol/L; creatinine 263 μmol/L; procalcitonin 10.73 ng/mL; and C-reactive protein 59.3 mg/L. Chest radiography revealed obvious patchy shadows in both lungs. Supportive care included infusion of thrombocytes and plasma, liver protection, and relief of jaundice by high-flow oxygen therapy (60 L/min). Under an initial diagnosis of pneumonia, meropenem (1.0 g three times per day) was prescribed in combination with continuous renal replacement therapy.

On days 2–4 of hospitalization, the patient's condition worsened, and we commenced noninvasive assisted ventilation under high-flow oxygen (60 L/min). The patient's maximum body temperature was 37.2°C. Tracheoscopy revealed extensive hemorrhage in both airways. Brain computed tomography (CT) findings were normal (Figure 1A1). Chest CT revealed bilateral patchy shadows and diffuse infiltration and extensive consolidation in the right lung (Figure 1B1). Etiological cultures of blood, sputum, urine, and feces samples were performed; serum antibodies against dengue, leptospirosis, and epidemic hemorrhagic fever were tested for, considering the patient's history of farm work in the mountains. Bone marrow puncture was performed due to obviously abnormal blood routine examinations. Samples of sputum, urine, and feces were collected to detect Leptospira IgM and IgG antibodies, which were both negative. Multidisciplinary diagnosis and treatment were carried out by the Departments of Hematology, Infectious Disease, Pneumology, and Organ Transplantation, as well as the Intensive Care Unit. PCR was conducted using the diagnostic reagent kits based on the guidelines of the Center for Disease Control (CDC) of Zhejiang Province. Next-generation sequencing (NGS) of blood and sputum samples was also conducted. Supportive organ therapy was initiated. The patient developed multiple organ failure, but the cause was unclear. Entecavir (25 mg per day) and ornithine aspartate (40 mg per day) were administered to lower the high blood ammonia level. Her liver cirrhosis with ascites was evident on abdominal CT, possibly due to the patient's long history of hepatitis B surface antigen-positivity.


[image: Figure 1]
FIGURE 1. Radiographic images during the hospitalization. The first row of brain CTs (A1,A2) was taken on October 16 and 27, 2020, respectively. (A1) A normal brain. (A2) Hemorrhage in the right paraoccipital lobe that had ruptured the lateral ventricle. The second and third row of chest CTs (B1–B4) was taken on October 16, 19, 26, and 27, 2020, respectively. (B1) Bilateral patchy shadows and diffuse infiltration and extensive consolidation in the right lung. (B2) Hydrothorax and relief of bilateral exudation. (B3) New patchy shadows in the right upper lung. (B4) Patchy shadows in the right upper lung and bilateral exudation.


NGS revealed Leptospira interrogans (four different sequences of leptospires DNA, Supplementary Material 1) in blood on day 4 of hospitalization. Two family members who had engaged in farm work also underwent antibody test for leptospirosis, which revealed negative results. Her red blood cell count was decreased, and the free iron level was very high; chronic anemia was apparent. Meropenem was terminated and penicillin was initiated (four injections of 800,000 units per day) combined with dexamethasone (20 mg per day) to prevent the Hector reaction. Repeat chest CT indicated hydrothorax and relief of bilateral exudation (Figure 1B2).

On days 5–13 of hospitalization, The test of bone marrow puncture showed no obvious abnormality. However, the patient's liver function deteriorated; she was sedated under non-invasive assisted ventilation and administered continuous renal replacement therapy. Considering the severe jaundice and inflammatory response caused by the pulmonary infection and activation of hepatitis B virus, as well as liver failure, plasmapheresis was performed to remove inflammatory factors and improve liver function on days 8, 9, and 10. Piperacillin-tazobactam (4.5 g three times per day) was commenced because Pseudomonas aeruginosa was detected in sputum on day 10. Further sputum cultures revealed Aspergillus fumigatus; chest CT revealed improvement of the infiltrates in both lungs except for new patchy shadows in the right upper lung (Figure 1B3). Voriconazole (200 mg twice a day) was prescribed as antifungal therapy. The priorities at this time were symptomatic treatments including venous nutritional support, adjustment of the acid-base balance and circulatory parameters, prevention of gastrointestinal bleeding, and protection of organ parenchymae. On day 14, the patient suddenly vomited blood (200 mL) and then lost consciousness; her Glasgow Coma Scale score was suddenly decreased to 3/15. Emergency brain CT revealed hematoceles in both lateral ventricles and hemorrhage in the right paraoccipital lobe that had ruptured the lateral ventricle (Figure 1A2). Chest CT was also repeated (Figure 1B4). We communicated with the family members about the patient's condition and explained that no further treatment options were available. The patient died 5 h later.



DISCUSSION

Leptospirosis is sporadic in the temperate regions around the world. It is an epidemic-prone disease carrying the causative agents in the damaged mucous membranes, and is generally caused by exposure to contaminated water. The clinical manifestations of leptospirosis are complex and easily mimic other life-threatening infections, and diagnosis and differential diagnosis are particularly important. Our patient initially presented with fatigue and arthralgia, followed by rapid multiple organ damage, which rendered early diagnosis difficult. It is crucial to perform early antibody and culture tests. Liver failure was obvious, suggesting the presence of jaundice, coagulation defect, and history of hepatitis B-associated liver cirrhosis. However, other diseases should also be considered because of the abnormal blood tests, poor renal function, and subsequent multiple organ dysfunction. Although leptospirosis antibody results were negative, the presence of pathogens could not be completely ruled out as leptospires are frequently found in low numbers. Several diagnostic tests are available for leptospirosis including detection of the pathogen and antibodies. These tests are particularly useful in the early stage of this disease and before the use of antimicrobial drugs when bacterial numbers are highest in the blood and urine (9). Leptospira culture allows detection of leptospires, but it is technically difficult due to the demand of special growth media (10). Because leptospires are fastidious so as to require enrichment media and long incubation time under in vitro conditions independent of infection date, culture is less helpful for clinical diagnosis (11). In the traditional antibody tests, MAT is often used (12). However, identification of the infecting serovar is difficult based on the cross-reactive MAT results on account of laboratory variation and differences in host-specific humoral immune responses (13). Molecular diagnostic tools, such as PCR, have become widely available in commercial diagnostic laboratories for the diagnosis of leptospirosis (14). False-negative results can be encountered if there are low bacterial loads as a result of disease phase, immune response, or administration of antimicrobial drugs (15, 16). Several ELISAs for detecting IgM, IgG, or both antibody types have been developed to detect specific antibodies in leptospirosis. However, its overall sensitivity is lower compared with the MAT, which has not been previously recommended (17, 18).

Patients may benefit from next-generation sequencing (NGS), which is a method that allows for high-throughput, massively parallel sequencing of thousands to billions of DNA fragments independently and simultaneously. Over the past five years, NGS testing has been used not only in basic research but also in clinical diagnosis, especially are applied in clinical microbiology examinations (19). The NGS testing for our case showed the evidence of four different sequences of leptospires DNA (Supplementary Material 2). NGS in microbiology examinations can reveal the characteristics of pathogens by morphology and a genomic definition of pathogens (20). If only culture is performed, diagnosis of severe and acute infection may be missed, leading to inadequate or delayed treatment, and increased morbidity and mortality (21). Appropriate antimicrobial treatment in combination with supportive therapy would be beneficial to reducing the mortality from this disease. Due to the difficulty in the cultivation or poor growth rate of some organisms, as well as the use of prophylactic antimicrobial drugs, conventional testing methods used in microbiological diagnosis are limited in pathogen detection, thus compromising the effectivity of antimicrobial drugs (22). From this perspective, NGS is a promising and sensitive method to detect the selected organism types and discover early, new or unexpected organisms (23).

Most deaths from leptospirosis are attributed to renal failure and/or gastrointestinal, pulmonary, or cerebral hemorrhage (24–26) caused by extensive capillary damage including extensive renal necrosis and glomerular atrophy. Some bacterial pathogens produce hemolysins including Sph2, and the expression of Sph2 is highest among epithelial cells (27). L. interrogans Sph2 was recently found to trigger inflammatory reaction, cytomembranous injury, and apoptosis by damaging the membranes of blood vessel endothelial cells through increasing intracellular reactive oxygen species (ROS) and decreasing the mitochondrial membrane potential (MMP). Moreover, Leptospira increases the permeability and engorgement of blood vascular cells (28–30). In addition, platelet aggregation, a crucial player in the blood coagulation process, is inactivated independent of PI3K/AKT-ERK signaling pathways, thereby causing hemorrhage in tissues (31). Activation of coagulation factor-III extends the coagulation time, and is associated with pulmonary, renal, and cerebral hemorrhage, leading to death due to severe types of leptospirosis (32, 33).



CONCLUSION

Leptospirosis is a neglected zoonosis caused by pathogenic Leptospira. It ranges from a mild and self-limiting illness to severe disease and death. The correct diagnosis could be established by actively adopting new examination methods such as NGS, which should be performed early to avoid misdiagnosis. The NGS technology represents a useful opportunity and tool for precise diagnostics to identify pathogens in infectious diseases.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

JL and LL structured the text and content. JL and JH wrote and edited the manuscript and generated the figures. SY reviewed the literature. All authors contributed intellectually to manuscript content, read, and agreed to the published version of the manuscript.



FUNDING

This research was funded by the Independent Project Fund of the State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, the National Key Research and Development Program of China (Grant No. 2016YFC1101404/3), and Zhejiang Basic Public Welfare Research Program of China (Grant No. LQ20H030012).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2021.756592/full#supplementary-material



REFERENCES

 1. Ghazaei C. Pathogenic leptospira: advances in understanding the molecular pathogenesis and virulence. Open Vet J. (2018) 8:13–24. doi: 10.4314/ovj.v8i1.4

 2. Guerrier G, D'Ortenzio E. The jarisch-herxheimer reaction in leptospirosis: a systematic review. PLoS ONE. (2013) 8:e59266. doi: 10.1371/journal.pone.0059266

 3. Noda AA, Grillova L, Mariet JF, Paiffer NB, Ruiz YC, Rodriguez I, et al. A first insight into the genomic diversity of leptospira strains isolated from patients in Cuba. PLoS ONE. (2020) 15:e0229673. doi: 10.1371/journal.pone.0229673

 4. Alinaitwe L, Kankya C, Allan KJ, Rodriguez-Campos S, Torgerson P, Dreyfus A. Bovine leptospirosis in abattoirs in Uganda: molecular detection and risk of exposure among workers. Zoonoses Public Health. (2019) 66:636–46. doi: 10.1111/zph.12616

 5. Eldin C, Jaulhac B, Mediannikov O, Arzouni JP, Raoult D. Values of diagnostic tests for the various species of spirochetes. Med Mal Infect. (2019) 49:102–11. doi: 10.1016/j.medmal.2019.01.009

 6. Mahtab M, Khan F, Azam M, Rizvi M, Sultan A, Shukla I, et al. Molecular characterization and phylogenetic analysis of human pathogenic leptospira species circulating in a tertiary care hospital of Western Uttar Pradesh in India. Pathog Glob Health. (2019) 113:275–81. doi: 10.1080/20477724.2019.1685196

 7. Barry R, Nissly RH, Feria W, Thirumalapura N, Tewari D, Jayarao BM, et al. A probe-based real-time PCR assay for the detection of Neospora caninum in clinical samples from cattle. Vet Parasitol. (2019) 269:2–6. doi: 10.1016/j.vetpar.2019.04.002

 8. Di Azevedo MIN, Lilenbaum W. An overview on the molecular diagnosis of animal leptospirosis. Lett Appl Microbiol. (2021) 72:496–508. doi: 10.1111/lam.13442

 9. Fraune CK, Schweighauser A, Francey T. Evaluation of the diagnostic value of serologic microagglutination testing and a polymerase chain reaction assay for Diagnosis of Canine Leptospirosis diagnosis of acute leptospirosis in dogs in a referral center. J Am Vet Med Assis. (2013) 242:1373–80. doi: 10.2460/javma.242.10.1373

 10. Faucher JF, Hoen B, Estavoyer JM. The management of leptospirosis. Expert Opin Pharmacother. (2004) 5:819–27. doi: 10.1517/14656566.5.4.819

 11. Rodriguez J, Blais M, Lapointe C, Carioto L, Harel J. Feline leptospirosis: a serologic and urinary PCR survey in healthy cats and in cats with kidney disease. In: Proceedings of the 30th Annual Congress of the American College of Veterinary Internal Medicine (ACVIM). New Orleans, LA (2012). p. 790–791.

 12. Sykes JE, Hartmann K, Lunn KF, Moore GE, Stoddard RA, Goldstein RE, et al. 2010 ACVIM Small animal consensus statement on leptospirosis: diagnosis, epidemiology, treatment, and prevention. J Vet Intern Med. (2011) 25:1–13. doi: 10.1111/j.1939-1676.2010.0654.x

 13. Markovich JE, Ross L, McCobb E. The prevalence of leptospiral antibodies in free roaming cats in Worcester County, Massachusetts. J Vet Intern Med. (2012) 26:688–9. doi: 10.1111/j.1939-1676.2012.00900.x

 14. Harkin KR, Roshto YM, Sullivan JT, Purvis TJ, Chengappa MM. Comparison of polymerase chain reaction assay, bacteriologic culture, and serologic testing in assessment of prevalence of urinary shedding of leptospires in dogs. J Am Vet Med Assoc. (2003) 222:1230–3. doi: 10.2460/javma.2003.222.1230

 15. Levett PN, Morey RE, Galloway RL, Turner DE. Detection of pathogenic leptospires by real-time quantitative PCR. J Med Microbiol. (2005) 54:45–9. doi: 10.1099/jmm.0.45860-0

 16. Waggoner JJ, Pinsky BA. Molecular diagnostics for human leptospirosis. Curr Opin Infect Dis. (2016) 29:440–5. doi: 10.1097/QCO.0000000000000295

 17. Abdoel TH, Houwers DJ, van Dongen AM, Adesiyun AA, Jiménez-Coelloe M, Cardoso L, et al. Rapid test for the serodiagnosis of acute canine leptospirosis. Vet Microbiol. (2011) 150:211–3. doi: 10.1016/j.vetmic.2011.01.015

 18. Eric Klaasen HL, Adler B. Recent advances in canine leptospirosis: focus on vaccine development. Vet Med (Auckl). (2015) 19:245–60. doi: 10.2147/VMRR.S59521

 19. Simner PJ, Miller S, Carroll KC. Understanding the promises and hurdles of metagenomic next-generation sequencing as a diagnostic tool for infectious diseases. Clin Infect Dis. (2018) 66:778–88. doi: 10.1093/cid/cix881

 20. Behjati S, Tarpey PS. What is next generation sequencing? Arch Dis Child Educ Pract Ed. (2013) 98:236–8. doi: 10.1136/archdischild-2013-304340

 21. Gu W, Miller S, Chiu CY. Clinical metagenomic next-generation sequencing for pathogen detection. Annu Rev Pathol. (2019) 14:319–38. doi: 10.1146/annurev-pathmechdis-012418-012751

 22. Wilson MR, Naccache SN, Samayoa E, Biagtan M, Bashir H, Yu G, et al. Actionable diagnosis of neuroleptospirosis by next-generation sequencing. N Engl J Med. (2014) 370:2408–17. doi: 10.1056/NEJMoa1401268

 23. Bleeker-Rovers CP, Vos FJ, de Kleijn E, Mudde AH, Dofferhoff TSM, Richter C, et al. A prospective multicenter study on fever of unknown origin: the yield of a structured diagnostic protocol. Medicine. (2007) 86:26–38. doi: 10.1097/MD.0b013e31802fe858

 24. Hartskeerl RA, Collares-Pereira M, Ellis WA. Emergence, control and re-emerging leptospirosis: dynamics of infection in the changing world. Clin Microbiol Infect. (2011) 17:494–501. doi: 10.1111/j.1469-0691.2011.03474.x

 25. Vijayachari P, Sugunan AP, Shriram AN. Leptospirosis: an emerging global public health problem. J Biosci. (2008) 33:557–69. doi: 10.1007/s12038-008-0074-z

 26. Dong WH, Chen Z. Leptospirosis with pulmonary haemorrhage and multiple organ failure: a case report and literature review. Int Med Res. (2021) 49:3000605211019665. doi: 10.1177/03000605211019665

 27. Che R, Ding S, Zhang Q, Yang W, Yan J, Lin X. Haemolysin Sph2 of leptospira interrogans induces cell apoptosis via intracellular reactive oxygen species elevation and mitochondrial membrane injury. Cell Microbiol. (2019) 21:e12959. doi: 10.1111/cmi.12959

 28. Narayanavari SA, Lourdault K, Sritharan M, Haake DA, Matsunaga J. Role of sph2 gene regulation in hemolytic and sphingomyelinase activities produced by leptospira interrogans. PLoS Negl Trop Dis. (2015) 9:e0003952. doi: 10.1371/journal.pntd.0003952

 29. Matsunaga J, Haake DA. cis-Acting determinant limiting expression of sphingomyelinase gene sph2 in leptospira interrogans, identified with a gfp reporter plasmid. Appl Environ Microbiol. (2018) 84:e02068–18. doi: 10.1128/AEM.02068-18

 30. Zavala-Alvarado C, Sismeiro O, Legendre R, Varet H, Bussotti G, Bayram J, et al. The transcriptional response of pathogenic leptospira to peroxide reveals new defenses against infection-related oxidative stress. PLoS Pathog. (2020) 16:e1008904. doi: 10.1371/journal.ppat.1008904

 31. Fang JQ, Imran M, Hu WL, Ojcius DM, Li Y, Ge YM, et al. vWA proteins of leptospira interrogans induce hemorrhage in leptospirosis by competitive inhibition of vWF/GPIb-mediated platelet aggregation. EBioMedicine. (2018) 37:428–41. doi: 10.1016/j.ebiom.2018.10.033

 32. Barthelemy A, Magnin M, Pouzot-Nevoret C, Bonnet-Garin JM, Hugonnard M, Goy-Thollot I. Hemorrhagic, hemostatic, and thromboelastometric disorders in 35 dogs with a clinical diagnosis of leptospirosis: a prospective study. J Vet Intern Med. (2017) 31:69–80. doi: 10.1111/jvim.14626

 33. Passalia FJ, Heinemann MB, de Andrade SA, Nascimento A, Vieira ML. Leptospira interrogans bat proteins impair host hemostasis by fibrinogen cleavage and platelet aggregation inhibition. Med Microbiol Immunol. (2020) 209:201–13. doi: 10.1007/s00430-020-00664-4

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Lu, Hu, Yu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	CASE REPORT
published: 28 January 2022
doi: 10.3389/fmed.2022.819425






[image: image2]

Case Report: Community-Acquired Legionella gormanii Pneumonia in an Immunocompetent Patient Detected by Metagenomic Next-Generation Sequencing
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Background: Legionella spp. has been well-recognized as an important cause of community-acquired pneumonia. Current community-acquired pneumonia guidelines recommended covering the treatment of Legionella because of the high mortality associated with inadequate antibiotic treatments. However, the symptom of Legionella pneumonia is non-specific, and routine diagnostic tests exhibit low sensitivity for Legionella spp., especially for non-Legionella pneumophila serogroup 1 strains.

Case Presentation: We report a 53-year-old man without underlying diseases admitted to respiratory intensive care unit because of severe community-acquired pneumonia and respiratory failure. Although, the results of routine culture of bronchoalveolar lavage fluid and the Legionella urinary antigen test were all negative, metagenomic next-generation sequencing (mNGS) identified a great amount of DNA and RNA sequences of Legionella gormanii in bronchoalveolar lavage fluid while negative in blood sample. The presence of Legionella gormanii in bronchoalveolar lavage fluid was further confirmed by polymerase-chain-reaction and Sanger sequencing.

Conclusion: Legionella gormanii has rarely been reported in patients with community-acquired pneumonia mainly due to lack of diagnostic test for non-Legionella pneumophila serogroup 1 strains. This is the first report of Legionella gormanii pneumonia in an immunocompetent patient detected by mNGS, which indicates that mNGS is a high-resolution and sensitive assay for the diagnosis and surveillance of Legionella infection.

Keywords: metagenomic next-generation sequencing (mNGS), Legionella gormanii, community-acquired pneumonia, pathogen diagnosis, bronchoalveolar lavage fluid


INTRODUCTION

Legionella is a Gram-negative fastidious bacterium and a common cause of atypical community-acquired pneumonia (1). The mortality rate of community-acquired Legionella pneumonia has decreased from 26% in 1985 to 10% in 1998, which may relate to the development of the sensitive urine antigen test or the changes in empirical antibiotic treatment strategies (2). However, the genus Legionella comprises more than 65 different species (3), and the current widely used urine antigen test is only available to detect Legionella pneumophila serogroup 1 (4). The diagnosis of other serogroups and non-Legionella pneumophila species infection is difficult.

Metagenomic next-generation sequencing (mNGS) can directly identify the pathogens' sequences in clinical samples and has been applied in clinical infectious disease diagnostics including pneumonia (5–7). Here, we report a case of severe community-acquired pneumonia in a 53-year-old man, in which the conventional pathogen-detecting tests were all negative including legionella urinary antigen test, while a great amount of DNA (7,957 in a total of 21,977,576 sequences) and RNA (3,443 in a total of 12,763,560 sequences) sequences of Legionella gormanii in bronchoalveolar lavage fluid were identified by mNGS. After quinolones antibiotic therapy, the patient recovered.

Only five cases of Legionella gormanii pneumonia have been reported in PubMed, and all these reported patients were immunosuppressed (8–12). The present case represents the first case of community-acquired Legionella gormanii pneumonia in an immunocompetent patient detected by mNGS.



CASE DESCRIPTION

A previously healthy, 53-year-old male patient presented with a 7-day history of cough and chest pain, then a 4-day history of fever and dyspnea. He was referred to respiratory intensive care unit on September 28, 2021 (day 1). The patient had a smoking history of 40 years with a pack of cigarettes every day. He was a handyman but denied recent travel history, or any cooling systems or other special man-made water system exposure. A chest computed tomography (CT) taken on September 26 (day −2) showed consolidation in the left upper lobe and left lower lobe, left pleural effusion, and bullae in the posterior segment of the right upper lobe (Figure 1). Since he presented with hypoxia, high-flow nasal cannula oxygen therapy was used.


[image: Figure 1]
FIGURE 1. Chest computed tomography of the patient on 2 days before admission (day −2), and day 11, 22, and 42 (20 days after discharge) after admitted to our hospital. Arrows indicated the right lung developed interstitial infiltrates on day 11.


On admission, the laboratory examination results were as follows: white blood cell (WBC) count was 26.12 × 109/L, with a neutrophil percentage of 93.6%, the concentration of procalcitonin (PCT) was 5.39 ng/mL, the level of C-reactive protein was 167.21 mg/L, the CD4+ lymphocyte count was 245/μl, and the serum β-(1,3)-D-glucan and galactomannan were normal. The empiric antibiotic therapy included piperacillin-tazobactam and moxifloxacin (Figure 2). On day 2, his hypoxia progressed and he started to be supported by noninvasive ventilation with 90% FiO2, inspiratory positive airway pressure of 12 cm H2O, and expiratory positive airway pressure of 8 cm H2O. To search the infectious etiology of pneumonia, bronchoalveolar lavage fluid (BALF) were harvested and sent with a blood sample to perform mNGS (KingMed Diagnostics, Changsha, China). The methods of BALF and blood mNGS were described in Supplementary File. The BALF culture for bacteria and fungi, galactomannan, polymerase-chain-reaction (PCR) for Mycobacterium tuberculosis, and Legionella urine antigen test (KingMed Diagnostics, Guangzhou, China) were negative. On day 3, the antibiotics were adjusted to meropenem and moxifloxacin, which were more broad-spectrum.


[image: Figure 2]
FIGURE 2. The clinical course of the patient with Legionella gormanii infection.


The BALF mNGS results reported Legionella gormanii infection on day 4 (Figure 3). DNA mNGS detected 7,957 sequences which can be mapped to Legionella gormanii in a total of 21,977,576 sequences, and the coverage was 13.52%, making up 95.76% of the total microbe sequences (Figures 3A,B). RNA mNGS detected 3,443 sequences which can be mapped to Legionella gormanii in a total of 12,763,560 sequences, and the coverage was 4.24%, making up 47.85% of the total microbe sequences (Figures 3C,D). However, the blood mNGS results for DNA and RNA were both negative. Targeted PCR of Legionella gormanii in BALF using two pairs of primers was applied: Primer1 forward 5′-CTCCGCCCACATCAATCGTA-3′, reverse 5′-AAACCCGAACTCATGGCAGT-3′; Primer2 forward 5′-GAAAGTGGTATGGTGCGGGA-3′, reverse 5′-CTCTTCACGACTTGCACCCT-3′. The primers were designed and verified using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) based on the reference genome sequence of Legionella gormanii in NCBI (https://www.ncbi.nlm.nih.gov/). The capillary electrophoresis technique (Qsep 100TM; Bioptic) and Sanger sequencing confirmed the Legionella gormanii infection (Figure 4). The patient was finally diagnosed with community-acquired Legionella gormanii pneumonia.


[image: Figure 3]
FIGURE 3. The bronchoalveolar lavage fluid mNGS results of the patient. (A) The DNA mNGS results showed that the coverage of Legionella gormanii was 13.52%. (B) 95.76% of the microbe DNA sequences were Legionella gormanii. (C) The RNA mNGS results showed that the coverage of Legionella gormanii was 4.24%. (D) 47.85% of the microbe RNA sequences were Legionella gormanii.



[image: Figure 4]
FIGURE 4. Polymerase-chain-reaction and the capillary electrophoresis technique confirmed the Legionella gormanii infection in the patient. Lane Patient: the bronchoalveolar lavage fluid sample of the patient; Lane Control 1: the blank control; Lane Control 2: the negative control, the bronchoalveolar lavage fluid sample from a patient who was finally diagnosed without Legionella pneumonia.


After 1 week of therapy, the patient's body temperature, hypoxia, and inflammatory biomarkers improved (Figure 2). Chest CT on day 11 showed consolidation in the left upper and lower lobe of the lung improved, while the right lung developed interstitial infiltrates (Figure 1). On day 13, the oxygen therapy was changed to nasal cannula, and the antibiotics were de-escalated to levofloxacin monotherapy due to mild elevated liver enzyme (ALT 175.7 U/L, AST 82.8 U/L). The patient was transferred to the general ward on day 14. Chest CT on day 22 showed the infection had improved, and subsequently, the patient was discharged. He took oral levofloxacin therapy at home for 3 weeks, and the chest CT on day 42 (20 days after discharge) showed marked improvement in the lung (Figure 1). The patient recovered well without any complications, and he had return to work and normal activities on the last follow-up (2 months after discharge).



DISCUSSION AND CONCLUSIONS

Legionella spp. is an important etiology of community-acquired pneumonia, and Legionella pneumophila causes ~90% of all reported cases, 79% of which are caused by Legionella pneumophila serogroup 1 (13). Non-Legionella pneumophila spp. infection occurred more commonly in patients with immunosuppression than immunocompetent patients, in which the most common species are Legionella micdadei, Legionella bozemanae, and Legionella dumoffii (14). Legionella gormanii, previously known as Fluoribacter gormanii, was the first non-Legionella pneumophila species isolated in China (15), however, it has not been reported previously in Chinese patients, and this case is the first to report Legionella gormanii pneumonia in an immunocompetent patient.

Culture is the gold standard to diagnose Legionella infection, but only experienced laboratories can isolate Legionella successfully, and its sensitivity is highly variable ranging from <10 to 80% (4). Legionella urinary antigen test is the most widely used method to diagnose Legionella infection, and it has largely improved the diagnostic rate of Legionella infection. The sensitivity of the urinary antigen test ranged from 70 to 100%, and its specificity can approach 100% (16). However, the urinary antigen test is only reliable for the detection of Legionella pneumophila serogroup 1. Metagenomic next-generation sequencing may circumvent the disadvantages of culture and legionella urinary antigen test as it can profile the pathogens comprehensively. mNGS achieves higher taxonomy resolution compared to 16S rRNA gene sequencing and has been applied to pneumonia diagnosis, outbreak tracking, infection control surveillance, and pathogen discovery (5). The clinical manifestations of Legionella pneumonia are non-specific, and the diagnosis mainly relies on the laboratory pathogen examination. In our patient, the urinary antigen test was negative, and our laboratory was not able to conduct the Legionella culture. Legionella gormanii was detected by DNA and RNA BALF mNGS, and subsequently targeted PCR and Sanger sequencing validated Legionella gormanii infection. Although the current cost of mNGS (about 3500 Ren Min Bi per sample in China) is higher compared with any single traditional microbiological test, the benefit of its short turn-round time and the precise pathogenic diagnosis may have the potential to reduce the overall hospital costs through optimal patient management.

Only five previous case reports were identified in PubMed describing patients with Legionella gormanii pneumonia (Table 1). All these patients were immunosuppressed and had underlying diseases. Three of these patients were diagnosed by BALF culture, one by direct fluorescent antibody staining of the pleural exudate, and one by Fluorescent in situ Hybridization of the lung biopsy specimen. Although, the role of rifampin combination therapy was inconclusive and may increase adverse events (17), four of these patients used rifampin-based combination therapy, one of whom died. Our patient was the first immunocompetent patient diagnosed with Legionella gormanii pneumonia through mNGS and successfully recovered after fluoroquinolones monotherapy.


Table 1. Summary of cases with Legionella gormanii pneumonia.
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Multiple outbreaks of Legionella infections have been reported previously, but person-to-person spread was only reported in one case (18). Contaminated water or contaminated soil can be a source to transmit Legionella infection (19), however, the sources of infection remained unknown in all previously reported Legionella gormanii pneumonia. As a rapid and unbiased approach to detect microorganisms, mNGS also have the potential to identify pathogens directly from the environment. Further studies are warranted to explore the sources of Legionella gormanii infection using a metagenomic approach.

In summary, our study presented an immunocompetent patient with severe Legionella gormanii pneumonia diagnosed by mNGS while the Legionella urinary antigen test was negative, and the patient recovered after fluoroquinolones monotherapy. mNGS may be a high-resolution and sensitive assay for the diagnosis and surveillance of Legionella infection.
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Infectious etiologies and tumors are common triggers of autoimmune encephalitis. We herein reported a rare case of autoimmune encephalitis with multiple autoantibodies in cerebrospinal fluid (CSF) and serum, with concomitant human herpesvirus 7 (HHV-7) infection and ovarian teratoma. A 36-year-old woman presented with mental and behavioral changes and gibberish for 13 days, followed by fever for 1 day. Her brain MRI indicated limbic encephalitis. Metagenomic next-generation sequencing (mNGS) of CSF revealed HHV-7. Antibody testing showed positive anti-N-methyl-D-aspartate receptor (NMDAR) and anti-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) antibodies in CSF and serum. Ovarian teratoma was considered after pelvic MRI, which was then pathologically confirmed after laparoscopic ovariectomy. Her conditions improved after laparoscopic surgery, intravenous steroids, immunoglobulin, and rituximab therapy. Our findings suggested that the combination of multiple therapies including antiviral, immunotherapy, and resection of tumors were appropriate and improved the prognosis, when HHV-7 infection and ovarian teratoma were concomitant with multiple anti-neuronal antibodies of autoimmune encephalitis.

Keywords: human herpes virus 7, anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) encephalitis, autoimmune encephalitis, post viral encephalitis autoimmune encephalitis, paraneoplastic syndrome


INTRODUCTION

Human herpesvirus 7 (HHV-7) belongs to Betaherpesvirinae and is ubiquitous, like other human herpesviruses. Primary HHV-7 infection usually occurs during childhood, followed by a lifelong latent state with possible reactivation in case of immunodeficiency (1). The primary infections of HHV-7 can be asymptomatic, or with minor and nonspecific symptoms, including fever, rash, hepatitis, and pneumonitis. The HHV-7 rarely causes encephalitis, especially in immunocompetent patients, although it has a specific tropism for CD4+ lymphocytes and neurons (2). Clinical presentations of HHV-7 infection in the neurological system include a gradual loss of strength and weakness in the limbs, disorientation and confusion, flaccid paraplegia, localized anesthesia and hypoesthesia for pain and light touch, urinary retention, and constipation (3).

Post-viral autoimmune encephalitis has been established as a disease mechanism after herpes simplex virus (HSV) encephalitis. Other viruses including varicella-zoster virus (VZV), Epstein-Barr virus (EBV), human herpesvirus 6 (HHV-6), cytomegalovirus (CMV), adenovirus, enterovirus, HIV, and hepatitis C virus can also cause this disease (4–9). However, there are few reports about this disease that is secondary to HHV-7 (10). The most frequent autoantibody, detected of autoimmune encephalitis is anti-NMDAR antibody, which can cause relapsing symptoms post herpes simplex virus encephalitis (HSE) in up to 28% of HSV encephalitis (11). Other autoantibodies such as anti-gamma-aminobutyric acid receptor, anti-dopamine 2 receptor, and anti-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) antibodies are also common (8, 12). Coexisting antibodies may produce an overlap of clinical symptoms in patients with autoimmune encephalitis and raise the probability of an underlying malignancy. As is known, autoimmune encephalitis is paraneoplastic, and ovarian teratoma is one of the most common tumors associated with anti-NMDAR encephalitis. It is not common that viral infections and tumor can trigger autoimmune encephalitis simultaneously. We describe here a case of autoimmune encephalitis with anti-NMDAR and anti-AMPAR antibodies in the CSF and serum with concomitant HHV-7 infection and ovarian teratoma.



CASE PRESENTATION

A 36-year-old woman was admitted to the Department of Neurology at Affiliated Ganzhou Hospital of Nanchang University on May 13, 2021, due to mental and behavioral changes. She was gibberish for 13 days, followed by fever for 1 day (Figure 1). She had an unremarkable medical history with no prior medical conditions.


[image: Figure 1]
FIGURE 1. The summary of the clinical features, therapy, and antibody titers. NMDAR: N-methyl-Daspartate receptor; AMPAR: alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CSF: cerebrospinal fluid; and IVIG: intravenous immunoglobulin. * The patient underwent laparoscopic partial ovariectomy on June 12. Neg: negative.


Neurological exams on admission showed delirium, aphasia, extensor toe response, and Kernig's sign with the right side. Brain MRI revealed a fluid attenuation inversion recover (FLAIR) high-intensity lesion involving the mesial temporal lobes and the hippocampus on May 13, 2021 (Figure 2). Electroencephalogram (EEG) revealed a diffused slow wave. A lumbar puncture was performed on May 14, and the cerebrospinal fluid (CSF) analysis revealed a white blood count of 5 × 106/L, protein of 28.6 mg/dl (normal range, <40 mg/dL), and glucose of 3.01 mmol/L (normal range, 2.8–4.5 mmol/L). The PACEseq metagenomic next-generation sequencing (mNGS) (Hugobiotech, Beijing, China) of CSF was performed to identify the pathogens on May 16. A total of 7 unique reads of HHV-7 was detected. Considering the probability of autoimmune encephalitis, an antibody testing of CSF using a cell-based assay (Kindstar Global company) was also applied on May 15. The anti-NMDAR (titer of 1:32), anti-AMPAR1 (titer of 1:10), and anti-AMPAR2 (titer of 1:10) antibodies were detected as positive. Serum studies were also performed, demonstrating positive anti-NMDAR (titer of 1:1,000), anti-AMPAR1 (titer of 1:10), and anti-AMPAR2 (titer of 1:10) antibodies but negative anti-leucine-rich glioma- inactivated 1, anti-contactin-associated protein-like 2, and anti-GABA-B antibodies. Lymphocyte classification revealed the CD3 + CD4 + cells of 164.43/μl (normal range, 550–1,440/μl), CD3 + CD8 + cells of 190.47/μl (normal range, 320–1,250/μl), and CD19 + cells of 136.41/μl (normal range, 90–560/μl). So, autoimmune encephalitis was also considered. Antiviral treatment with acyclovir (0.5 g per 8 h, intravenously, for 21 days) was initiated on May 14. At the same time, high doses of corticosteroids (methylprednisolone, 1 g per day, intravenously, for 5 days, 500 mg per day for 3 days, 250 mg per day for 3 days) and intravenous immunoglobulin (0.4 g/kg body weight for 5 days) were also administered for the autoimmune encephalitis on May 16. However, the clinical condition of the patient deteriorated, with yelling and agitation. After the treatment of sedative drugs, the patient calmed down. However, her mental and behavioral symptoms did not disappear. On May 27, 2021, mouth and labial dyskinesia and seizure occurred. Levetiracetam and sodium valproate were administered for antileptic treatment. The condition of the patient is still impaired after the first-line therapy. On May 29, 2021, a second-line treatment of rituximab (375 mg/m2 weekly for 3 weeks) was used for her autoimmune encephalitis. On June 2, the titer of anti-NMDAR antibody was decreased to 1:32 and 1:3.2 in serum and CSF, respectively, and the anti-AMPAR antibodies turned negative. The symptoms of the patient continued to improve.


[image: Figure 2]
FIGURE 2. Cranial MRI results of the patient. Cranial MRI showed an increased signal intensity in the mesial temporal lobes and the hippocampus on T2 FLAIR and diffusion-weighted images. (A) T1-weighted image. (B) T2 FLAIR image. (C) Diffusion-weighted image.


To evaluate the tumors, malignancy screening including a computed tomography (CT) of the chest, the abdomen, and the pelvic was tested, which demonstrated a pelvic mass of 4.8 * 4.2 * 4.9 cm, indicating ovarian teratoma. A smaller mass was also found and considered as a cyst. Subsequent pelvic MRI indicated an ovarian teratoma on June 11. Laparoscopic partial ovariectomy was then performed with tracheal incubation and mechanical ventilation on June 12. The pathology report showed mature cystic teratoma in the right ovarian, consisting of choroid plexus, neuropil, sebaceous glands, hair follicles, and cartilage tissue (Figure 3). Although with mild memory impairment and gibberish sometimes, the patient can speak simple words. Lymphocyte classification showed CD3 + CD4 + cells of 780.76/μl, CD3 + CD8 + cells of 756.91/μl, and undetectable CD19 + cells on July 15. She was discharged on July 16. On 1-month follow-up, despite mild memory impairment, she can perform all the usual duties and activities.


[image: Figure 3]
FIGURE 3. The pathology results of the patient. The specimen showed mature cystic teratoma, consisting of choroid plexus, neuropil, sebaceous glands, hair follicles, and cartilage tissue by H&E staining. The arrows indicate lesions in (A–E). (A–E) Representative histopathological features of mature teratoma. (A) Choroid plexus. (B) Neuropil. (C) Hair follicles. (D) Sebaceous glands. (E) Cartilage tissue.




DISCUSSION

To the best of our knowledge, this is the first reported case of autoimmune encephalitis with multiple autoantibodies with concomitant HHV-7 infection and ovarian teratoma. No standard treatment for HHV-7-associated neurological complications has been established, although ganciclovir, foscarnet, and cidofovir are commonly used for HHV-7 antiviral treatment (13). Acyclovir is also an antiviral agent, which has a marked activity against the herpesviruses. It is reported that acyclovir is one of the most potent compounds with the highest anti-HHV-7 and can be used in central nervous system infection (14, 15). So, we empirically used acyclovir for this case with human herpesvirus encephalitis. The common clinical manifestations of anti-NMDAR and anti-AMPAR encephalitis included cognitive impairment, psychiatric disorder, dyskinesia, speech disorder, insomnia, autonomic dysfunction, and dysarthria (16). In this case, the patient's clinical manifestation of psychiatric disorder and cognitive impairment could be attributed to both anti-NMDAR antibody and anti-AMPAR antibody. Seizures and mouth and labial dyskinesia were associated with rgw anti-NMDAR antibody. After resection of ovarian teratoma and immunotherapy for autoimmune encephalitis, the related antibodies significantly decreased and even turned negative.

The HHV-7 rarely causes encephalitis, especially in immunocompetent patients. In a study conducted in Toronto, 57 (1.9%) out of 2,972 children were detected positive with HHV-7 DNA in their CSF, including 8 patients with meningitis and 7 patients with encephalitis (15). Clinical presentations of HHV-7 infection in the neurological system include a gradual loss of strength and weakness in the limbs, disorientation and confusion, flaccid paraplegia, localized anesthesia and hypoesthesia for pain and light touch, urinary retention, and constipation. These symptoms are similar to other encephalitides. So, it is hard to be successfully diagnosed by clinical practices. In addition, conventional diagnostic methods including culture and serology are not ideal for the detection of HHV-7. The mNGS is currently used in many infectious diseases and is performed with high sensitivity and specificity. It had a broad spectrum and can detect almost all pathogens. It has great advantages, for example, in identifying rare, novel, difficult-to-detect, and co-infected pathogens from clinical samples, especially for the detection of viruses (17). In this case report, HHV-7 was successfully identified by mNGS in CSF. The limitation of mNGS in this patient is that the HHV-7 DNA detection could not discriminate whether it is a primary infection or a latent reactivation, and it is complex to interpret the result. It has been reported that neurotropic viruses cause anti-NMDAR encephalitis by several mechanisms. One is that neurotropic viruses may lyse neurons, releasing antigens that stimulate antibodies to the NMDA receptor and triggering autoimmune encephalitis. Another proposed hypothesis is that anti-NMDAR encephalitis may stimulate latent virus reactivation, thus, leading to secondary encephalitis (8). To date, HHV-7 has not been documented in the setting of anti-NMDAR or anti-AMPAR encephalitis. The presentation is more of anti-NMDAR encephalitis than anti-AMPAR encephalitis, and AMPAR antibodies were at a low concentration (1:10 in CSF and serum). It may be a marker of increased auto-antibody production in response to a tumor cell breakdown, post-viral infection, and antigen release, or represent low-titer “false positive” results. Our patient completed the full first-line and second-line therapies for both anti-NMDAR and HHV-7 encephalitis, and her symptoms improved; it is unclear whether HHV-7 triggered the autoimmune condition of the patient, or it was present in the CSF as a result of latent viral reactivation. Her presenting symptoms were more consistent with anti-NMDAR encephalitis than HHV-7 encephalitis. Acyclovir treatment was used for 21 days because an immunosuppressive regimen for autoimmune encephalitis might worsen an underlying HHV-7 infection.

A recent study has reported that 4–7.5% of patients with anti-NMDAR encephalitis have concurrent glial antibodies or neuronal surface antibodies. Some of these antibodies have unique clinical features and may influence the prognosis (18). In that study, 6 patients had both anti-NMDAR and anti-AMPAR antibodies, most of whom were women (83%). About 67% of the patients had bilateral medial temporal lobe MRI abnormalities, and 83% had tumors (ovarian teratoma and breast cancer). All these patients had severe symptoms of anti-NMDAR encephalitis (4–5 groups of symptoms) with decreased levels of consciousness and required intensive care. In our case report, the patient was also a woman with severe symptoms of anti-NMDAR encephalitis (cognitive impairment, decreased level of consciousness, speech disorder, seizure, and dyskinesia), accompanied by a decreased level of consciousness and required admission to intensive care. Cranial MRI showed temporal lobe and hippocampal abnormality. Ovarian teratoma was found using cancer screening. Patients with co-existing anti-NMDAR antibody and neuronal surface antibody have a worse outcome than those with only anti-NMDAR antibody (19). Thus, early use of second-line immunotherapies is worth considering for these patients (18).

The limitation of the case is that HHV-7 DNA was only detected in the patient's CSF by mNGS. Serology and qPCR of HHV-7 in CSF and serum were not detected due to the limited amount of samples retained. The carrier frequency of HLA class II allele DRB1*16:02 was not detected in this paper either, which was reportedly associated with anti-NMDAR encephalitis (19).

In conclusion, a rare case of autoimmune encephalitis with multiple autoantibodies, concomitant HHV-7, and ovarian teratoma was found. These co-existing antibodies produced an overlap of clinical symptoms and lead to a worse prognosis of the patient. Thus, broad-spectrum etiological analyses, including multiple antibody panels, virus infections, and neoplastic risk factors, are needed for the evaluation of patients presenting with autoimmune encephalitis. Clinicians should consider concomitant therapy, especially in atypical cases. Additional pieces of research are needed to optimize the treatment regimen when the autoimmune encephalitis with multiple autoantibodies presents with concomitant viral detection.
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Background: Brain abscesses caused by Nocardia farcinica are rare and difficult to diagnose. Conventional methods for diagnosing Nocardia species include blood culture, microscopy, and tissue slice, but the performance is not satisfied. We report a case of brain abscess due to N. farcinica diagnosed by metagenomic next-generation sequencing (mNGS).

Case Presentation: We report a case of a 58-year-old man with brain abscess caused by N. farcinica. The patient had a history of pemphigus and required long-term methylprednisolone administration. No pathogen was detected in blood culture, cerebrospinal fluid (CSF) culture, and fast-acid staining. mNGS identified N. farcinica in the CSF. The symptoms and signs of the patient were significantly improved after changing the antibiotics accordingly to sensitive antibiotics.

Conclusion: Metagenomic next-generation sequencing (mNGS) is helpful for early diagnosis and subsequent treatment of Nocardia-associated meningitis and encephalitis, avoiding brain surgery. Early and accurate diagnosis and prompt antibiotic treatment reduced its mortality.

Keywords: Nocardia farcinica, central nervous system, infection, brain abscess, metagenomic next-generation sequencing


BACKGROUND

Nocardia is a Gram-positive, branching aerobic bacterium and universal in soil, water, and decaying plant matters. The Nocardia bacterium is an opportunistic pathogen that infects through the respiratory tract or skin contact. Predisposing factors are immunosuppressive treatment (28%), premedication (26%), hematological neoplasm (13%), transplant recipients (13%), HIV infection (11%), chronic lung disease (9%), diabetes mellitus (8%), and renal disease (8%) (1). Clinical forms of Nocardia farcinica infection include pulmonary or pleural infections, brain abscesses and skin or soft tissue infections (2). Brain abscesses caused by N. farcinica are rare and account for 2% of all intracranial abscesses (3). However, the mortality rate of nocardial brain abscesses is as high as 30%, which is much higher than the 10% caused by other bacteria (4), even with the development of imaging technologies and new antibiotics.

The diagnosis of N. farcinica using conventional methods is difficult, and the misdiagnosis may lead to inappropriate treatments and delay the therapy, resulting in the high mortality of the disease. Routine diagnostic methods are blood, cerebrospinal fluid, and brain aspirate culture, and craniotomy is generally performed to remove a lesion and obtain a specimen. According to the literature, 45.8% of patients underwent both medical and surgical management (5). Currently, metagenomic next-generation sequencing (mNGS) is being performed to identify pathogens in many infectious diseases, with high sensitivity and specificity (6). The introduction of this technique would contribute to early and accurate diagnosis of the disease, avoid surgery, and reduce mortality. Here, we report a case of N. farcinica brain abscess diagnosed by mNGS.



CASE PRESENTATION

A 58-year-old male with slurred speech for 11 days, accompanied by headache, fever, dizziness and vomiting for 1 day, was admitted to the Department of Neurology at the Affiliated Ganzhou Hospital of Nanchang University on November 15, 2018. He had a history of tuberculosis in 1978, pemphigus treated with oral methylprednisolone 8 mg per day for 1 year, and fungal pneumonia treated with voriconazole 200 mg twice daily. On examination, his body temperature was 37.1°C. Neurologic examination revealed nuchal rigidity, dysarthria, and impaired coordination (finger to nose test) of the right upper limb.

Laboratory findings included an initial leukocyte count of 9.85 ×109/L (with 88.1% polymorphonuclear cells, 5.7% monocytes, and 6.1% lymphocytes), ESR of 10 mm (normal range 0–20 mm per hour), C-reactive protein of 51 mg/L (normal range <10 mg/L), and albumin level of 41.3 g/L. Brain MRI showed cerebellar vermis and right cerebellar mass with peripheral contrast-enhancement and surrounding edema (Figure 1). Chest CT scan revealed chronic interstitial inflammation and localized emphysema of the left upper lung (Figure 2A). Antibacterial treatment with piperacillin/tazobactam (2.5 g q8h) was empirically started on November 15, 2018.


[image: Figure 1]
FIGURE 1. Magnetic resonance imaging (MRI) of the patient shows cerebellar vermis and right cerebellar brain abscess with ring contrast enhancement and peripheral edema. (A,B) T1-weighted imaging. (C,D) Axial and sagittal T1 contrast enhancement imaging. (E,F) T1-weighted imaging 4 months after treatment; the lesion was reduced markedly.



[image: Figure 2]
FIGURE 2. Thoracic computed tomography (CT) scan results and timeline of the treatment. (A) Thoracic CT scan showing chronic interstitial inflammation and localized emphysema of the left upper lung. (B) Timeline of the treatment of this case.


Lumbar puncture was then performed on November 17, 2018. The pressure was 210 mm H2O (normal range 80–180 mmH2O). The appearance of the CSF is colorless and clear. CSF analysis demonstrated leukocyte at 7,000 cells/ml, glucose levels at 3.2 mmol/L (normal range 2.8–4.5 mmol/L), and protein levels at 92.4 mg/dl (normal range 8–43 mg/dl). CSF staining including Gram stain, ink stain, and acid-fast stain were all negative. Blood culture and CSF culture were both negative.

PACEseq mNGS test (Hugobiotech, Beijing, China) using CSF sample was performed to identify the pathogens on November 23, 2018. QIAamp DNA Micro Kit (QIAGEN, Hilden, Germany) was used for DNA extraction, and a library of total DNA was built with QIAseq™ Ultralow Input Library Kit for Illumina (QIAGEN, Hilden, Germany). Qubit (Thermo Fisher, MA, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) were used to assess the quality of the DNA library. The qualified library was finally sequenced on a Nextseq 550 platform (Illumina, San Diego, USA). After sequencing, adapters and short, low-quality, and low-complexity reads were removed from the raw data. Human DNA was also filtered out by mapping to the human reference database (hg38). The remaining reads were finally aligned to the Microbial Genome Database (ftp://ftp.ncbi.nlm.nih.gov/genomes/). N. farcinica (44 specific reads), human cytomegalovirus (2 specific reads), and human herpesvirus 4 (4 specific reads) were detected (Figure 3). The antibacterial regimen was changed to trimethoprim-sulfamethoxazole (TMP-SMZ) (160/800 mg q12h) and linezolid (600 mg q12h). Prednisone and voriconazole were continued to be used in the treatment of pemphigus and fungal pneumonia, respectively. The symptoms of the patient improved significantly, and he was discharged on November 25.


[image: Figure 3]
FIGURE 3. Metagenomic next-generation sequencing (mNGS) results of this case. (A) Coverage of Nocardia farcinica detected by mNGS was.05%. (B) A total of 44 specific reads of N. farcinica were detected by mNGS in this case.


The antibiotic regimen was changed to oral TMP-SMZ, linezolid, and moxifloxacin, and maintained for 12 months. He returned to the hospital for follow-up on March 3, 2019. MRI showed a significant reduction of brain abscess (Figure 1). The patient was followed up for 28 months and was currently asymptomatic without neurological defects. The timeline of the treatment is shown in Figure 2B.



DISCUSSION AND CONCLUSIONS

To the best of our knowledge, this is the first case of nocardial brain abscess with pemphigus diagnosed by mNGS without surgical interference. Huang et al. (7) reported a case of brain abscess caused by Nocardia asiatica and detected with the combination of Ziehl-Neelsen stain and mNGS. After craniotomy, mNGS identified the pathogen in the purulent fluid from the core of abscess as N. asiatica. Another case reported by Zhou et al. (8) showed a idiopathic thrombocytopenic purpura patient with N. farcinica brain abscess diagnosed by mNGS using CSF. Unfortunately, the patient was transferred to a local hospital for treatment and lost contact.

The result of mNGS showed N. farcinica (44 specific reads), human cytomegalovirus (2 specific reads), and human herpesvirus 4 (4 specific reads). Cutibacterium acnes and Burkholderia ubonensis were detected as background bacteria. The role of human herpesvirus 4 (Epstein-Barr virus) in central nervous system infections is not fully resolved. EBV associated neurologic diseases include encephalitis, meningitis, cerebellitis, polyradiculomyelitis, transverse myelitis, cranial and peripheral neuropathies, and psychiatric abnormalities. They are usually seen in immunocompromised patients. EBV is commonly found together with other CNS infections including varicella zoster virus, cytomegalovirus, Cryptococcus, and Nocardia. Immunosuppressive state and other infections in the CNS may trigger EBV reactivation (9). Imaging findings reported on EBV encephalitis are nonspecific. Brain magnetic resonance imaging (MRI) can show normal parenchyma, leptomeningeal enhancement, and multifocal areas of hyperintensity within the subcortical white matter and deep gray nuclei (10). Cytomegalovirus infection of CNS may cause encephalitis, ventriculitis, polyradiculitis, or polyradiculomyelitis (11). Neuroimaging abnormalities include nonspecific white matter changes, periventricular enhancement, and, occasionally, mass lesions with edema and enhancement that mimic tumors (11). In this case, the MRI of the patient showed cerebellar vermis and right cerebellar mass with peripheral contrast enhancement and surrounding edema, and the symptoms of the patient significantly improved after treatment with TMP-SMZ, linezolid, and moxifloxacin, not a combination of antiviral medicines, supporting the diagnosis of brain abscess caused by Nocardia.

Nocardia is an opportunistic microorganism that exists in nature. It can be inhaled into host. Nocardia affects the lungs more frequently than the central nervous system (12). Male sex has been reported to be a risk factor for nocardial infection (13). Brain abscess caused by N. farcinica usually occurs in immunocompromised individuals, such as those under long-term use of immunomodulatory therapy, infected with HIV, and those who underwent cancer chemotherapy. Chronic corticosteroid therapy, especially at higher doses and prolonged duration, is associated with increased risk of opportunistic infections such as pneumocystis pneumonia.

The diagnosis of N. farcinica brain abscess mainly depended on bacterial culture because of its lack of characteristic imaging and clinical features. Low positive rate of bacterial culture may lead to misdiagnosis and craniotomy. It can be misdiagnosed as ischemic or hemorrhagic stroke, glioma, primary brain tumor, or metastatic malignancy (8, 14).

In this case, the patient was male with a history of pemphigus and had impaired immune function after long-term use of methylprednisolone. The pathogen of CSF was diagnosed to be N. farcinica by mNGS. These results suggest that mNGS is a noninvasive and reliable method for pathogen identification. As a result, the patient received timely diagnosis and sensitive antibiotic treatment with good prognosis.

Case reports and small sample cohorts described the clinical features, treatment, and prognosis of nocardial brain abscess (5, 14). Nocardial brain abscess occurs in people aged 50–60 years (15). Our patient is 58 years old. Brain abscess caused by N. farcinica tends to have multiple lesions (16, 17). In this case, the right cerebellum and cerebellum vermis were involved simultaneously.

Although limited cases have been reported, in most cases, surgical excision and aspiration are considered necessary for diagnosis and treatment. Surgical aspiration is recommended in lesions larger than 2.5 cm in diameter or if the abscess does not decrease in size within 4 weeks (15). TMP-SMZ is the first line of therapy, and the duration is 6–12 months, or 1 year if CNS is involved. Daily TMP-SMZ prophylaxis may prevent nocardiosis and other opportunistic sensitive infections (17), while TMP-SMZ treatment may not be helpful in the differential diagnosis of nocardia brain abscess. Due to the high morbidity and mortality of nocardial brain abscesses, TMP-SMZ is usually used in combination with another highly bioavailable antibiotic with good penetration to central nervous system (CNS) for the therapy of nocardial brain abscess. Antibiotics with stronger potency, namely, imipenem, amikacin, and linezolid, are recommended for the initial therapy. Recent studies have shown that linezolid can be used in combination with TMP-SMZ for its good CNS penetration (18). In this case, the patient received a combination of TMP-SMZ and linezolid regimen during admission and it was changed to oral TMP-SMZ, linezolid, and moxifloxacin for 1 year.

In conclusion, the possibility of infection with Nocardia should be kept in mind in patients who are in immunocompromised condition and exhibiting CNS infection, especially those who lack response to conventional antibiotics. CSF mNGS detection accompanied by conventional blood and CSF culture and fast-acid staining are necessary for early and accurate diagnosis. Empirical therapy including sulfonamides in combination with other high blood-brain barrier penetration antibiotics may prevent high mortality.
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Objective: The aim of this study was to evaluate the potential of metagenomic next-generation sequencing (mNGS) for the diagnosis of pneumocystis pneumonia (PCP) in patients with non-human immunodeficiency virus-infection and to discuss the clinical characteristics and identify prognostic factors associated with patients with non-HIV PCP.

Methods: Forty-six patients with PCP who were admitted in respiratory intensive care unit (ICU) between May 2018 and May 2020 were retrospectively reviewed. The subjects were divided into survivor and non-survivor groups according to the patients' outcome. Conventional methods and mNGS for detecting Pneumocystis jirovecii (P. jirovecii) were analyzed. The patients' demographics, comorbidities, laboratory parameters, and treatments were compared and evaluated in both groups to identify risk factors for mortality by using univariate and multivariate logistic regression.

Results: Metagenomic next-generation sequencing (mNGS) showed a satisfying diagnostic performance of 100% positive of detecting P. jirovecii from bronchoalveolar lavage (BAL) specimens in forty-six patients with non-HIV PCP, compared to only 15.2% for Gomori Methenamine silver (GMS) staining and 84.8% for Serum 1,3-beta-D-glucan (BDG). Among them, the mean age was 46.4-year-old (range 18–79-year-old) and mortality rate was 43.5%. The dominant underlying conditions were connective tissue diseases (34.8%), autoimmune kidney diseases (30.4%), followed by hematologic malignancies (10.9%), and solid organ transplantation (6.5%). A total of 38 cases (82.6%) received glucocorticoid and 19 cases (41.3%) used immunosuppressant within 3 months before diagnosed PCP. Multiple infections were very common, over two thirds' cases had mixed infections. Compared with survivors, non-survivors had a higher acute physiology and chronic health evaluation II (APACHE II) score (14.4 ± 4.8 vs. 10 ± 3.4), Procalcitonin (PCT) [ng/ml: 0.737 (0.122–1.6) vs. 0.23 (0.095–0.35)], lactic dehydrogenase (LDH) [U/L: 1372 (825.5–2150) vs. 739 (490.5–956)], and neutrophil-lymphocyte ratio (NLR) [21.6 (15.67–38.2) vs. 11.75 (5.1–15.52)], but had a lower PaO2/FiO2 ratio (mmHg:108.8 ± 42.4 vs. 150.5 ± 47.5), lymphocytes [×109/L: 0.33 (0.135–0.615) vs. 0.69 (0.325–1.07)] and CD4+ T cells [cell/μl: 112 (53.5–264) vs. 255 (145–303.5)], all P < 0.05. Furthermore, we found non-survivors' PaO2/FiO2 ratio of day 3 and day 7 had not improved when compared with that of day one, and platelet level and NLR became worse. Multivariate analysis showed that other pathogens' co-infection (OR = 9.011, 95% CI was 1.052–77.161, P = 0.045) and NLR (OR = 1.283, 95% CI was 1.046–1.547, P = 0.017) were the independent risk factors of poor prognosis.

Conclusion: mNGS is a very sensitive diagnostic tool for identifying P. jirovecii in patients who are non-HIV immunocompromised. PCP in patients who are non-HIV infected is associated with a high rate of multiple infections and severe condition. Mixed infection and elevation of NLR were the independent risk factors of poor prognosis.

Keywords: immunocompromised, Pneumocystis jirovecii, pneumonia, non-HIV, mNGS


INTRODUCTION

Pneumocystis pneumonia (PCP) is an opportunistic pulmonary fungal infection caused by Pneumocystis jirovecii (P. jirovecii) in immunocompromised populations. And it is very common among patients with HIV/AIDS. Especially, patients with HIV/AIDS with a low CD4 count (CD4 counts <200/μl) are at the highest risk of PCP (1, 2). With the widespread use of antiretroviral and PCP prophylaxis therapy, the incidence and mortality of PCP in patients with HIV/AIDS has gradually declined and it is around 10–20% nowadays (3, 4). However, the emerging number of conditions associated with immunosuppression has led to its continuing appearance in non-HIV patient population. The incidence of PCP is gradually increasing among patients who are non-HIV immunocompromised such as those receiving chronic corticosteroid therapies, with hematological or solid malignancies, transplant recipients and those who receive immunomodulatory or biological therapy (5, 6). Moreover, in the non-HIV-infected population, PCP is often associated with a higher rate of progressing to respiratory failure which occurs within a short time and causes a mortality rate of 30–60% (7). The growing incidence and high mortality of pneumocystis infection in the non-HIV patients suggest the need of more attention, including earlier diagnosis and treatment.

Despite the growing prevalence of PCP in immunocompromised individuals, establishing a microbiological diagnosis remains a challenge in this vulnerable population. Because the Inability to culture pneumocystis and non-specific clinical manifestations, together with relatively lower burden of organisms in HIV-uninfected patients (4, 8), conventional microbiological methods usually have an inadequate performance of finding P. jirovecii, and it may present false negative results of conventional tests (9). Metagenomics next-generation sequencing (mNGS) is a molecular technology of nucleic acid sequencing with high-throughput capacity and unbiased pathogen detection in a single assay, which has been considered a promising microbial identification technology in infectious diseases (10). Recently, several studies have shown its advantage in detecting a wide range of pathogens from different clinical specimens (11–13). However, the study about the utility of mNGS of bronchoalveolar lavage (BAL) fluid specimens for the diagnosis of PCP in non-HIV patients remains rare.

In the present study, we describe the use of mNGS of BAL fluids for detecting P. jirovecii and discuss the characteristics and risk factors of the outcome of non-HIV immunocompromised patients with PCP.



MATERIALS AND METHODS


Study Participants

We retrospectively collected a total of 46 immunocompromised patients diagnosed with PCP by mNGS test of BAL in our respiratory intensive care unit (ICU) from May 2018 to May 2020. This study was approved by the ethical committee of the first affiliated hospital of Zhengzhou University (The ethics approval number was 2020-KY-521), and informed consents were signed by patients or surrogates. Patients who met the following criteria were diagnosed with PCP: (1) Clinical symptoms (cough, fever, or shortness of breath) and laboratory parameters [1,3-beta-D-glucan (BDG) test and lactic dehydrogenase (LDH)] relevant to PCP; (2) Imaging findings compatible with PCP (present bilateral interstitial, ground-glass opacity and alveolar infiltrates in perihilar areas); (3) Identifying the genetic sequences of P. jirovecii by mNGS of BAL specimens. All patients enrolled were defined as HIV-negative, with one or more of the following immunosuppressive host conditions: receiving corticosteroid therapy within 3 months; active malignancy and/or receiving cancer chemotherapy; solid organ transplantation; hematological malignancy; receiving biologic immune modulators and/or immunosuppressive therapy. Patients with the following conditions were excluded: (1) Age < 18 years old; (2) HIV infection; (3) Length of stay in ICU < 24 h; (4) Incomplete medical record.



Microbiological Investigations

All patients had bronchoscopy performed, and BAL specimens were obtained. Each BAL specimen was divided into aliquots for both conventional microbiological test and mNGS test. Some specimens were sent to the Vision Medical Co., Ltd. (China) for the mNGS analysis, and the processes of nucleic acid extraction, library construction, and high-throughput sequencing were performed, in turn. Finally, bioinformatics analysis and pathogen data interpretation were performed, all of which were already noted in detail in previous studies (14, 15).

At the same time, conventional tests were also conducted for microbiological analysis, including bacterial/fungal smear and culture, acid-fast staining, P. jirovecii smear [Gomori Methenamine silver (GMS) staining], and real-time PCR including cytomegalovirus (CMV), influenza virus. Real-time PCR was performed with a commercial CMV assay using MagNA Pure LC instrument (Roche Molecular Biochemicals, Indianapolis, IN). Positive control and negative control were included in all assays. The lower limit of detection of the assay was estimated to be <50 copies/ml (as per the instruction of the manufacturer). DNA integrity of the samples was confirmed by the presence of internal control DNA. The mixed infection was defined as the isolation of more than one pathogenic species. Furthermore, there was a consensus of clinically significant pathogens reached by physicians based on the comprehensive analysis of conventional and mNGS results, clinical features, and laboratory findings.



Clinical Data Collection

Clinical parameters of each patient were acquired through review of electronic medical records. We recorded patient data regarding demographics, underlying diseases, use of immunosuppressant, laboratory test results, acute physiology and chronic health evaluation II (APACHE II) score, the time of ICU stay, and the outcome of the patient.



Statistical Analysis

For continuous variables, normally distributed variables were reported as the mean and standard deviation and as the median and interquartile range (IQR) if they had a skewed distribution. Categorical variables were expressed as frequencies and percentages. Continuous variables were compared using the t-test or Mann-Whitney U test where suited. Categorical variables were compared using the chi-squared or Fisher's test, and repeated-measures analysis of variance was used when comparing differences between continuous variables over time. Logistic regression models were used to identify the risk factors of poor outcome. Covariates with a P < 0.05 in the univariate analysis were included in the final model of multivariable logistic regression. All statistical analyses were performed using the SPSS software version 23.0 (IBM, Armonk, NY, USA). P < 0.05 were considered significant, and all tests were 2-tailed.




RESULTS


Characteristics of Study Subjects and Detection of P. jirovecii in BAL Specimens by mNGS

Forty-six patients were enrolled during the study period. Among them, the mean age was 46.4 (18–79) years old and 22 (47.8%) of the patients were male. The mean age and gender compositions of survival and non-survival groups were similar. The underlying diseases of PCP patients were as follows: connect tissue diseases (34.8%), autoimmune kidney disease (30.4%), hematological malignancies (10.9%), and kidney transplant recipients (6.5%). As expected, PCP patients had various immunosuppressive conditions: Within 3 months prior the PCP diagnosis, 38 patients (82.6%) received steroids for inflammatory and/or autoimmune diseases, 19 cases (41.3%) took more than one immunomodulatory drug. However, none of them received PCP prophylaxis therapy (As shown in Table 1).


Table 1. Underlying and co-infection conditions of non-HIV immunocompromised pneumocystis pneumonia (PCP) patients.
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Metagenomics next-generation sequencing (mNGS) and GMS staining of BAL specimens were performed in each patient. The mNGS test of forty-six patients' specimens all found P. jirovecii (sequence reads 12–214,898), and the result of GMS staining of BAL specimens showed that P. jirovecii was identified only in 7 cases (15.2%). Additionally, sputum specimens were obtained from 18 patients (39.1%); however, all showed negative results of P. jirovecii. BDG was widely used as a serologic biomarker of PCP. In this study, Serum BDG testing showed that 84.8% of patients had a positive result (Serum BDG > 100 ng/L).



Treatments and Outcome

All patients were treated with trimethoprim-sulfamethoxazole or combined with caspofungin. Meanwhile, 42 patients (93.5%) received adjuvant corticosteroid therapy. As for oxygen support, 21 patients needed invasive mechanical ventilation, the remaining patients were oxygenated by non-invasive mechanical ventilation and high-flow nasal oxygen treatment. The non-survival group had a higher rate of receiving invasive mechanical ventilation when compared with the survival group (70% vs. 26.9%, P = 0.004).

Multi-infections were very common among PCP patients, and about 2/3 of patients had mixed infections. Among them, the most commonly detected co-infection pathogen was CMV. A total of 19 cases were co-infected with CMV, but there was no significant difference on the incidence between the two groups. Although patients with multi-infections were prescribed with relevant anti-bacterial or anti-fungal, antiviral agents, patients with multiple infections still had higher risk of poor outcomes than those without. Non-survivors had a significantly higher rate of mixed infection (95% vs. 46.2%, P = 0.001), which was also shown to be an independent risk factor of death in multivariate logistic analysis. The hospital mortality rate of the patients was 43.5%. The length of stay in the ICU of non-survivors was shorter than those of the survivors, but no statistical significance was observed (As shown in Table 2).


Table 2. Demographic and clinical characteristics of non-HIV PCP patients.
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Prognostic Factors by Univariate Analysis

As shown in Table 2, compared with survivals, non-survivals appeared to have higher white blood cell count, neutrophil count and serum C-reactive protein, but no significance was observed between the two groups. All PCP patients showed lymphopenia with a median lymphocyte count of 0.55 × 109/L in peripheral blood and had significantly high LDH levels. Median serum levels of LDH (739 vs. 1,372 U/L) and neutrophil-to-lymphocyte ratio (NLR) (11.75 vs. 21.6) remarkably increased in both cohorts. Compared with survivors, non-survivors had a significantly higher APACHE II score within 24 h while admitted in the ICU, higher NLR ratio, PCT and LDH level, but had a lower PaO2/FiO2 ratio, lower lymphocytes, CD4+T cells and CD4+/CD8+ ratio; all P < 0.05. There was no significant difference in comparison of the cytokine' levels (IL-6, IL-10, and TNF-α) between the two groups.



Multivariate Analysis

Covariates with a P < 0.05 in the univariate analysis were included in the final model of multivariable logistic regression, and multivariate analysis showed that multiple infection and NLR were independent risk factors for non-HIV PCP patients that resulted in death (OR 1.283; 95% CI 1.046–1.574; OR 9.011; 95% CI 1.052–77.161; respectively) (Shown in Table 3).


Table 3. Univariate and multivariate analysis of risk factors for poor outcome.
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Dynamic Changes of Laboratory Parameters Between Survival and Non-survival PCP Patients

Figure 1 showed the survivor and death groups' comparison on the dynamic changes of several laboratory parameters on day 1, day 3, and day 7 in ICU. Apparently, PaO2/FiO2 ratio of survival patients was improved gradually. PaO2/FiO2 ratios on day 3 and 7 were obviously higher than day 1. However, non-survivors hadn't gained PaO2/FiO2 ratio's elevation, and comparison of the tendency of PaO2/FiO2 ratio between the two groups also showed significant difference. In addition, the lymphocyte level had increased gradually and tended to be normal. C-reactive protein (CRP) and LDH levels decreased among survivors, all of which presented converse change in non-survivors. Furthermore, non-survivors had a significant decrement of platelets and an obvious rise of NLR ratio, and the repeated-measures analysis of these variance showed significant difference; all P < 0.05.
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FIGURE 1. Dynamic change of parameters between survivors and non-survivors. P/F ratio, PaO2/PiO2 ratio; LYM, Lymphocyte; PLT, Platelet; CRP, C reactive protein; LDH, Lactate dehydrogenase; NLR, Neutrophil-to-lymphocyte ratio.





DISCUSSION

With a growing incidence among immunocompromised populations, PCP became a more common opportunistic infection which can be life-threatening. In this retrospective study of 46 immunocompromised patients in ICU settings, all patients were diagnosed with PCP infection based on mNGS of BAL fluids, and none of the subjects had received any PCP prophylaxis. Meanwhile, mixed infections were very common among PCP patients. The hospital mortality rate was 43.5%. Multivariate analysis showed that mixed infection and NLR were independent risk factors of poor prognosis.

Conventional method via direct staining and microscopy for the detection of P. jirovecii lacks sensitivity. Furthermore, the organism cannot be cultured in a laboratory (7, 16). In the present study, mNGS which is a burgeoning microbial detection method confirmed the diagnosis of PCP among these patients. Genetic sequences of P. jirovecii were founded by mNGS from the BAL specimen of each patient while GMS staining only showed 15.2% positive results. Compared with the inadequate sensitivity of conventional methods (9), we found that mNGS had an excellent capability for the diagnosis of PCP and also had advantages in identifying co-pathogens in PCP patients with mixed infections. Again, data from several recent studies supported its advantages in detecting opportunistic pathogens and mixed infections, especially in detecting uncultivable pathogens, such as P. jirovecii (17–19). More importantly, in a retrospective study of evaluating the utility of mNGS for the diagnosis of PCP, their research data revealed that the sensitivity of mNGS was 100% in non-HIV infected PCP patients, which was dramatically higher than GMS staining and serum BDG (20).

Previous studies showed that PaO2/FiO2 ratio and invasive mechanical ventilation were the influence factors of PCP prognosis (21, 22). Consistent with these studies, we also found that non-survivors had a higher rate of invasive mechanical ventilation and lower PaO2/FiO2 ratio level. Moreover, non-survivors had almost gained no PaO2/FiO2 ratio's elevation during the first 7 days in ICU while PaO2/FiO2 ratio of survivors was improved gradually and was obviously higher than those of the non-survivors.

The elevation of LDH was shown to be correlated with PCP patients' poor outcome (23) in the study of Schimdt et al. Meanwhile, Yoshida et al. found that hypoproteinemia also affects prognosis among PCP patients with inflammatory bowel disease (24). By comparing the dynamic change of laboratory parameters (PaO2/FiO2 ratio, LDH and NLR, and so on) on day 1, 3, and 7 after admission in the ICU, our study demonstrated a significant different trend between survivors and non-survivors. Briefly, the non-survival group showed an increase in NLR and a decrement in platelets gradually, but gained no improvement in PaO2/FiO2 ratio. At the same time, the increase of CRP and LDH, which would indicate the ineffective response to treatment and the high risk of poor prognosis, was also significantly higher than that of the survivors' group. Similarly, the research on risk factors of short-term outcome in PCP patients with HIV infection showed that over 90% of patients had an abnormal test of CRP, ESR, PaO2, LDH, and KL-6 (25). In the present study, several laboratory parameters of PCP patients with poor prognosis got worse over the first 7 days in the ICU. Therefore, identifying the sickest patients early and taking the appropriate measures in a timely manner would improve the patient's outcome.

Because of depressive immune status, together with lower lymphocytes and T lymphocyte subsets than normal level, except PCP infection, these patients also had high risks of multiple infections occurring. The research of Huang et al. (26) of PCP patients with acute respiratory failure showed that occurrence of sepsis shock, ventilation related pneumonia, and CMV infection in PCP patients were 36.6, 43.9, and 58.5%, respectively. The result of another study about non-HIV PCP patients with CMV co-infection (27) indicated that fungus co-infection was a risk factor of CMV happening on PCP patients. Our study still found that mixed infections were very common in over 2/3 of patients with PCP, and the occurrence of mixed infection was also associated with poor prognosis. Multiple infections therefore need intense attention among immunocompromised PCP patients. Multilogistic regression analysis also showed NLR was a predictor of poor outcome. The elevation of NLR may be correlated with mixed infection and progress of the disease. The parameters of neutrophil and lymphocyte can be gained easily from regular daily blood test, so NLR would be a convenient and effective indicator which can be used to assess the patients' condition and prognosticate an outcome dynamically. However, there still need to be more prospective research to confirm its accuracy.

There is a need to mention that none of the patients in this study had received prophylaxis with sulfamethoxazole-trimethoprim, which would contribute to an occurrence of PCP in these patients. Almost similarly, the prophylaxis rates were all <20% in several previous studies on patients with PCP and non-HIV infection (21, 23, 28). Importantly, PCP prevention therapy can significantly reduce the morbidity and mortality of patients with PCP and HIV or patients with PCP but without HIV infection (29). There were already several clinical practice guidelines issued which suggest that the kidney transplant recipients and hematological malignancy patients should conduct PCP prophylaxis (30, 31). It is important that physicians should realize that non-HIV immunocompromised patients are also at risk of PCP and that rapid diagnosis and early initiation of treatment can lead to better prognosis. More attention is still needed to be paid on PCP prophylaxis among those non-HIV-infection populations with immunosuppression.

Our study had several limitations. First, the subjects were recruited from a single medical center, and the number of study participants was relatively small. Second, this was a retrospective study, some biases (such as selective bias) may influence the accuracy of our research outcome. Third, despite the combined use of clinical symptoms, radiographic findings, and mNGS test for PCP diagnosis, the possibility of including patients with P. jirovecii colonization cannot be completely eliminated. Finally, the study participants were all enrolled from ICU, so the patients' condition was critical and severely ill. Therefore, our research outcome may be inapplicable for mild patients. Further studies are still needed among patients with PCP.

In conclusion, mNGS is a very sensitive diagnostic tool for identifying P. jirovecii inpatients who are non-HIV immunocompromised. PCP in patients who are non-HIV-infected is associated with a high rate of multiple infections and severe condition. Mixed infection and NLR were the independent risk factors of poor prognosis.
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Invasive pulmonary aspergillosis (IPA) is one of the major causes of morbidity and mortality in immunocompromised patients such as hematological malignancies, hematopoietic stem cell transplantation, and solid organ transplantation. The diagnosis of IPA in these patients is still difficult because it has no obvious specificity in clinical symptoms, signs and imaging, and test sensitivity of blood 1,3-β-D-glucan test, galactomannan are low. Therefore, we still need to explore more diagnostic methods. In our study, via peripheral blood metagenomic next-generation sequencing (mNGS), five patients were tested positive for Aspergillus DNA and then quickly diagnosed as IPA. Out of the 5 cases, 1 was proven and 4 were probable IPA. The underlying diseases of the 5 patients were myelodysplastic syndrome (2 cases), acute myeloid leukemia (2 cases), and renal transplantation (1 case). Then they were diagnosed as IPA using other methods such as lung histopathology, bronchoalveolar lavage fluid (BALF) mNGS, and sputum culture or sputum mNGS. In case 1, sputum culture suggested Aspergillus flavus. In case 2, both Grocott methenamine silver (GMS) stain of lung histopathology and lung tissue mNGS suggested Aspergillus infection. In cases 3 and 4, BALF-mNGS suggested Aspergillus infection. In case 5, sputum mNGS suggested Aspergillus infection. In conclusion, detecting the cfDNA of Aspergillus via peripheral blood mNGS can be used to diagnose IPA and is a rapid and non-invasive diagnosis method.

Keywords: invasive pulmonary aspergillosis, diagnosis, peripheral blood, metagenomic next generation sequencing, neutropenia


INTRODUCTION

Invasive pulmonary aspergillosis (IPA) is the most serious type of Aspergillus-related infection with the worst prognosis (1, 2). Risk factors for IPA include neutropenia, hematopoietic stem cell transplantation (HSCT), solid organ transplantation (SOT), and long-term use of corticosteroids (3, 4). A study on autopsy results showed that the incidence of IPA is increasing, and in spite of the improvement of diagnostic techniques, 75% of invasive fungal diseases still cannot be diagnosed before death (5). The mortality rate of IPA is high. The 90-day mortality rate of hematology patients combined with IPA who received and did not receive voriconazole prophylaxis was 46 and 59.3%, respectively (6). Delayed diagnosis and treatment were important causes of the high mortality of IPA (7).

At present, the commonly used clinical methods to diagnose IPA include chest computed tomography (CT), galactomannan test (GM test), direct microscopic examination, fungal culture, plasma, serum, whole blood or bronchoalveolar lavage fluid (BALF) polymerase chain reaction (PCR), and histopathological evaluation. The chest CT images of IPA are often atypical, and it is difficult to distinguish it from other infections using imaging. The 1,3-β-D-glucan test (G test), GM test, direct examination, fungal culture, and other tests also have disadvantages such as low sensitivity and poor specificity (8, 9). Although histopathology is the gold standard, patients with hematological diseases, HSCT, and SOT are often in poor physical condition and blood coagulation function, making invasive procedures to obtain tissue specimen often difficult to tolerate. The sensitivity and specificity of the GM test of BALF are higher than those of blood GM test and culture (8), but it can be easily affected by the patient's disease state, which makes its clinical application quite limited. Therefore, there is an urgent need for a rapid and non-invasive method to accurately diagnose IPA.

Metagenomic next-generation sequencing (mNGS) is increasingly used in the clinical diagnosis of infectious diseases. As a new technology that does not require culture, it can directly identify non-cultivable, fastidious, and non-bacterial (viral and fungal) pathogens from blood samples, with a higher sensitivity than conventional culture methods (10). Although it is difficult for Aspergillus to grow in peripheral blood, hyphae growing in the alveoli can penetrate the air and blood barrier, erode capillary endothelial cells, and invade small arteries and lung parenchyma. In that process, DNA fragments may enter the blood, so the PCR detection of peripheral blood can be used to diagnose IPA. PCR detection improves the possibility of early diagnosis of Aspergillus; however, the limitation of primer design and incomplete coverage may cause false negative results and delay the diagnosis. It has been confirmed that plasma mNGS can identify circulating DNA of respiratory pathogens in critically ill patients with bacterial pneumonia (11), but it is still unclear whether plasma mNGS can be used to diagnose IPA.

In this study, IPA was identified via peripheral blood mNGS, demonstrating its important role in the clinical diagnosis of IPA. Now we are reporting demographic information, clinical symptoms, diagnosis and treatment, and prognosis of the 5 patients. To our knowledge, this is the first report of IPA diagnosis via peripheral blood mNGS in China.



MATERIALS AND METHODS

We collected 5 patients whose peripheral blood mNGS test was positive for Aspergillus between September 9, 2020, and December 31, 2020, and recorded the demographic information, clinical symptoms, imaging examination results, laboratory examination results, treatment medication, and prognosis. We categorized IPA as proven, probable, and possible according to the 2019 European Organization for Research and Treatment of Cancer and the Mycoses Study Group Education and Research Consortium (EORTC/MSGERC) criteria (12). The galactomannan (GM) test was performed at least 3 times in each case, and we recorded the highest detection value. The positive threshold of GM test is 1.0 μg/L (12). This study was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University. The ethics approval number is 2021-KY-0439-002.


Peripheral Blood mNGS

Peripheral venous blood specimens were collected using blood collection tube (BCT) tubes, centrifuged at 1,600 g for 10 min, and the plasma supernatant was used for cell-free DNA (cfDNA) extraction. Experiment quality was controlled by internal controls (IC) and external controls. To ensure that there were no mistakes in specimen tracking, 24 different ICs were designed. Each mNGS assay was run along with an external negative batch control consisting of 20 ng human cell line DNA (ATCC, CCL-243) in 600 μl 1M Tris-HCl buffer. DNA from all specimens, including the negative controls, was extracted using the TIANamp Micro DNA Kit (TIANGEN) and quantified using fluorometry (ThermoFisher Scientific). DNA libraries were constructed using an NGS library construction kit (Enzymatics) with unit dual index adapters. Libraries were pooled to be sequenced on Illumina NextSeq sequencers using a 75-cycle single-end sequencing strategy.

The primary sequencing output was demultiplexed with bcl2fastq version 2.20.0.422 with default parameters. Reads for quality trimming, low-complexity sequences, and adapter removal were performed using fastp version 0.19.5 (13). Specimens with fewer than 10 million reads after quality control (QC) were excluded in this study. The QC information of specimens is shown in online Supplementary Table 1. Reads mapped to human reference assembly GRCh38 were removed using bowtie2 version 2.3.4.3 (14). A set of criteria similar to the National Center for Biotechnology Information (NCBI) criteria was used for selecting representative genomes for microorganisms from the NCBI Nucleotide and Genome databases. The final database consisted of about 12,000 genomes. All putative microbial reads were aligned to our microorganism database with SNAP version 1.0beta.18 (15). The laboratory of our hospital adopts the mNGS process of Professor Wang Hui of Peking University People's Hospital (16).




RESULTS

We identified 5 patients who tested positive for Aspergillus via peripheral blood mNGS. Pathological or other pathogenic results confirmed that all the 5 patients had IPA. The flow diagram of included patients is shown in Figure 1. Demographic and clinical characteristics are shown in Table 1. The detailed medical records of those 5 patients are as follows.


[image: Figure 1]
FIGURE 1. The diagnostic process of 5 cases.



Table 1. Demographic and clinical characteristics.
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Case Descriptions

Case 1, a male patient aged 55 years, was admitted to the hospital on September 11, 2020, with “fever and cough for 3 days.” The patient was diagnosed with myelodysplastic syndrome (MDS) in July 2019. With type II diabetes, the patient's serum glucose was controlled well. On August 20, 2020, “decitabine + CAG (cytarabine + acramomycin + granulocyte colony-stimulating factor) chemotherapy regimen” was performed, and there was mild bone marrow suppression after chemotherapy. On September 8, 2020, the patient developed fever, with a maximum body temperature of 39.6°C, accompanied by cough, white sticky sputum, chest tightness, and asthma. Laboratory examinations on admission are as follows (Table 2): white blood cell (WBC) count, 0.32 × 109 cells/L; red blood cell (RBC) count, 2.41 × 1012 cells/L; hemoglobin (Hb), 79.3 g/L; platelet (PLT), 6 × 109 cells/L; neutrophile (NE), 0.03 × 109 cells/L; lymphocyte (Ly), 0.28 × 109 cells/L; procalcitonin (PCT), 3.45 ng/ml; C-reactive protein (CRP), 131 mg/L; G test, <10 pg/ml; GM test, <0.25 μg/L; and chest CT on September 14, 2020: multiple small nodules could be seen in both lungs (Figure 2A). After admission, blood culture and sputum culture were conducted, and the patient was given anti-infective treatment with biapenem, voriconazole, and teicoplanin, but body temperature did not improve significantly. On September 15, 2020, peripheral blood was collected for mNGS. On September 16, 2020, the results of peripheral blood mNGS suggested Aspergillus flavus and Aspergillus fumigatus infection (Table 3). On September 18, 2020, sputum culture suggested A. flavus infection. After continued voriconazole treatment for 1 week, the patient died of secondary mucor infection.


Table 2. Laboratory examination and treatment.
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FIGURE 2. Findings of chest CT scan. (A) Chest CT of case 1 showing multiple small nodules in both lungs and a little pleural effusion on both sides. (B) Chest CT of case 2 showing multiple small nodules in both lungs and halo signs around some nodules. (C) Chest CT of case 3 showing multiple small nodules along the vascular bundles in both lungs and a little pleural effusion on both sides. (D) Chest CT of case 4 showing multiple irregular nodules in both lungs and a little pleural effusion on the right side. (E,F) Chest CT of case 5 showing multiple nodules and masses in both lungs.



Table 3. Results of peripheral blood mNGS.
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Case 2, a female patient aged 21 years, was admitted to the hospital on November 26, 2020, with “acute myeloid leukemia (AML) diagnosed for more than 11 months and fever for 6 days.” On November 5, 2020, the patient received “decitabine 10 mg × 10 d” chemotherapy, severe bone marrow transplantation after chemotherapy, and oral posaconazole to prevent fungal infection. On September 20, 2020, the patient developed fever, with a maximum body temperature of 39°C, accompanied by cough and chest pain. Laboratory examinations on admission are as follows (Table 2): WBC count, 0.02 × 109 cells/L; RBC count, 3 × 1012 cells/L; Hb, 95 g/L; PLT, 26 × 109 cells/L; NE, 0.17 × 109 cells/L; Ly, 0.02 × 109 cells/L; PCT, 0.747 ng/ml; CRP, 108 mg/L; G test, <10 pg/ml; and GM test, <0.25 μg/L. Under treatment with cefoperazone and sulbactam + levofloxacin + voriconazole anti-infection, fever did not improve. Chest CT scan on December 3, 2020, showed multiple nodules in both lungs and halo signs around the nodules (Figure 2B). On December 5, 2020, peripheral blood was collected for mNGS. On December 7, 2020, the results of peripheral blood mNGS suggested A. flavus infection, combined with intravenous infusion of amphotericin B liposome and aerosol inhalation of amphotericin B, then body temperature returned to normal 12 days later. Reexamination of chest CT on January 3, 2021, showed no obvious absorption of lung nodules. At this time, the patient's blood platelets reached 85 × 109 cells/L. To further confirm the diagnosis, CT-guided percutaneous lung puncture was conducted for pathology and mNGS. Grocott methenamine silver (GMS) stain of lung histopathology revealed septal hyphae with 45 degree branches. and lung tissue mNGS suggested A. flavus infection (Table 3). The patient is still being treated with amphotericin B antifungal therapy.

Case 3, a female patient aged 56 years, was admitted to the Department of Endocrinology on August 3, 2020, with “thirsty, excessive drinking for more than 6 years and sore throat for 4 days.” Laboratory examinations on admission are as follows (Table 2): WBC count, 0.4 × 109 cells/L; RBC count, 3.4 × 1012 cells/L; Hb, 96.5 g/L; PLT, 267 × 109 cells/L; NE, 0.03 × 109 cells/L; Ly, 0.34 × 109 cells/L; PCT, 6.07 ng/ml; CRP, 143 mg/L; G test, 333.56 pg/ml; and GM test, 1.01 μg/L. Chest CT on admission was normal. The patient was diagnosed with type II diabetes and hyperthyroidism. Later, to further identify the cause of agranulocytosis, the patient was transferred to the Department of Hematology for further treatment. After the transfer, the patient was diagnosed as MDS using bone marrow aspiration, bone marrow biopsy, and flow cytometry. During the diagnosis, the patient developed a high fever and had a negative blood culture. On September 6, 2020, reexamination of chest CT revealed multiple small nodules in both lungs (Figure 2C). She was treated with voriconazole first, but she still had high fever. On September 8, 2020, peripheral blood was collected for mNGS. On September 9, 2020, the results of peripheral blood mNGS suggested A. flavus and A. fumigatus infection (Table 3). Although voriconazole has been used for the treatment of Aspergillus, the patient still had high fever. To further identify the pathogen, on September 12, 2020, a fiberoptic bronchoscope was made for her, and the BALF was taken for bacterial culture, fungal culture, immunofluorescence staining, and mNGS. BALF-mNGS suggested A. flavus and A. fumigatus infection, but bacterial culture, fungal culture, and immunofluorescence staining were negative. The patient gave up medical treatment and died on September 16, 2020.

Case 4, a female patient aged 55 years, was admitted to the hospital on November 4, 2020, with “abnormal renal function for 3 years and regular dialysis for 3 years.” On November 5, 2020, the patient was given an allograft renal transplantation under general anesthesia. After operation, intravenous injection of Cefminox, ganciclovir, caspofungin, ganciclovir, and oral sulfonamide were used to prevent infection and oral tacrolimus and mycophenolate mofetil to prevent graft-vs.-host disease. Fever developed on the 20th day after the operation, and the highest body temperature was 39°C. Laboratory examinations on admission are as follows (Table 2): WBC count, 0.21 × 109 cells/L; RBC count, 2.97 × 1012 cells/L; Hb, 86 g/L; PLT, 22 × 109 cells/L; NE, 0.15 × 109 cells/L; Ly, 0.06 × 109 cells/L; PCT, 13.4 ng/ml; CRP, 234.3 mg/L; G test, <10 pg/ml; and GM test, <0.25 μg/L. Chest CT showed multiple irregular nodules in both lungs and a little pleural effusion on the right side (Figure 2D). With switching to meropenem, voriconazole, and doxycycline for anti-infective therapy, body temperature did not improve significantly. On November 28, 2020, blood and BALF were collected for mNGS. The test results both suggested Legionella pneumophila, Enterococcus faecium, A. fumigatus, and A. flavus infection (Table 3). On December 6, 2020, medical treatment failed and the patient died.

Case 5, a male patient aged 39 years, was admitted to the hospital with a diagnosis of AML for more than 6 months and fever for 5 h. On October 12, 2020, the patient was given “decitabine + CAG” chemotherapy for 14 days. After chemotherapy, the patient suffered severe bone marrow suppression. On October 30, 2020, the patient developed a high fever, with a body temperature of 39.7°C, and the body temperature could not return to normal on its own. Laboratory examinations on admission are as follows (Table 2): WBC count, 0.22 × 109 cells/L; RBC count, 1.7 × 1012 cells/L; Hb, 57.1 g/L; PLT, 11 × 109 cells/L; NE, 0.06 × 109 cells/L; Ly, 0.14 × 109 cells/L; PCT, 68.3 ng/ml; CRP, 99.4 mg/L; G test, <10 pg/ml; and GM test, <0.25 μg/L. The fever was still high after treatment with imipenem and cilastatin, teicoplanin, posaconazole suspension. On November 3, 2020, chest CT scan showed multiple nodules and masses in both lungs (Figures 2E,F). On November 7, 2020, blood and sputum mNGS both suggested A. flavus (Table 3). The anti-infective treatment plan was adjusted to cefoperazone and sulbactam + tigecycline antibacterial treatment, and the plasma concentration of posaconazole was 2.21 μg/ml. The body temperature returned to normal on November 18, 2020. The patient is still taking oral posaconazole suspension and continued regular chemotherapy since December 10, 2020, to treat AML. The patient is generally in good condition and is still being followed up.




DISCUSSION

In recent years, the incidence of invasive aspergillosis (IA) has increased rapidly. The estimated number of patients worldwide has risen from 200,000 to more than 300,000 cases per year. The average annual incidence is 4.1 cases per 100,000, of which IPA accounts for more than 90%. The mortality rate is still very high (17). Currently, the diagnosis of IPA is difficult, and early and accurate diagnosis is one of the key steps to effectively treat infections and reduce high mortality (18). Non-specific clinical and radiological manifestations and routine diagnostic methods may delay the correct diagnosis. Of the 5 patients included in this study, 2 had MDS as the underlying disease, 2 had AML, and 1 had renal transplantation, and all of them were at high risk of IPA. After treatment, 3 patients died, giving a mortality rate of 60%. The clinical symptoms of those 5 patients were fever and cough. PCT and CRP were higher than normal, which could not be distinguished from bacterial infections by clinical symptoms and laboratory tests. The chest imaging showed multiple nodules in both lungs, and only 1 case had a halo sign, lacking the typical imaging findings of IPA. Although the 5 patients were all in high-risk groups of IPA, none of them met the diagnostic criteria of EORTC/MSGERC IPA before mNGS. In our study, peripheral blood mNGS rapidly diagnosed Aspergillus infection, and then combined with the patient's chest CT, the pulmonary infection was considered as IPA.

These 5 patients were not only diagnosed with Aspergillus infection via peripheral blood mNGS, but 3 of them were also tested for combined bacterial infection, and blood cultures collected during their diagnosis and treatment were all negative. Previous studies had shown that the positive rate of peripheral blood culture in infectious diseases was only 1%, and the positive rate of peripheral blood mNGS could reach 24%, suggesting that peripheral blood mNGS has great diagnostic value in infectious diseases (19). Our study shows that peripheral blood mNGS can simultaneously detect bacterial and fungal infections that cause lung infections, which helps to rapidly clarify the condition and adjust the treatment plan.

The current methods for the diagnosis of IPA mainly include histopathology, direct examination method, fungal culture, fungal antigen and antibody detection, and molecular biology detection. All guidelines of Aspergillus diagnosis and treatment clearly point out that histopathology and sterile body fluid culture are the gold standards for the diagnosis of IPA. However, the proportion of proven IPA is extremely low because most patients in clinic cannot tolerate invasive procedures required by histopathology, and the positive rate of fungal culture is also extremely low. The G and GM tests are the two most used biomarkers of Aspergillus. But both the blood G and BALF-G tests have relatively low sensitivity and poor specificity for the diagnosis of IPA (20). The GM test, especially the BALF-GM test, has high sensitivity and specificity in patients with agranulocytosis and IPA and is currently the most widely used IA biomarker in clinical practice. However, the problem that puzzles clinicians is that the cutoff value of the BALF-GM test is still not uniform, and the sensitivity and specificity are different under different cutoff values (21). Infectious Diseases Society of America (IDSA) strongly recommends that patients with suspected IPA undergo bronchoscopy and obtain BALF for routine culture, cytology, and GM tests. However, in clinical practice, severely infected patients may be complicated by severe hypoxemia, bleeding, or thrombocytopenia, and invasive operations such as bronchoscopy will be difficult to implement, so relying on the BALF-GM test to diagnose IPA is not feasible (22). According to the diagnostic criteria of EORTC/MSGERC for IPA, we reported 5 patients, of whom 1 case was proven and 4 cases were probable. However, only 1 patient had a positive blood GM test, and 3 cases of BALF-GM test were all negative. Therefore, clinical attention should also be paid to the issue of false negative blood GM test and BALF-GM test.

Due to the high morbidity and mortality of IPA, a non-invasive detection method is urgently needed for the rapid and accurate diagnosis of IPA in clinical practice. It was found that DNA fragments of pathogens that can cause different infection sites in human body can be found in purified plasma. Sequencing the cfDNA of this microorganism can improve the possibility of non-invasive detection of multiple infections (17, 23, 24). PCR is recommended by the EORTC/MSGERC as a method for detecting Aspergillus, but research shows that the sensitivity and specificity of Aspergillus PCR analysis methods from different vendors are quite different. The sensitivity of Artus Aspergillus RG PCR assay was only 47.6%, while the sensitivity of MycAssay Aspergillus PCR was 61.9% (25). Another study showed that the sensitivity of GM and Aspergillus PCR in blood was even lower, only 31 and 0% (21). Due to the lack of uniform standards in different studies and environments and the huge differences in diagnostic performance, the exact role of PCR in the diagnosis of IPA remains controversial. mNGS is another molecular diagnostic technique used in the diagnosis of infectious diseases in recent years (26). Hong et al. used plasma NGS technology for the first time in 2018 to identify the pathogens of confirmed invasive fungal infections, including Aspergillus and non-Aspergillus species. Among the 9 patients, 7 cases of plasma NGS detected the same fungus found in the biopsy at the genus level (24). Our research has also confirmed that peripheral blood mNGS can be used to diagnose IPA, but the detection efficiency of peripheral blood mNGS still needs to be confirmed by large-scale clinical trials. Peripheral blood specimens of the 5 patients in this study were all collected after the onset of fever. No more peripheral blood mNGS test was performed during the course of the disease. Therefore, it is still unknown when Aspergillus cfDNA would exist in the peripheral blood and when to collect peripheral blood. The application of IPA diagnosis via peripheral blood mNGS is a subject that needs to be further explored. Studies have confirmed that antifungal treatment can reduce the sensitivity of PCR detection of peripheral blood Aspergillus (27), so collecting peripheral blood for mNGS early in the course of the disease may increase the diagnostic rate of IPA.

Our study has some limitations. First, this is a retrospective study that may be biased. The 5 cases included in this study cannot tolerate CT guided percutaneous lung puncture or tracheal puncture under tracheoscopy due to low platelet or poor physical condition, and only case 2 had pathological findings for diagnosis. Although cases 1, 3, 4, and 5 had microbiological evidence, they were not the gold standard for the diagnosis of IPA after all, so there is a slight chance that they are not Aspergillus infection. Second, the subjects are all patients with neutropenia, and the results of the study may not be applicable to patients with non-neutropenia IPA. Third, the sample size is small. During the diagnosis and treatment of these patients, the peripheral blood mNGS test was performed only once. It is impossible to confirm the existence time of Aspergillus cfDNA in the peripheral blood. The time to collect peripheral blood for the mNGS test is not yet clear.

In conclusion, our study confirmed that detecting the cfDNA of Aspergillus via peripheral blood mNGS can be used to diagnose IPA and is a rapid and non-invasive diagnosis method.
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An 82-year-old male patient was hospitalized in the Respiratory Department for “repeated cough and shortness of breath for 10 years, recurrence worsened for 1 month.” Later, he was transferred for further diagnosis and treatment, to the Infectious Disease Department for further hospitalization. Previously, the patient had repeatedly undergone tuberculosis-related examinations including bronchoscopy examinations. However, no evidence of Mycobacterium tuberculosis (MTB) infection was found. Early anti-infection treatments failed. Due to repeated symptoms, we performed bronchoscopy again and sent alveolar lavage fluid for the metagenomic next-generation sequencing (mNGS) test. Subsequently, MTB and Candida albicans were detected by mNGS. After antituberculosis and antifungal treatments, the symptoms were significantly relieved, and the chest CT showed resolution of the lung lesions. Therefore, we successfully diagnosed and treated a case of recurrent pneumonia with tuberculosis and Candida co-infection diagnosed by mNGS.
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INTRODUCTION

Tuberculosis is one of the most important infectious diseases monitored in China, which seriously affects human health. Mycobacterium tuberculosis (MTB) can invade multiple organs, but tuberculosis is the most common disease they cause. In 2019, approximately 10 million people (range: 8.9–11 million) suffered from tuberculosis (1). Its worldwide prevalence has had a huge impact on the healthcare system both in economic and health terms, which has prompted the World Health Organization (WHO) to include it among the top-priority infectious diseases (2). This study analyzes the clinical data of a patient who suffered from recurrent pneumonia with tuberculosis and Candida co-infection, admitted to our department. A review of the available literature on the clinical application of metagenomic next-generation sequencing (mNGS) has also been performed.



CASE PRESENTATION

An 82-year-old male patient was hospitalized with recurrent cough and shortness of breath for 1 month. Prior to the appearance of these symptoms, he had recurrent cough and shortness of breath for 10 years. He was previously diagnosed with chronic bronchitis. Although his symptoms were slightly relieved after repeated anti-infection (Piperacillin Sodium/Tazobactam Sodium and Cefoperazone Sodium/Sulbactam Sodium), anti-asthmatic (Doxofylline), and expectorant (Bromhexine Hydrochloride) treatments, his cough and shortness of breath were still recurring. At the same time, the patient suffered from weight loss and repeated low-grade fever. A detailed physical examination revealed moist rales in the left lung and diminished respiration in the right lung. Thus, given his poor immunity, it was necessary to consider the infection of pathogens such as MTB and fungi. However, repeated examinations showed no pathogenic evidence. The chest CT scan after admission is depicted in Figure 1. Bilateral bronchial disease, bilateral pleural effusion, and lung infection in the right upper lung and left lower lung can be observed on the images. Part of the examination results on admission is presented in Table 1. Due to a large amount of pleural effusion, ultrasound-guided thoracentesis was performed to clarify the nature of the pleural effusion and the adjuvant treatment needed. Meanwhile, the pleural fluid routine, biochemical test, examination of exfoliated cells, fluid culture, and fluid acid-fast bacilli stain were performed, the results of the pleural effusion analysis are listed in Table 2. More than 500 pcs/μl white blood cells were found in the pleural effusion, and the Rivalta test was positive, and exudative pleural effusion needed to be considered. Since the lymphocyte proportion was relatively high, and the purified protein derivative (PPD) was positive, tuberculous pleurisy could not be excluded. However, the Xpert test and γ-interferon release test (T-spot) were negative. In summary, evidence for MTB infection was still insufficient. Except for the carbohydrate antigen 125, the tumor markers of the patient were within the normal reference range, and thus, the possibility of tumor involvement was low. However, after the application of conventional antibacterial treatment for 14 days, the patient’s symptoms, signs, and reexamination indicators (Table 1) did not significantly improve. Therefore, bronchoscopy, sputum culture, and fungal examination were performed again. The alveolar lavage fluid was sent for mNGS. Additionally, multiple MTB culture identification examinations were performed. The mNGS results revealed the presence of MTB (3 reads) and fungi (1,761 reads). The results are displayed in Table 3. Candida was isolated in the sputum culture.


[image: image]

FIGURE 1. (A,B) Chest CT scan at the first admission (June 8). (A) Both lungs had increased field permeability; the density of the fluid in the right pleural cavity was affected, and emphysema was considered; the right pleural effusion was accompanied by local atelectasis. (B) Bilateral pleural fluid density shadows, multiple patchy high-density shadows in the left lower lung, and a local cavity formation led to suspected bilateral pleural effusion and infectious lesion in the left lung. (C,D) Chest CT scan after conventional antibacterial treatments (June 21): Infectious lesions in both lungs increased, left pleural effusion increased, and right pleural effusion decreased as compared to (A,B). (E,F) Chest CT scan after the antituberculosis and antifungal treatments (September 2): The scope of infectious lesions in both lungs was the resolution, the left lower lung was more obvious, and the pleural effusions on both sides were significantly reduced as compared to (C,D). (G,H) Chest CT at follow-up (December 21): The infectious lesions in both lungs were obviously resolved as compared to (E,F).



TABLE 1. Laboratory examination results during the diagnosis and treatment of patients.

[image: Table 1]

TABLE 2. Results of the patient’s pleural fluid examinations on admission.
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TABLE 3. Patient’s next-generation sequencing (NGS) analysis results (https://www.ncbi.nlm.nih.gov/sra/PRJNA773989).
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At present, the diagnosis of Candida infection was clear, but the reads of nucleotide sequences of MTB were less. The diagnosis of tuberculosis was still in doubt. However, based on the patient’s chest CT scan and pleural effusion tests, MTB infection could not be ruled out. Also considering the adverse effects of missing diagnosis and treatment of tuberculosis on the prognosis of patients, we diagnosed the patient with MTB and Candida co-infection. Then, considering the patient’s advanced age and poor physical condition, we implemented triple antituberculosis (Isoniazid: 300 mg one time a day, Rifampin: 450 mg one time a day, and Levofloxacin: 500 mg one time a day) and antifungal (Fluconazole: 400 mg one time a day) treatments after informed consent was received from the patient. Subsequently, the patient’s laboratory results had improved (Table 1), and Fluconazole was discontinued after 2 weeks. Later, MTB was isolated from the patient’s sputum culture (performed on June 14) and alveolar lavage fluid culture (performed on June 15). Hence, the results were reconfirmed. Fortunately, this patient had good adherence, and we followed him up for half a year. Transaminase had been slightly elevated briefly in antituberculosis treatment, and the transaminase was within the normal range after the addition of hepatoprotective drugs. In the subsequent follow-up, we learned that his cough, shortness of breath, and other symptoms were considerably relieved. The lung lesions and pleural effusion were obviously resolved (Figure 1). At present, the drug is orderly reduced to Isoniazid and Rifampin.



MATERIALS AND METHODS


Sample Processing and DNA Extraction

Notably, a 1.5–3 ml BALF sample from the patient was collected according to standard procedures and inactivated in a water bath at 65°C for 30 min; 1.5-ml microcentrifuge tube with 0.6 ml sample and 250 μl 0.5-mm glass bead (weight: 1 g, the concentration was 1,176 mg/ml) were attached to a horizontal platform on a vortex mixer using FastPrep-24™ 5G Instrument and agitated vigorously at 2,800–3,200 rpm for 30 min. Then, 7.2 μl lysozyme (RT410-TA, TIANGEN BIOTECH, Beijing, China) was added for wall-breaking reaction. Of note, 0.3 ml sample was separated into a new 1.5-ml microcentrifuge tube, and DNA was extracted using the TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH, Beijing, China) according to the manufacturer’s recommendation; concentration was measured by Qubit dsDNA HS Assay Kit 3.0 Fluorometer; samples were taken according to the measured concentration; and the nucleic acid fragment was performed using the nucleic acid enzyme digestion reaction kit produced by Huada Biotechnology (Wuhan) Co., Ltd. (3).



Construction of DNA Libraries and Sequencing

The PMseq™ High-throughput Detection Kit for infectious pathogens produced by Huada Biotechnology (Wuhan) Co., Ltd. (i.e., combined probe-anchored polymerase sequencing) was used to prepare the DNA libraries. DNA fragmentation, end-repair, adapter-ligation, and unbiased PCR amplification were performed strictly in accordance with the instructions. Agilent 2,100 was used for quality control of the DNA libraries. Quality qualified libraries were pooled, and DNA nanoball was made and sequenced by the BGISEQ-50/MGISEQ-2000 platform (4).



Bioinformatic Analysis

High-quality sequencing data were generated by removing low-quality reads, followed by computational subtraction of human host sequences mapped to the human reference genome (hg19) using Burrows-Wheeler Alignment (5). The remaining data by removal of low-complexity reads were classified by simultaneously aligning to the pathogen metagenomics database. The classification reference databases were downloaded from NCBI.1 RefSeq contains 4,945 whole-genome sequences of viral taxa, 6,350 bacterial genomes or scaffolds, 1,064 fungi related to human infection, and 234 parasites associated with human diseases. We used single-end sequencing, the selected read length was 50 bp, the number of total reads obtained was 50,900,630, and Q30 reached 95.34%.

A positive mNGS was given to bacterial or viral cases when the number of reads mapping to a microbe was 10-fold greater than that of any other microbes, and when the coverage rate for a fungus (species level) was 5-fold greater than that of another fungus, a positive mNGS was given for the fungus. When mNGS detected at least one sequence of the MTB complex at the genus level, a positive mNGS was given for MTB.

The sputum culture of the patient on admission was Candida which we considered as contamination, but his condition had not improved after 14 days of ordinary anti-infective treatment. Referring to the mNGS results, we started antituberculosis and antifungal treatments; later, the sputum culture for MTB was positive (performed on June 15), which medium was BD BACTEC™MGIT™ 960 Supplement Kit, which again supported our diagnosis.




DISCUSSION

Tuberculosis is a disease to be conquered worldwide. Once the diagnosis is clear, 80% of patients can be cured or relieved; at present, the main difficulties are the difficulty of diagnosis and the treatment of multidrug-resistant tuberculosis (6, 7). In this study, a case of recurrent pneumonia with tuberculosis and Candida co-infection is reported. The patient had repeatedly suffered from cough and shortness of breath for many years. Multiple bronchoscopies, Xpert, T-spot, and sputum tests for acid-fast bacilli and sputum culture did not detect evidence of MTB infection. The efficacy of anti-infection treatment was not effective; therefore, common pathogen infections, tumors, etc., could not explain the patient’s disease characteristics. In such cases, special bacterial infections need to be considered. Nevertheless, the complex infection by Candida and MTB was detected by the mNGS test. Considering the patient’s age, underlying diseases, and poor immunity, Candida and MTB were determined to be the infection-causative agents reconfirmed by the results of his sputum culture, excluding the possibility of bacteria colonization and contamination. Finally, after adjustments in the treatment plan and the implementation of antituberculosis and antifungal therapy, the patient’s general condition and reexamination indicators improved. Chest CT reexamination showed slight attenuation in the lung lesions (Figure 1).

Tuberculosis is a chronic contagious disease that seriously endangers human health. The increase in morbidity and mortality from tuberculosis is a consequence of the complex disease process caused by the pathogen MTB, which brings a huge burden to society and individuals (8). MTB infectious occurs in the lung tissue, trachea, bronchi, and pleura. It can be diagnosed based on the patient’s epidemiological history, clinical symptoms and signs, chest imaging, and laboratory examinations (including bacteriological examination, molecular biological examination, pathological examination, immunological examination and culture, tuberculin skin tests, and tuberculosis antibody tests), bronchoscopy, and other examination methods and tests. The new γ-interferon release test has high sensitivity and specificity. It is not affected by bacillus Calmette-Guérin (BCG) vaccination and body immunity (9). A meta-analysis compared the accuracy of Gene Xpert Assay, Microscopic Observation of Drug Sensitivity (MODS), and WHO 2007 algorithm in the diagnosis of tuberculosis in smear-negative patients and found that the sensitivity rates were 67, 73, and 61%, respectively (10). Based on the different inspection methods and results, cases can be classified as confirmed, clinically diagnosed, or suspected. Despite the progress in diagnostic techniques, a considerable number of clinically diagnosed tuberculosis cases but not bacteriologically confirmed were reported to the WHO. The WHO’s 2020 target for ending tuberculosis aims at the reduction of the incidence of tuberculosis by 20% and the number of deaths from tuberculosis by 35% as compared to 2015 figures (11). Conventional treatment methods cannot meet the requirements of rapid clinical diagnosis. Therefore, new methods need to be developed in China for more effective diagnosis.

With technology advancement, NGS technology, which is high-throughput and can thus perform large-scale gene analysis, has been widely applied in various fields (12). NGS can directly and non-specifically determine all nucleic acid fragments and can obtain the genomic information of all microorganisms in the samples, substantially reducing missed detection (13). mNGS obtains the nucleotide sequence in the sample by means of the NGS platform and further maps it with the genome sequence of each species, so as to know the type and proportion of microorganisms in the sample. Current literature reports that mNGS has been successfully applied to a variety of specimen types such as cerebrospinal fluid, respiratory secretions, and blood (14, 15). Successful diagnosis of rare and difficult-to-diagnose diseases has been gradually achieved over recent years. For example, NGS can reportedly guide the diagnosis and treatment of Mendelian susceptibility to mycobacterial disease (MSMD), Listeria monocytogenes infection, aseptic meningitis related to varicella-zoster virus infection, and fungal infection (16–19). A cohort study found that NGS had the highest sensitivity (58.8%) in the diagnosis of tuberculous meningitis as compared to those of Xpert (38.2%) and conventional methods (29.4%) (20). Currently, NGS research on tuberculosis is used mainly for epidemiological investigation, diagnosis, gene polymorphism, and drug resistance detection (13).

A large number of studies have confirmed that NGS can quickly detect multiple genes, facilitating the diagnosis of various pathogens. However, we cannot directly identify them as pathogenic bacteria. For example, if a variety of bacteria and fungi are detected, they must be judged as colonizing bacteria, contaminating bacteria, or pathogenic bacteria. Candidiasis tends to occur in immunocompromised subjects. The prevalence rate is (2.1–21.0)/100,000, and the fatality rate is 40–60%. Its clinical manifestations are diverse, and it is thus difficult to diagnose. Candida albicans, smooth Candida, and Candida tropicalis are the most common pathogens, among which Candida albicans accounts for 65–70% (21). Clinically, several methods such as mannan antigen/antibody detection, NGS, 1-3-β-D-glucan test, Candida score, and colonization index can be used to assist in determining colonization and infection. But, Candida colonization is an important prerequisite for the occurrence of invasive candidiasis. For this reason, it is necessary to combine clinical manifestations and laboratory examinations to make a conclusion to guide the treatment (22, 23). Compared with the huge amount of medical costs, targeted medication can significantly reduce the cost of treatment through defining the etiology using mNGS.



CONCLUSION

In case of ineffective therapy of patients with lung infection by conventional anti-infective treatments and persistent lesions, the possibility of infection with MTB, fungi, viruses, and specific flora species is to be considered. In cases of suspected MTB infection with no evidence of infection obtained by repeated traditional testing methods, novel examination approaches such as mNGS are worthy of consideration to assist in the detection process, which may contribute to facilitating the diagnosis of unspecified infections.
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Background: Human parvovirus B19 (B19V) infection is usually symptomless and occurs in the childhood. While in immunocompromised adults, B19V infection also presents various clinical symptoms due to the host's immune status. The classic symptoms include erythema, anemia, arthropathy, and edema, but neurological involvement is rare.

Case Presentation: In this report, we present a case of B19V infection caused multiple organ dysfunction in a non-immunosuppressed adult. Metagenomic next-generation sequencing (mNGS) was used and successfully detected the pathogen in multiple types of samples, including blood, cerebrospinal fluid (CSF), and bronchoalveolar lavage fluid (BALF). The diagnosis was subsequently confirmed by polymerase chain reaction (PCR). He was treated with intravenous gamma globulin, resulting in a significant resolution of symptoms after 1 month.

Conclusion: Multisystem involvement induced by B19V infection was found in this case report. mNGS performed great advantages in rapidly and accurately diagnosing B19V infection in multiple types of samples, which helps the timely adjustment of treatment and improves the prognosis.

Keywords: human parvovirus B19, immunosuppressed, multiple organ dysfunction, case report, mNGS


INTRODUCTION

Human parvovirus B19 (B19V) was first detected in 1974 (1). The most common symptom is erythema infectiosum. It is a mild exanthematous disease commonly on the face and is named “slapped cheek syndrome” due to the shape and location of the rash. In addition, the trunk and skin rashes may appear as lace-like, reticular, and spontaneously resolving macular rashes (2). Its transmission route is mainly through the respiratory tract, but it can also be transmitted by blood or from mother-to-child vertical transmission (3). Children are the main target of B19V infection. Notably, in infants, children, and adolescents with unexplained meningoencephalitis, the detection rate of B19V can be as high as 4.3% (4, 5), and the possibility of B19V pathogenesis in these cases cannot be ruled out. Adults infected by B19V can present a variety of clinical symptoms, which depend mainly on the host's immune status. In immunosuppressed adults, it can cause severe or chronic anemia due to persistent infection (6–8). The virus mainly attacks red blood cells in the hematologic system and manifests, resulting in clinical manifestations, such as rapidly worsening anemia and peripheral reticulocytopenia. Still, there are also cases with leukopenia or thrombocytopenia (37.5 and 21%, respectively) (9). In immunocompetent adults, B19V can lead to acute arthropathy (10, 11) and various neurological diseases such as encephalitis, meningoencephalitis, and Guillain-Barre syndrome (12). Alternatively, B19V has also been associated with myocarditis (13, 14) and hepatitis (15), as well as fetal hydrops and fetal abortion during pregnancy (16). In sickle cell anemia patients, B19V infection can cause transient aplastic crises.

Although B19V has previously been reported to cause various clinical symptoms in non-immunosuppressed patients, cases of B19V infection involving more than two systems are infrequent. Here we report a case who was hospitalized due to multiple organ dysfunction (MODS) caused by unexplained sepsis, without immunosuppressive background and clear focus of infection. B19V was detected in multiple samples throughout the body, including blood, cerebrospinal fluid (CSF), pleural fluid, and bronchoalveolar lavage fluid (BALF). The condition improved after blood transfusion and gamma globulin pulse therapy.



CASE REPORT

A 54-year-old man was admitted to the Department of Intensive Care Medicine of the First Affiliated Hospital, Sun Yat-sen University, on June 30th, 2021, due to headache and fatigue for 2 days.

The patient developed a headache on June 28th, 2021, without obvious inducement, and gradually had drowsiness, accompanied by fatigue, anorexia, and occasional cough, which could not be relieved after rest. No other abnormal symptoms were detected. The patient had a history of hypertension and gout for more than 10 years. He since had been diagnosed with sepsis and multiple organ failure in the ICU of a local hospital due to fever with upper abdominal pain. Metagenomic next-generation sequencing (mNGS) of blood on May 8th showed negative. After treatment of mepem 1 g every 6 h (Q6H), the patient was cured and was discharged 2 months ago. He did not take immunosuppressive drugs regularly for a long time and had no history of exposure to poisons, chemical agents, or animals. Personal and family histories were unremarkable.

Physical examination on admission showed body temperature of 36.0°C, pulse at 94 beats/min, respiratory rate of 14 breaths/min, blood pressure at 69/37 mmHg, drowsiness, chemosis, coarse breath sounds, and a small number of moist rales heard in both lower lungs. Cardio abdominal physical examination was unremarkable. Extremities were moderate edema. The movement of both upper limbs was good, and the movement of both lower limbs was limited. Auxiliary examination was also performed. Blood gas analysis showed metabolic acidosis, pH of 7.25, BE −16 mmol/L, and oxygenation >300. Elevated infection indicators analysis showed CRP of 234.75 mg/L, PCT of 5.06 ng/mL, and WBC of 41.84 × 109/L. The patient was detected with mild anemia (RBC of 3.26 × 1012/L and Hb 93 g/L), prolonged coagulation time (APTT of 58.2 s), renal insufficiency (urea of 19.5 mmol/L and CREA 357 μmol/L), and acute heart failure (TnT-T of 0.130 ng/mL and NT-proBNP of 20813.0 pg/mL). In addition, the patient had elevated liver metabolic total bilirubin (TBIL of 79.6 μmol/L) and predominantly elevated direct bilirubin (DBIL of 55.9 μmol/L). Immunosuppressive status revealed a lower immunoglobulin M (0.49 g/L) and immunoglobulin G (7.37 g/L), B lymphocytes (CD3-CD19 +) % of 0.48%, B lymphocytes (CD3-CD19 +) count of 2.41 cells/μl, regulatory T-cells (Treg) of 18.75%, interleukin 6 of 1508.65 pg/mL, and interleukin of 10 5.57 pg/mL. Bacteriology, mycology, and tuberculosis tests of blood, sputum, urine, and stool showed no pathogens. HIV, syphilis, and Hepatitis virus tests were negative. Radiography of the pulmonary showed worsening infiltrate (Figure 1). Septic shock was considered. The patient was given Sulperazone 3 g, Q8H for anti-infection, fluid infusion, correction of acidosis, acid suppression, stomach protection, and prothrombin complex supplement on June 30th. After 7-day treatment, the infection indicators were significantly lower than before, with PCT of 1.19 ng/mL, CRP of 49.41 mg/L, WBC of 8.08 × 109/L, NEUT of 6.94 × 109/L. The conditions were under control.


[image: Figure 1]
FIGURE 1. The patients' chest X-ray on July 1st (A) and CT on July 16th (B).


On July 7th, the patient had a sudden light coma with repeated generalized tonic-clonic seizures, with the most extended duration lasting for about 90 s. He was transferred to the neurological ICU for treatment with a GCS score of 5. Twenty-four-hour bedside quantitative EEG monitoring was immediately performed, which showed simultaneous epileptic discharges in both cerebral hemispheres during convulsive seizures. Sodium valproate 1,200 mg QD (from July 7th to July 10th), and Oxcarbazepine 300 mg Q12H combined Levetiracetam 1 g Q12H (from July 9th to August 16th) were then used. The epilepsy did not recur.

On July 8th, a lumbar puncture was performed to measure the initial pressure of 210 cmH2O and the final pressure of 135 cmH2O. CSF was collected and submitted for examination. Biochemical combination of CSF revealed glucose of 3.0 mmol/L, CSF chloride (Cl) of 131 mmol/L, CSF protein (PROT) of 734.7 mg/L, synchronous blood glucose of 5.9 mmol/L, and blood chloride of 117 mmol/L.

Samples were also sent for PACEseq mNGS (Hugobiotech, Beijing, China). QIAamp DNA Micro Kit (QIAGEN, Germany) was used for DNA extraction, and the libraries were then constructed using QIAseq™ Ultralow Input Library Kit for Illumina (QIAGEN, Germany). The quality of libraries was assessed by Qubit (Thermo Fisher) and Agilent 2100 Bioanalyzer (Agilent Technologies). The qualified DNA libraries were finally sequenced on Nextseq 550 platform (Illumina). Adapter, short, low-quality, and low-complexity reads were removed from the raw data. The human DNA was filtered out by mapping to human reference database (hg38). The remaining reads were finally aligned to the Microbial Genome Databases (http://ftp.ncbi.nlm.nih.gov/genomes/). B19V DNA (2 specific reads) in CSF was detected. Polymerase chain reaction (PCR) was then performed using B19V Q-PCR Detection Kit (ZJ Bio-Tech, Shanghai, China) and confirmed the mNGS results. CSF cytology showed a lymphocyte-monocyte reaction pattern. CSF routine, bacterial culture, autoimmune encephalitis antibody detection, and oligoclonal bands (OB) were unremarkable. Determination of CSF B19V DNA on July 9th showed 1.0 × 10∧ copies/mL. B19V caused encephalitis was considered.

After transfer, the patient's pneumonia was gradually aggravated, with type I respiratory failure and oxygenation index <200 on July 11th. Chest radiography showed inflammatory infiltration in bilateral lungs with bilateral pleural effusion. Brain plain MRI + enhancement MRI + DWI showed only scattered ischemic lesions in bilateral cerebral hemispheres. Echocardiography and color Doppler ultrasound of liver, gallbladder, pancreas, and spleen were unremarkable. Determination of B19V DNA in blood on July 11st showed 2.96 × 105 copies/mL; B19V DNA and Enterococcus faecium was detected by PACEseq mNGS on July 13th, with the specific reads number of 1,430 and 22, respectively. Blood B19V IgM was negative, and IgG was positive. The reexamination of EEG on July 14th showed no epileptic discharges. Determination of B19V DNA in pleural fluid on July 15th showed the DNA determination of 1.36 × 105 copies/mL; mNGS detected B19V in BALF on July 15th, with the specific reads number of 11, Corynebacterium striatum, with the particular reads number of 250, Acinetobacter baumannii, with the particular reads number of 17, Enterococcus faecium, with the specific reads number of 13, Staphylococcus aureus, with the particular reads number of 11, Pseudomonas aeruginosa, with the particular reads number of 11. In addition to the symptoms of the central nervous system, the patient's anemia was progressively aggravated. After multiple blood transfusions and platelet therapy, the lowest hemoglobin was 58 g/L on August 8th, the proportion of reticulocytes was 0.0026, the reticulocyte count was 0.0089 × 1012/L, the lowest platelet count was 60 × 109/L, red blood cells and platelets were inhibited, and red blood cell morphology examination showed shrinkage and acanthocytes. The patient was finally diagnosed with encephalitis caused by B19V, secondary epilepsy, severe anemia, and bilateral pneumonia.

The patient was given mepem 1 g, Q8H on July 10th, and then switched to vancomycin 1 g, Q12H on July 18th, intravenous gamma globulin 0.4 g/Kg body weight for 5 days from July 15th for symptomatic treatment of heart failure, renal failure, and other symptoms of organ damage. The patient did not have any more seizures. He gradually became conscious, opened and closed his eyes when instructed, made eye contact when called, GCS score increased to 10 points, oxygenation index was more significant than 300, and anemia was improved. On July 20th, reexamination showed the proportion of reticulocytes was 0.0702, and reticulocyte count was 0.2078 × 1012/L. On July 27th, reexamination showed that blood B19V DNA was <1,000 copies/ml. The number of mNGS specific reads and viral DNA quantification in the different specimens are showed in Table 1, while mNGS outcomes belong to the patient are showed in Figure 2. Afterment treatment, the patient had clear consciousness and could simply communicate with his family. He was finally discharged on August 16th. There was no sequelae or relapse of this patient after 4-month follow-up. The patient could take care of himself and communicate with his family normally. The timeline of this case was shown in Figure 3.


Table 1. Test results of PV B19 in various body fluid samples of the patient.
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FIGURE 2. mNGS detection of CSF (A), blood (B), and bronchoalveolar lavage fluid samples (C).
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FIGURE 3. The timeline of this case.




DISCUSSION AND CONCLUSION

Human parvovirus infection mainly affects the skin, respiratory system, joints, and hematologic system, characterized by rash, flu-like symptoms, self-limiting arthritis, and transient erythroid hematopoietic disorders (17–19), the clinical manifestations of which lack specificity. In addition, it is difficult to isolate the virus by conventional cell culture, hence not feasible in clinical practice (20). Therefore, its diagnosis relies on serology and DNA detection (21). At the same time, real-time qPCR has been proven to be more reliable, especially in the diagnosis of recurrent or persistent infections, as antibody production may be lacking or minimal in these individuals (21): B19V IgM appears 1 week after infection (22) and persists for 2–3 months (21, 22). Due to tremendous differences between individuals, parvovirus B19V IgM may not be detected. IgG can persist after infection. A 4-fold increase of titer in 2 weeks is usually used to diagnose B19V infection. However, we did not test the titer after 2 weeks due to the use of gamma globulin treatment.

In this case, blood IgM test results were negative. Still, B19V DNA was detected in multiple serum samples, CSF, pleural fluid, and BALF. Though the detected DNA in blood might also be non-infectious naked DNA sipping out from the injured tissues, the high titer indicated that the DNA detected by real-time PCR is more likely from replicating virus. In addition, the discovery of B19V DNA and various bacteria in BALF can confirm that it is at least partly directly related to pneumonia (23–25). Due to convulsions during the course of the disease, lumbar puncture, and CSF mNGS detection also revealed B19V. The patient's CSF routine, biochemistry, protein, and cytology tests showed viral encephalitis changes, consistent with the diagnosis of B19V encephalitis (12).

On the other hand, after admission, the patient had a progressive decrease in hemoglobin and severe anemia, which was not improved significantly after multiple transfusion therapy. Reticulocyte level was extremely low, along with thrombocytopenia and leukopenia. Although B19V can inhibit erythroid proliferation, but severe anemia rarely occurs in immunocompetent patients with B19V infection. Immunocompromised patients with B19V infection are more likely to have decreased levels of erythrocytes and platelets or even whole blood cells (26). In this case, the blood routine showed severe immunosuppression, explaining the suppression of red blood cells and platelets.

Unexplained liver function impairment with B19V infection may be associated with the direct action of the virus, with elevated trans-aminases as the primary manifestation, which may be clinically asymptomatic or accompanied by acute hepatitis, primarily seen in children (27–30). Although the patient had liver function impairment mainly shown by elevated bilirubin, his liver enzymes were normal, so it could not rule out that drugs were the cause.

The majority of existing reports of B19V infection occur in children, pregnant women, and immunosuppressed populations. In contrast, infection accounts in immunocompetent individuals are relatively rare, and the symptoms are mild or asymptomatic. This case is a middle-aged male with acute onset and severe condition, not the ordinary population of previous B19V cases. He had no long-term immunosuppression, history of exposure to chemicals, poisons, animals, or other underlying conditions that can cause a state of immunosuppression. Meanwhile, there are few B19V involving multiple systems and accompanied by multiple organ failure (12, 23). The possibility of B19V infection is rarely considered in routine pathogen screening.

However, when evaluating the immune function of patients, it should also be taken into account that, in addition to organ transplantation, AIDS, long-term use of immunosuppressive drugs or drug abuse, severe infection might also cause suppressed humoral and cellular immune status and lead to immunosuppression, especially in clinical settings. The immune-related indicators of the patient suggested severe immunosuppression, with low lymphocyte count and proportion, mainly B lymphocytes, which might be due to latent viral infection after the last sepsis-induced immunosuppressive state of more than 2 months ago.

The presence of high-titer B19V was eventually identified with the aid of mNGS technology and subsequently confirmed in multiple clinical samples. The manifestation of multisystem involvement due to B19V infection was resolved with the addition of targeted therapy, so it was considered a multi-organ infection caused by B19V. The outbreak of B19V infection might be due to the severe immunosuppression caused by sepsis 2 months before.

The second-generation sequencing technology is significant for detecting rare or unexpected pathogens. It is an essential auxiliary means for the etiological diagnosis of patients with severe infections, which should be timely applied in the diagnosis and treatment process. However, it should be noted that the interpretation of mNGS results should be comprehensive and careful. This case shows that although mNGS has a more substantial pathogen detection capability than conventional detection, the number of virus-specific reads does not match the DNA quantification, resulting in a small number of mNGS reads. While the viral load is large and the clinical symptoms are severe. Therefore, the etiological hints of mNGS should be used rationally, and its results should not be based solely on its reads number, nor should mNGS be a substitute for quantitative pathogen detection.

Currently, there are no specific antiviral drugs for B19V infection. Treatment options depend on host factors such as immune status, potential underlying diseases, and manifestations of infection (31). Due to the short duration of symptoms, most infections in immunocompetent hosts do not require treatment. Intravenous gamma globulin (IVIG) 0.4 g/Kg bodyweight for 5 consecutive days can effectively treat a variety of clinical symptoms caused by B19V that could not recover spontaneously (32–35). However, the treatment is not once and for all, and in individuals with severe anemia treated with IVIG, the anemia may recur once the passive antibody effect is diminished (36, 37). If the hematocrit begins to decline, the B19V viral load should be measured again to identify the cause. The next IVIG course can be performed depending on the degree of anemia (20, 38, 39).

It should be noted that in the absence of symptoms, even after IVIG treatment, B19V DNA in serum can be detected by polymerase chain reaction (PCR) at low levels over several months to years (21, 40–43). Therefore, the evaluation of the therapeutic effect should be combined with clinical practice. PCR positive results alone should not be an indication for treatment, nor should the elimination of B19V DNA from the blood be the goal of therapy. After treatment with gamma globulin, the reticulocyte count increased, hemoglobin level increased, and serum viral nucleic acid load reduced significantly. The function of various organs was improved, and the patient was discharged, confirming the effectiveness of the treatment regimen. Enterococcus faecium was detected by mNGS in both blood and BALF samples. Though multiple anti-bacteria drugs were used for treatment, the conditions did not improve. However, the bacteria infection especially in the lung could not be ruled out.

In addition, corticosteroids can be used for central nervous system symptoms caused by B19V infection. However, there is still a lack of objective evaluation in the efficacy of IVIG and corticosteroids or a combination of the two (12). In addition, although cyclosporine has been reported as the treatment of B19V (44), it is usually recommended to reduce the use of immunosuppressive agents to facilitate the body's immune system to be activated and neutralize the virus (45). For other symptoms caused by B19V, such as rash and arthritis, most of them subside spontaneously, and non-steroidal anti-inflammatory drugs may be helpful for arthropathy (46). Patients with a transient aplastic crisis may require transfusion support (47).

This case's diagnosis and treatment experience have contributed to our understanding of the etiological detection of infectious diseases. The clinical manifestations caused by B19V infection are diverse. Still, few reports involve multiple organ or even concurrent central nervous system infection (23), and the rarity of B19V infection brings difficulties in diagnosis. Clinicians should pay attention to the immune status of patients in the disease state and rationally use mNGS technology to assist clinical diagnosis.
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Case Report: An Ulceration With a Stalactite Appearance on the Index Finger
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Proteus mirabilis, the most widespread species of all Proteus spp. bacteria, is proven to be one of the most universal pathogens in chronic wounds. In this case, a woman in her 40s consulted a physician about an asymptomatic ulceration with a stalactite appearance at the distal end of the index finger after she was exposed to a needle when vaccinating chickens. The patient did not response to ceftazidime. Physical examination revealed a well-demarcated violescent ulceration with a stalactite appearance at the distal end of the index finger. A biopsy of the lesion showed dense infiltration of multinucleated giant cells, histiocytes, and lymphocytes in the dermis. The result of metagenomics next-generation sequencing (NGS) showed 306 unique sequence reads of P. mirabilis, covering 33.49% of the nucleotide sequences. The pathogen was identified as P. mirabilis, which was resistant to ceftazidime. The patient was treated with ciprofloxacin hydrochloride and improved considerably. This case reported a distinctive cutaneous lesion of P. mirabilis on human infection and showed a successful use of NGS in P. mirabilis.
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INTRODUCTION

Proteus mirabilis is the most widespread species of Proteus spp. bacteria (1). Culture, biochemical tests, and multiplex PCR can be used for diagnosis of P. mirabilis (2–4). Metagenomics next-generation sequencing (NGS) has the potential to identify and quantify new or unexpected pathogens in challenging situations such as culture- and PCR-negative results (5–8).



CASE REPORT

A 47-year-old woman presented with an asymptomatic ulceration with a stalactite appearance at the distal of end of the index finger for 30 days. She reported no dyspnea, fever, arthralgias, or other systemic symptoms. Prior to admission to our department, the patient received ceftazidime 2 mg twice daily, but her lesion worsened. One month earlier, the patient had a needle-stick injury while vaccinating chickens. However, she did not report any exposure to the vaccine. Physical examination revealed a well-demarcated violescent ulceration with a stalactite appearance at the distal end of the index finger (Figure 1). Biopsy of the lesion showed a dense infiltration of multinucleated giant cells, histiocytes, and lymphocytes in the dermis (Figure 2). A culture performed on the cutaneous lesion was negative in this case. Metagenomics NGS of the specimen was performed (Supplementary Methods). Four negative and positive control samples were subjected to the same procedures. NGS result showed that P. mirabilis had 306 unique sequence reads, covering 33.49% of the nucleotide sequences (Figure 3). The pathogen was identified as P. mirabilis, which was resistant to ceftazidime. The patient was treated with ciprofloxacin hydrochloride (at a dose of 1.5 g three times daily for 20 days), and her lesion showed substantial improvement (Supplementary Figure 1). After 2 weeks, dermatology life quality index (DLQI) decreased rapidly from 15 to 2.
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FIGURE 1. Ulceration with a stalactite appearance at the distal end of the index finger.



[image: image]

FIGURE 2. Biopsy of the lesion showed dense infiltration of multinuclear giant cells (red arrow), histiocytes (yellow arrow), and lymphocytes (blue arrow) in the dermis (hematoxylin and eosin stain, ×400).
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FIGURE 3. Next-generation sequencing and metagenomics analysis. Proteus mirabilis specific reads and its nucleotide position along the Proteus mirabilis genome.




DISCUSSION

Proteus mirabilis is one of the most universal pathogens in chronic trauma, accounting for 8.0% (9). Humans were infected with P. mirabilis from consumption and slaughter of wild and domestic animals (mammals, birds, reptiles, amphibians, insects, and seafood) (10). The phenotypic and virulence gene characteristics in human and chicken isolates of P. mirabilis are similar (11). Cellulitis has been reported in broiler chickens (12). However, features of skin lesions in human P. mirabilis infection are rarely described. Culture is an important diagnostic tool for P. mirabilis, which has a characteristic swarming motility and distinct fishy smell (2). There are also both traditional and kit-based biochemical tests in addition to molecular-based multiplex PCR, which can be used for diagnosis of P. mirabilis (3).

In this case, the patient had a history of a needle-stick injury and a specific exanthem of asymptomatic ulceration with stalactite appearance. The antibiotic (ceftazidime) was ineffective, and the culture was negative. P. mirabilis may be in a viable but non-culturable (VBNC) state. It was a state of bacteria where bacteria under certain conditions of starvation or stress could enter a state of no division and, therefore, become non-culturable but in the same time keep their viability and sometimes their ability to cause infection (13). Thus, VBNC of P. mirabilis was a possible reason for non-culturability of the bacteria and may also explain the failure of ceftazidime treatment, which required actively dividing bacteria to performed their antimicrobial effect (14, 15).

We chose to perform mNGS to blindly detect the causative agent, as PCR required multiple tests. Besides, NGS has the potential to predict antibiotic resistance. Many resistant genes coding beta-lactamases were detected in P. mirabilis, including TEM genes, VEB-1 genes, OXA genes, CTX-M genes and CIT genes, with the TEM genes being the most common resistant gene (16). In conclusion, this case reported a characteristic cutaneous lesion of P. mirabilis after human infection and showed the successful use of NGS in P. mirabilis. Further studies need to enlarge the sample size to support the clinical utility of NGS metagenomic testing.
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Recent developments in molecular biology and genomics have revolutionized biology and medicine mainly in the developed world. The application of next generation sequencing (NGS) and CRISPR-Cas tools is now poised to support endemic countries in the detection, monitoring and control of endemic diseases and future epidemics, as well as with emerging and re-emerging pathogens. Most low and middle income countries (LMICs) with the highest burden of infectious diseases still largely lack the capacity to generate and perform bioinformatic analysis of genomic data. These countries have also not deployed tools based on CRISPR-Cas technologies. For LMICs including Tanzania, it is critical to focus not only on the process of generation and analysis of data generated using such tools, but also on the utilization of the findings for policy and decision making. Here we discuss the promise and challenges of NGS and CRISPR-Cas in the context of malaria as Africa moves towards malaria elimination. These innovative tools are urgently needed to strengthen the current diagnostic and surveillance systems. We discuss ongoing efforts to deploy these tools for malaria detection and molecular surveillance highlighting potential opportunities presented by these innovative technologies as well as challenges in adopting them. Their deployment will also offer an opportunity to broadly build in-country capacity in pathogen genomics and bioinformatics, and to effectively engage with multiple stakeholders as well as policy makers, overcoming current workforce and infrastructure challenges. Overall, these ongoing initiatives will build the malaria molecular surveillance capacity of African researchers and their institutions, and allow them to generate genomics data and perform bioinformatics analysis in-country in order to provide critical information that will be used for real-time policy and decision-making to support malaria elimination on the continent.
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Overview

Significant progress was made between 2005 and 2015 in malaria control globally but progress has stalled in recent years (World Health Organization, 2020). Changes in malaria burden were attributed to different interventions that target both mosquito vectors and parasites, which have been scaled-up in the past two decades. Recent evidence shows an increase in malaria cases globally from 2017 to 2019 compared to previous years, but the number of deaths remained relatively unchanged from 2017 to 2019. However, in 2020, malaria deaths increased from 2019 levels, with the majority of both cases and deaths involving children and pregnant women from sub-Saharan Africa (SSA) (World Health Organization, 2021). The increase in malaria cases can be partially explained by the emergence and spread of insecticide resistance in Anopheles populations (Kisinza et al., 2017⁠ and antimalarial resistance in parasites (Dondorp et al., 2009; Haldar et al., 2018; Ippolito et al., 2021) both of which threaten the effectiveness of the major malaria interventions, long-lasting insecticide treated bed-nets (LLINs), indoor residual spraying (IRS) and antimalarial drugs (Tawe et al., 2018; Apinjoh et al., 2019; Morgan et al., 2020). Increased malaria cases in 2020 were also attributed to the COVID-19 pandemic, which was believed to have disrupted malaria control activities (World Health Organization, 2021). However, other potential factors such as transmission from asymptomatic reservoirs (Andolina et al., 2021, climate change, and other environmental changes caused by human activities are thought to be responsible for the resurgence of malaria (Upatham et al., 1988; Chaumeau et al., 2019; Mitchell et al., 2022).

In 2020, 29 countries in Africa contributed about 96% of all reported malaria deaths globally, despite consistent implementation of the major malaria interventions since 2002⁠ (World Health Organization, 2021). Malaria control in Africa relies mainly on the use of LLINs and effective antimalarial drugs, predominantly artemisinin-based combination therapy (ACTs) for routine case management and sulphadoxine/pyrimethamine (SP) for intermittent preventive therapy in pregnant women (iPTp) (World Health Organization, 2021). Despite the detection of insecticide resistance and occurrence of mutations in PfKelch13 gene (associated with resistance to artemisinins) in Rwanda, Uganda and Eritrea, treatment failure rates remain below 10%, hence both ACT and vector control measures are still considered highly effective (World Health Organization, 2021). However, a robust surveillance and response strategy is urgently needed to detect any early failures in the current interventions and facilitate effective response to ensure malaria elimination by 2030.

At present, malaria case management and routine surveillance rely on traditional diagnostic methods based on microscopy and rapid diagnostic tests (RDTs). These methods are widely deployed by the National Malaria Control Programmes (NMCPs) in most malaria endemic countries in Africa (Tawe et al., 2018; Abbas et al., 2019; Tessema et al., 2019b; Morgan et al., 2020). Despite their short turnaround time, these methods have major limitations (Apinjoh et al., 2019 (Table 1). In areas of low transmission and those closer to malaria elimination, microscopy and RDTs are less sensitive and unable to detect transmissible but very low parasite densities (Nsanzabana, 2019; Andolina et al., 2021)⁠⁠. Since most of the widely used RDTs are based on the detection of histidine rich protein 2 (HRP2), the situation is further exacerbated by the emergence and spread of Plasmodium falciparum with histidine rich protein 2 and 3 (pfhrp2 and pfhrp3) gene deletions (Thomson et al., 2019; Feleke et al., 2021). To strengthen the current surveillance system, innovative methods of malaria diagnosis and population surveillance based on advanced molecular techniques are urgently needed to support effective case management (Ishengoma et al., 2019⁠.


Table 1 | Various methods used for diagnostic and surveillance of malaria.



Two key technologies that are slated to have a large impact on surveillance and diagnosis of malaria are Next Generation Sequencing (NGS) and clustered regularly interspaced short palindromic repeats (CRISPR). NGS, which is also termed high-throughput or massive parallel sequencing, allows for thousands to billions of DNA or RNA fragments to be sequenced⁠ and analyzed in either a targeted or whole genome approach (Deurenberg et al., 2017; Talundzic et al., 2018). Routine malaria surveillance programs could benefit from deployment of NGS technologies, as they provide a scalable, cost-effective means of surveillance in large numbers of samples (Juliano et al., 2010; Van Tyne et al., 2011; Manske et al., 2012; Lerch et al., 2017; Ngondi et al., 2017; Tawe et al., 2018; ; Moser et al., 2021).

CRISPR and CRISPR associated protein (Cas) derived from type II CRISPR bacterial immune systems, provide the basis for a new family of assays that detect nucleic acid targets with high sensitivity and specificity. While CRISPR-Cas is mostly known to enable easy gene editing, it also has enormous diagnostic potential (Jiang et al., 2013⁠. Indeed, CRISPR-Cas systems have been utilized to detect and differentiate arbovirus strains (Gootenberg et al., 2017⁠, to diagnose SARS-CoV-2 infections (Guo et al., 2020, to distinguish pathogenic bacteria (Strich and Chertow, 2019, to diagnose cancers (Yin et al., 2019, and indeed to diagnose malaria (Lee et al., 2020; Cunningham et al., 2021).

This review discusses ongoing efforts to deploy advanced molecular tools for the diagnosis and surveillance of malaria, developing the capacity for pathogen genomics in Africa, and highlights both potential opportunities presented by these innovative technologies as well as challenges facing these efforts.


Epidemiological Applications of NGS

Our ability to detect and track the spread of malaria is potentially improved by advances in malaria genomics (particularly those based on NGS) and associated bioinformatics tools in combination with epidemiological data (Escalante et al., 2015; Kwiatkowski, 2015; Watson et al., 2021)⁠. These tools can facilitate different studies of parasite populations, antimalarial drug resistance, surveillance of hrp2/3 gene deletions, and monitoring the impact of current and future interventions (Figure 1). Studies utilizing these methods are urgently needed and if scaled-up, can be critical for monitoring transmission to achieve proper control and the ultimate goal of malaria elimination.




Figure 1 | Current and potential application of NGS in studies of parasite populations, drug resistance and surveillance of hrp2/3 gene deletions.




Monitoring Malaria Transmission

Historically, transmission intensity and dynamics of malaria burden were measured using tools like entomological inoculation rates (EIR), case incidence and prevalence. These tools have helped to generate maps of mortality rates, prevalence and incidence as well as the overall global burden of malaria (Weiss et al., 2019; Neafsey et al., 2021), but recently have become less sensitive especially in areas of very low transmission. Due to their inherent limitations, they are unable to detect genetic signatures and parasite population structure indicative of modified transmission in response to interventions. For example, higher incidence could indicate a decline in the effectiveness of malaria interventions, even though the increase might actually be due to increased transmission rates from a source which was not addressed in the initial interventions (Mohd Abd Razak et al., 2016). Furthermore, decreased transmission limits outcrossing, influencing high inbreeding rates within the population and triggering population fragmentation. As such, conventional surveillance methods may result in misinterpreting the underlying processes shaping malaria epidemiology. Advances in NGS technologies supported by bioinformatic tools and increased availability of epidemiological data have made it possible to generate high quality and sensitive data which may help detect changes in transmission intensity, identify multi-genomic infections, evaluate intervention effectiveness, and identify potential deficiencies in malaria control programmes in both high and low transmission areas (Watson et al., 2021). This improved understanding can be achieved by determining the number of parasite strains, genetic diversity (e.g. within-host diversity index (Fws) as well as relatedness and genetic structure of parasites in an infection.



Monitoring Parasite Populations

Polymorphic genes such as merozoite surface protein (msp1), merozoite surface protein 2 (msp2) and glutamate rich protein (glurp) have been used extensively to study parasite genetic diversity and population structure, mostly to detect complexity/multiplicity of infection (COI/MOI), wherein multiple distinct genotypes co-occur in a single host (Lalremruata et al., 2017). Studies using these methods have demonstrated associations between MOI and such factors as host age, clinical severity, and transmission intensity (Mayengue et al., 2009; Lalremruata et al., 2017). However, these PCR-based genotyping methods have limited inter-laboratory reproducibility and also lack sensitivity, hence may underestimate allelic diversity in co-infected hosts (Assefa et al., 2014). Highly sensitive NGS tools, by contrast, can illuminate not only MOI but also parasite transmission history, genetic structure, recombination, and evolutionary history.

The use of these tools to study evolutionary history can improve our understanding of the parasite-host interactions involved in the emergence of new parasites in the region (Su et al., 2020, as well as evolutionary responses to selective pressures caused by intensified malaria elimination interventions, such as antimalarial drugs (Neafsey and Volkman, 2017). It is even possible to estimate recombination events that may lead to evasion of control and detection efforts (Miles et al., 2016). In addition, NGS data facilitates population genetic and evolutionary metric calculations, such as linkage disequilibrium (LD), effective population size (Ne), site frequency spectrum (SFS), identity by descent (IBD), identity by state (IBS), haplotype diversity (H), principal component analysis (PCA), FWS, and FST. The extent of parasite genomic data now available provides opportunities to expand and refine the global genome database and public resources, which in turn will greatly expand our understanding of parasite biology and accelerate the discovery of new interventions.



Parasite Connectivity and Importation

Traditionally, case incidence was used in combination with human migration data to link parasite populations across geographical and transmission gradients, which would inform intervention strategies. However, this method lacks the precision of NGS-based methods.

Genetic relatedness inferred from genomic data provides much higher geographic resolution of transmission (Tessema et al., 2019a) and can be quantified between 0 (completely unrelated parasites) and 1 (identical clones). Genetic relatedness between parasite samples is positively correlated with reduced transmission, and therefore can be used as a proxy measure of transmission level (Daniels et al., 2015; Cerqueira et al., 2017). Using advanced NGS tools, it is also possible to infer malaria transmission networks over a given timescale in a population (Ajibola et al., 2021). Importation of malaria parasites from higher to lower transmission areas, particularly those in the elimination phase, remains a major challenge to malaria elimination, and is difficult to detect using traditional methods. However, NGS methods are able to do so, as was demonstrated in Zanzibar (Morgan et al., 2020). Strengthening malaria molecular surveillance (MMS) using advanced genomic tools will reveal the number of secondary cases arising from each imported infection, allowing NMCPs to determine what interventions are required to prevent re-establishment of transmission. The data derived from effective MMS systems will also help to resolve the contribution of superinfection and co-transmission (Nair et al., 2014; Nkhoma et al., 2018).




Using NGS to Address Challenges in Malaria Control and Elimination


Antimalarials and Drug Resistance

Antimalarial resistance is a major obstacle to the effective control and elimination of malaria⁠. Malaria parasites have evolved resistance to all widely deployed antimalarial drugs, leading to withdrawal of some of the drugs such as chloroquine and SP (Ishengoma et al., 2019). Antimalarial drug resistance has spread globally, although it remains rare and localized in some areas with lower transmission and therefore lower selective pressure (Haldar et al., 2018). We can clearly use these methods to retrospectively understand how and why resistance emerged and spread. However, their prospective use by NMCPs through enhancing genomic surveillance infrastructure can identify signatures of emerging drug resistance both when resistance mutations are known and unknown (Neafsey et al., 2021.

Antimalarial efficacy monitoring is usually done in therapeutic efficacy studies (TES) which enroll infected patients and genotype those with recurrent infection after treatment to distinguish between recrudescence (drug failure) and reinfection (World Health Organization, 2009). Traditional methods rely on the polymorphic markers mentioned above (World Health Organization, 2007) or microsatellites (Greenhouse et al., 2006; Malvy et al., 2018). While these methods are widespread, they are limited by their low throughput, poor resolution, and technical challenges regarding analysis, scoring and interpretation of results. Specifically, these methods under-estimate MOI or misclassify infections as either recrudescent or reinfection (Shaukat et al., 2012). However, new NGS methods using amplicon sequencing (Rao et al., 2016 or SNP barcodes are being optimized and may potentially replace the current methods, which would improve estimates of antimalarial efficacy especially in low transmission areas with limited diversity and polymorphisms in parasite populations.

NGS provides a robust, high throughput tool for identifying and tracking molecular markers of drug resistance (Ishengoma et al., 2019). Currently available markers can be used for spatial and temporal monitoring of resistance to different antimalarials, including both current drugs and those which were used in the past (Rao et al., 2016; Levitt et al., 2017; Nag et al., 2017; Talundzic et al., 2018). This monitoring is especially critical in the context of partial artemisinin resistance, which has already been reported in South-East Asia (SEA) (Leang et al., 2015; Takala-Harrison and Laufer, 2015). Artemisinin resistant parasites may be introduced from SEA (as drug resistance genes are known to spread between populations) (Roper et al., 2004; Dwivedi et al., 2016) or could potentially emerge independently in SSA, underscoring the necessity of this continuous surveillance.

It is important to understand the origin and flow of resistance genes in order to anticipate the diffusion of antimalarial resistance and interrupt its spread (Dwivedi et al., 2016). Current methods for doing this are expensive and less robust. For example, Sanger sequencing is considered to be useful in identification of major alleles but has low accuracy in identifying alleles with frequency less than 50% (minor alleles) (Rohlin et al., 2009). NGS based methods are promising as they are high throughput, less labor intensive, have high sensitivity in identifying all variants, even those with minor allele frequencies, and facilitate the discovery of novel markers (Tessema et al, 2019a).



Surveillance of pfhrp2/3 Gene Deletions

Malaria rapid diagnostic tests (mRDTs) based on lateral flow detection of P. falciparum Histidine-Rich Protein 2 (PfHRP2) have supported prompt and effective identification of P. falciparum malaria infections, particularly in resource poor regions. However, recent studies in various countries have reported some cases where pfHRP2 based mRDTs failed to detect malaria parasites in patients with positive results by either microscopy or PCR (Gamboa et al., 2010; Thomson et al., 2019; Bakari et al., 2020). While other factors may be involved (Murray et al., 2008, deletion of the pfhrp2 gene (as well as the related pfhrp3 that cross-reacts in RDTs) has also been reported to contribute to false-negative test results (Luchavez et al., 2011; Cheng et al., 2014; Thomson et al., 2019), which has significantly compromised the performance of PfHRP2-based RDTs. Thus, WHO currently recommends for all malaria endemic countries to undertake surveys to identify the prevalence and trends of the deletion in space and time (World Health Organization, 2019).

NGS data enables both the detection of emergence and monitoring of pfhrp2/3 gene deletion frequencies in all settings (low and high transmission) in relation to the pressure caused by the use of HRP2-based RDTs. With intensified surveillance, it will therefore be possible to identify areas which may need to change diagnostic strategies for effective malaria control. The deletion is currently detected based on initial clinical evidence (e.g. a microscopy-positive result for P.falciparum but negative RDT) and confirmed with molecular approaches such as PCR and antigen detection assays (Cheng et al., 2014). However, some samples can be RDT-negative but have intact pfhrp2/3 genes (Nsobya et al., 2021). Indeed, a study from the Democratic Republic of Congo that performed WGS on samples with suspected deletions showed that the genes were actually intact (Parr et al., 2021). However, recent data from the Horn of Africa, which utilized complementary molecular, immunological and sequencing assays, demonstrates that there have been multiple independent deletions in pfhrp3, which have been accompanied by strong selection for a single pfhrp2 deletion due to pressure from RDTs (Feleke et al., 2021). As such, the MalariaGEN network has highlighted the utility of widely deployed NGS as a critical tool to detect the true pfhrp2/3 gene deletion prevalence (MalariaGEN et al., 2021.

Gene diversity can potentially explain the variability in the sensitivity of PfHRP2-based RDTs (Baker et al., 2005; ; Wurtz et al., 2013; Li et al., 2015; Gendrot et al., 2019). Indeed, studies conducted in different geographical settings have shown that gene diversity in the pfhrp2 gene plays a role in the sensitivity of RDTs especially among infections with low parasitaemia (≥ 200 asexual parasites/µl) (Baker et al., 2010). Given that countries such as Eritrea (Berhane et al., 2018 and Ethiopia (Golassa et al., 2020 have reported abnormally high prevalence of these deletions, NGS methods will likely be necessary for further characterization and monitoring of the diversity in these genes.




NGS and CRISPR as Novel Surveillance and Diagnostic Tools

Timely and accurate diagnosis is a key element of effective malaria management. Traditional microscopy and RDT-based diagnostic methods involve detection of malaria parasites or products e.g. antigens in the blood of infected patients (Kasetsirikul et al., 2016). In other laboratories, malaria diagnosis involves molecular methods such as PCR (Table 1). Both microscopy and RDTs have been deployed as diagnostic tools in many malaria endemic areas, despite low sensitivity due to their high detection limits (≥ 50 parasites/μL) and limited ability to detect non-falciparum species. These deficiencies cause under-reporting of infections, specifically in areas with low transmission and for individuals with asymptomatic malaria or low density infections (Slater et al., 2019). By contrast, PCR has high sensitivity and specificity which make it capable of detecting low parasite density of less than 5 parasites/μl. This increased sensitivity will improve our ability to diagnose very low density infections, and detect asymptomatic individuals who can unknowingly contribute to disease transmission. Furthermore, the NGS-enabled ability to scan hundreds of Plasmodium genomes to better understand parasite biology and for novel diagnostic markers facilitates the development of tools that are species-specific, highly sensitive and agreeable to PCR or other nucleic acid amplification techniques (Lucchi et al., 2013.

In addition to the shortcomings outlined above, currently widespread robust malaria diagnostics require substantial financial investment and equipment, along with extensive personnel training. CRISPR-based diagnostics are an exciting development, as they have similar sensitivity and specificity to PCR assays, but require fewer resources, and are fast, cost-effective, and easy to use (Kostyusheva et al., 2021). The simplicity of the CRISPR-Cas based detection system allows the rapid development of diagnostic methods of a wide array of infectious diseases (Jiang et al., 2013; Gootenberg et al., 2017; Kostyusheva et al. 2021). Four CRISPR-based diagnostic methods have particular potential to replace PCR-based methods in low-resource settings: DETECTR, SHERLOCK, CARMEN, and CRISPR-Chip (Kaminski et al., 2021; Kostyusheva et al., 2021). These methods work reliably in isothermal conditions (negating the need for an expensive thermocycler) and results can be determined by lateral flow strips at the point of care, or by fluorescence read by a fluorimeter, or in some cases, with the naked eye. The use of lateral flow strips or visual inspection of fluorescence avoids the use of more technically challenging gel electrophoresis or quantification using a qPCR machine (Kaminski et al., 2021; Kostyusheva et al., 2021). CRISPR-based methods that have the potential to be developed for malaria diagnosis are described in Table 2.


Table 2 | CRISPR-based diagnostics used in the context of malaria.



The deployment of CRISPR-based diagnostic methods for P. falciparum could revolutionize the field of malaria surveillance in Africa. The ability of this method to detect as little as one copy of target DNA per reaction will play a major role in the detection of both symptomatic and asymptomatic infections and any associated resistance mutations (Kwiatkowski, 2015⁠. CRISPR has already been used to detect malaria strain variants in mixed infections, an important challenge for malaria control and elimination efforts and a modality that could be extended to many areas of epidemiology (Kwiatkowski, 2015⁠. One-pot systems that are suitable for field deployment due to their minimal technological and logistical prerequisites, high diagnostic reliability, and rapid turnaround time have been developed for SARS-CoV-2 and show additional promise for the expansion of these tools in malaria-endemic countries (Nguyen et al., 2021). The development of isothermal reactions performed with lyophilized reagents and with straightforward visualization at the point-of-care are particularly revolutionary as a means to quickly, cheaply, and accurately diagnose malaria infections in low-resource and/or remote locations (Cunningham et al., 2021). While these tools are still in early development, their accuracy, ease-of-use, cost-effectiveness, and rapidity give them great potential to complement currently available tools.




Application of NGS and CRISPR-Cas Systems in Africa: Current Status and Future Perspectives

In Africa, few studies have been undertaken to determine the diversity and other features of parasite populations using NGS methods. Previous studies utilized PCR genotyping of polymorphic genes (msp1, msp2 and glurp) to determine parasite diversity with little focus on population structures and other population genetics metrics (Carlsson et al., 2011; Yavo et al., 2016; Metoh et al., 2020; Amoah et al., 2021). Recently, some regional studies have been conducted in Africa using genomic tools and have provided initial data on parasite population structure (Manske et al., 2012; Amambua-Ngwa et al., 2019; Abera et al., 2021; Moser et al., 2021). However, other areas, particularly those with low transmission, remain largely unexplored (Morgan et al., 2020). In addition, the metrics that are routinely used in these studies [e.g. FWS, FST (the fixation index), COI/MOI, IBD, inbreeding coefficient (F), and coefficient of uniqueness (COU)] have not been fully evaluated to be reliably informative for monitoring intervention-modulated changes in malaria transmission (Abera et al., 2021; Onyango et al., 2021). Therefore, further intensive study and metric development is required. The integration of traditional epidemiological data with NGS data will likely improve malaria surveillance in service of elimination strategies. While CRISPR-based diagnostics could revolutionize the field of malaria surveillance in malaria endemic countries in Africa, they have not yet been deployed or tailored to the specific needs of NMCPs.

Meanwhile, there are ongoing collaborative projects between African researchers, NMCPs, and partners in the USA and Europe to establish local molecular, genetic, and genomic laboratory and analytic capacity to support MMS. These projects are located in several countries in SSA including Senegal, Mozambique, Tanzania, Mali, The Gambia, Ghana, Gabon, Madagascar, Cameroon, Ivory Coast, Burkina Faso, Ethiopia and Uganda (Amambua-Ngwa et al., 2019; MalariaGEN et al., 2021). In Tanzania, previous efforts were made with the support of different funding agencies and partners and set-up the stage for the current initiatives (Amambua-Ngwa et al., 2019; MalariaGEN et al., 2021). Our current collaboration (Molecular Surveillance of Malaria in Tanzania, MSMT) is funded by the Bill and Melinda Gates Foundation and focuses on six key aims to attain the bold and ambitious goal of establishing local capacity for in-country generation and analysis of genomics data to support policy and decision making by the NMCP and its stakeholders. To that end, Tanzanian stakeholders identified three scientific aims for MSMT: 1) unraveling parasite population genetics, 2) country-wide drug resistance monitoring, and 3) country-wide surveys of pfhrp2/3 gene deletion. In addition, the project will address three supportive aims with a focus on training for capacity building, career development, and science leadership for sustainability of MMS. The project will also focus on developing a reliable model for effective engagement with NMCP and other stakeholders, and developing use cases for MMS in Tanzania. Lastly, the project will develop and implement a framework and platforms for storage, management, analysis, and sharing of the genomic data and associated metadata.To successfully adopt and transfer NGS and bioinformatics tools to Africa and build local capacity, a robust strategy of capacity building is critical. The MSMT team has developed a “counterpart model” of capacity building. This model involves pairing Tanzanian researchers with US-based expert (counterparts) collaborators with the role ensuring successful technology transfer.

To ensure key local stakeholders are effectively engaged, the MMS projects should bring on board all local stakeholders and ensure they are fully engaged in the project. In Tanzania, the MSMT project established an advisory committee which is under the Chief Medical Officer of the Tanzanian Ministry of Health with the role of providing oversight and guiding the implementation and sustainability of the project. The project is run by the joint implementation committee, which includes the study team, NIMR, NMCP and the Ministry in charge of the local governments (which owns and runs all health facilities in Tanzania). The technical implementation committee involves NIMR researchers, NMCP and collaborating partners who are advised by a committee of experts with experience and track records in MMS and capacity building particularly in Africa.

Thus far, a genomics laboratory has been established at NIMR in Dar es Salaam and will soon be equipped with state-of-the-art equipment to ensure genomics data are generated in-country and analysed by local experts from the second year of the project in 2022. The Tanzanian researchers have sequenced over 8,500 field collected samples in laboratories in the US as part of their training, and future analysis will take place in the NIMR laboratory with further training and coaching from the US-based collaborators. It is anticipated that our training and capacity building model and the laboratory capacity to be built in Tanzania will pave a way to a sustainable MMS for supporting not only malaria but other pathogens as part of the broader pathogen genomics initiative.



Challenges Associated With NGS Application in Africa

African researchers seeking to answer biological questions using NGS face many challenges, ranging from funding to procurement to lack of trained personnel (Table 3). The long-standing imbalance between collaborators in the global North and South has resulted in unsustainable patterns of research practice that must be broken if African researchers are to be free to initiate and execute NGS-dependent research studies. For the wide application of NGS technology in malaria surveillance, African countries need substantial investment to establish genomic capacity (Haanshuus et al., 2019 including human capacity, ancillary equipment for library preparation, quality control and sequencing (Escalante et al., 2015.


Table 3 | Challenges and opportunities for NGS application in a resource constrained country such as Tanzania.





Study Design and Sample Collection

Historical imbalances are visible beginning with the funding and design of research programs. Too often, minimal intellectual input is sought from African researchers during this phase, and donors must critique their funding calls to address this imbalance. For large-scale studies where samples are collected from many districts within a country, buy-in from a large number of authorities is needed. The need to meet funding deadlines for an overseas collaborator may create tension during this phase. African procurement services and scientific suppliers to furnish basic sample collection necessities are often limited or unavailable, creating further imbalance between collaborators. To overcome this challenge, long-term partnerships that emphasize training are needed. Funding for NGS projects must be balanced, and local supply chains must be developed to support sample collection and sequencing without reliance on procurement abroad. One of the best recent examples of the rapid implementation of NGS for infectious disease research was seen in the centres of excellence for SARS-CoV-2 sequencing (Tessema et al., 2020; Happi et al., 2021; Tegally et al., 2021). To monitor the emergence of novel viral strains, several African laboratories rapidly pivoted to sequencing, taking advantage of publicly shared protocols, using kits and consumables tailored to this problem, and laboratories in Botswana and South Africa were able to quickly detect and raise awareness of the omicron variant of concern (Viana et al., 2022).



Sequencing

The sequencing phase of an NGS study faces many related challenges. Until sequencing becomes routine, skilled staff are difficult to find and retain. Sequencing machines, consumables and quality control reagents are challenging to procure, and are priced above the budgets of many African laboratories. Both Illumina and Oxford Nanopore Technologies have taken steps to address procurement challenges by supplying flow cells and consumables directly to several African agencies, but gaps in procurement continue to be filled by collaborating Northern institutions. Equipment and flow cells were rapidly distributed to several laboratories early in the spread of SARS-CoV-2. Robust supply chains and investment from the major suppliers of sequencing technology are needed to expand similar supply chains.



Bioinformatics and Data Storage Infrastructure

NGS studies produce large amounts of data that is analyzed with an ever-evolving suite of bioinformatics tools. Adequate data storage is a significant cost and requires in-house expertise. Few African institutions are training bioinformaticians, and those that are trained may leave for better paying jobs in the North-centered biotechnology industry. Building high performance computing clusters will require sustained investment, as will building up a cohort of bioinformaticians to work on African infectious disease sequencing projects. There is also a need to develop local expertise for equipment installation and maintenance to prevent long delays and additional costs accrued from overseas outsourcing (Apinjoh et al., 2019). Examples of institutions that have successfully built bioinformatics systems include the Noguchi institute in Ghana (Karikari, 2015, Redeemer’s University in Nigeria (Fatumo et al., 2014, and several South African universities.



Long-Term Data Storage and Regulatory Frameworks

Human and pathogen sequence data is sensitive, requiring adequate long-term storage, and a regulatory framework to protect patients’ information. Relatively low-cost storage exists in cloud storage systems, but privacy concerns must be addressed for this to be allowed by regulators. Hardware for long-term storage must be budgeted for in research proposals, and efficient storage formats are needed.

Skilled Workforce

Despite their potential, the initial investments in infrastructure for NGS are high, the methods require highly skilled personnel to perform sample processing, bioinformaticians, molecular epidemiologists for data analysis and interpretation, field epidemiologists, disease specialists for interpretation of the generated data, and public health specialists for adoption of the findings into policy (Escalante et al., 2015; Ishengoma et al., 2019). However, there are limited initiatives to train, retain, mentor and maintain highly skilled experts in Africa. The ongoing capacity building initiatives such as those under the African Academy of Sciences (https://www.aasciences.africa/), The human heredity and Health (H3Africa Initiative, https://h3africa.org/) and others need to be strongly supported by African countries for sustainability.



Conclusion

The application of advanced NGS tools and CRISPR-Cas technologies to malaria diagnosis and surveillance has great potential for malaria elimination in Africa. These tools will improve our understanding of malaria transmission dynamics, including our ability to track the spread of parasites and their associated clinically relevant mutations. With the wide scale distribution of genomics facilities and expertise, as well as state-of-the-art CRISPR-based diagnostics that substantially reduce equipment and training needs, our understanding of many aspects of malaria biology will dramatically expand. In addition to wider reaching and more accurate mobile and point-of-care diagnostics, African capacity for malaria control and ultimately elimination will result from this technological expansion. Furthermore, the deployment of these technologies and associated spread of expertise is not limited to malaria, but can also facilitate the better understanding and control of other infectious diseases as part of the ongoing initiative of building the capacity for pathogen genomics in Africa.

Nevertheless, significant challenges remain, which need to be addressed to facilitate smooth implementation of these tools necessary for malaria surveillance and elimination. Simulation studies which consider surveillance tools as an intervention strategy can also be performed to quantitatively evaluate deployment of these tools. Available simulation models such as openmalaria can be used to optimize these tools in terms of cost-effectiveness and public health. These challenges range from technological hurdles to a lack of funding investment and sufficiently skilled workforce in the areas where malaria interventions are most desperately needed. However, should these hurdles be overcome, the potential public health implications of deploying NGS and CRISPR-Cas tools in Tanzania and elsewhere are invaluable.
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Strain Assembly.NO Genome Size (Mb) CDS G+C (mol%) Country Isolation source Host disease Collection date

188B GCA_014898615.1 5.13381 4096 51.21 Turkey Blood Sepsis 2018
188 GCA_014898635.1 5.1333 4006 St Turkey Blood Sepsis 2018
2D GCA_013425955.1 5.3633 4930 50.61 China Blood Bloodstream infection 2019
190693 GCA_011022275.1 5.15195 4714 50.60 UK Blood Bacteremia 2016
p11A GCA_011330935.1 5.564584 5166 50.76 USA Blood Bacteremia 2016
p4A GCA_011331215.1 5.2555 4861 50.70 USA Blood Bacteremia 2016
GZEC065 GCA_010092405.1 510792 4610 50.75 China Blood NA 2017
69 GCA_007107705.1 5.41794 5028 50.71 USA Blood Bloodstream infection 2014
95 GCA_007107905.1 5.06629 4662 50.72 USA Blood Bloodstream infection 2013
131 GCA_007108085.1 521412 4804 50.79 USA Blood Bloodstream infection 2012
963 GCA_007108305.1 5.25381 4756 50.70 USA Blood Bloodstream infection 2012
strain 2247 GCA_002142715.1 5.40007 4972 50.39 China Blood Bloodstream infection 2015
71002 GCA_002142675.1 5.62852 5152 50.52 China Blood Bloodstream infection 2014
SF-468 GCA_001280345.1 5.35864 5012 50.61 USA Blood Bloodstream infection 2010
CE10 GCA_000227625.1 5.37873 4911 50.58 USA CSF Neonatal meningitis 1970
RM-103-MS GCA_014217095.1 5.70703 4353 50.50 Bangladesh ~ Feces Healthy individual 2017
E686 GCA_011045295.1 5.16231 4516 50.60 Korea Feces NA 2019
2EC1 GCA_009905115.1 4.86859 4383 50.90 Singapore Feces Healthy individual 2019
SJ7 GCA_008761535.3 5.57204 5179 50.66 USA Feces Bloody diarrhea 2015
NCCP 15955 ~ GCA_009873375.1 4.82062 4266 50.60 China Feces Diarrhea 2014

CDS, coding sequences; CSF, cerebrospinal fluid; NA, not available.
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Disease Samples NGS(+)/CM(+) NGS(+)/CM(-) NGS(-)/CM(+) NGS(-)/CM(-) PEDRmNGS/conventional methods (%)
Infectious disease 96 1" 19 3 63 19.79%

Blood infection 50 1" 16 3 20 32.0%

Non-blood infection 46 0 3* 0 43 6.52%

NIID 39 0 1 0 38

Tumor 16 0 2* 0 14

Others 18 0 0 0 18

Idiopathic 6 0 0 0 6

*These specimens additionally detect viruses such as CMV, EBV, and HBV, and virus chronic infection or in a latent infection is considered.
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Overall Infection Non-infection p-values

N 169 96 73

Age [mean (SD)] 47.87 (16.35) 47.33 (15.43) 48.58 (17.57) 0.626
Gender = Male (%) 103 (60.9) 62 (64.6) 41 (56.2) 0.341
WBC [mean (SD)] 27.98 (140.52) 23.64 (127.94) 34.25 (157.79) 0.641
PLT [mean (SD)] 232.96 (121.58) 241.44 (126.61) 221.03 (114.05) 0.306
Neutrophil [mean (SD)] 5.78 (3.63) 6.14 (3.94) 5.26 (3.08) 0.149
ESR [mean (SD)] 32.13 (23.44) 32.37 (25.00) 31.77 (21.09) 0.877
CRP [mean (SD)] 53.46 (51.94) 56.69 (53.63) 48.59 (49.32) 0.347
Ferritin [mean (SD)] 894.32 (728.53) 910.26 (746.13) 870.84 (707.96) 0.758
PCT [mean (SD)] 1.60 (9.19) 1.67 (8.66) 1.49 (10.00) 0.909
RBC [mean (SD)] 24,35 (198.97) 34.85 (258.34) 9.17 (19.01) 0.426

*The remain six are idiopathic; they do not belong to infection or non-infection.
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Disease No. Disease No. Disease No. Disease No. Disease No. Disease No.

Infection 96* NID 39  Tumor 16 Others 18 lIdiopathic 6

Bloodstream infections 50 Nasosinusitis 1 Vasculitis 14 Lymphoma 10 Allergic reaction 3

Lower respiratory 17 Severe hepatitis 1 UCTD 6  Thyroid cancer 2 Drug fever 3

infections

Urinary infections 6  Tuberculous 1 Adult-onset Still's 6  Leukemia 1 Autoimmune encephalitis 2

pleurisy disease

Central nervous system 6  Tuberculosis 1 Reactive arthritis 3 Bladder cancer 1 Fatigue syndrome 2!

infections

Biliary duct infections 3 Vertebra 1 CTD 3 Bone metastatic 1 Post-infection allergy 2

infection cancer

Skin and soft tissue 3 SLE 2 HLH 1 Autoimmune hepatitis 1

infections

Endocarditis 3 polymyalgia 2 Crohn disease 1
rheumatica

Abdominal infections 1 Interstitial lung 1 Dysfunction of autonomic nerve 1
disease

Impetigo 1 Rheumatoid arthritis 1 Seizures 1

Lymphangitis 1 Schnitzler 1 Systemic inflammatory response 1
syndrome syndrome

Lymphnoditis 1 Hashimoto thyroiditis 1

*Some patients with infectious diseases have more than two infections, so the total number of cases of all infectious diseases exceeds 96.
UCTD, undefined connective tissue disease; CTD, connective tissue disease; SLE, systemic lupus erythematosus; HLH, hemophagocytic lymph histiocytosis.
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Type

Genus

Name

Lichtheimia

Sequence number

4

Name

Lichtheimia ramosa

Species.
Sequence number

2

Realtive abundance

50.0%

Attention

High
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Characteristics N =20 (n, %)

Gender (n, %)

Male 10 (50)
Female 10 (50)
Primary disease (n, %)

SAA 7(35)
ALL 7 (35)
AML 4 (20)
MDS 2 (10)
Genes mutation/fusion genes

Yes 12 (60)
No 8 (40)
Source of donors (n, %)

Unrelated donors 10 (50)
Haploidentical donors 10 (50)

Conditioning regimens (n, %)
TBI+FLU+BU+ Ara-c+ ALG

5
TBI + FLU + CTX+ ATG 5 (25)
FLU + BU + Ara-c + ALG 4 (20)
TBI + FLU + BU + Ara-C+VP16 3(15)
FLU + CTX + ATG + Mel 1)
TBI+FLU+CTX+ATG+Mel 1)
FLU+BU+Mel 1)
aGVHD prophylaxis (n, %)
PTCY + ALG + CsA + MMF + ruxolitinib 13 (65)
PTCY + ALG + CsA + MMF + ruxolitinib + CBPSC 7 (35)
The median age (year) 12 (3-56)
The median number of reinfused MNCs (x10%/kg) 16.49 (5.67- 46.61)
The median number of reinfused CD34+ cells(x 106/kg) 6.41 (2.13-15.7)
The median time for the neutrophil engraftment(d) 12 (10-15)
The median time for the platelet engraftment(d) 12 (7-15)

SAA, Severe aplastic anemia; AML Acute myeloid leukemia; ALL, Acute lymphocytic
leukemia; MDS, Myelodysplastic syndrome; TBI, total-bodly irradiation; FLU, Fludarabine;
BU, busuifan; Ara-c, Cytarabine; ALG, Antilymphocyte globulin; ATG, Antithymocyte
globulin; VP16, Etoposide; Mel, Melphalan; GVHD, graft-versus-host disease; PTCY,
posttransplant cyclophosphamide; CsA, cyclosporine A; MMF, mycophenolate mofetil;
MNC, mononuclear cells; CBPSC, cord blood pluripotent stem cells.
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Present patient

Underlying
diseases

Asthma

Smoking history

Broad passive

nicotinism

Mild alcoholic fiver
injury

Hypertension, type
2, diabetes,
Smoking history
Leukemia

Smoking history

Immune status

Predhisone 40
mg/day, 3 weeks
Normal

Precinisone 100
mg/day, 1 month

Normal

Prednisone 50

mg/day, 9 days

Neutropenia

Normal

Time from onset
to diagnosis

11 days

6days

Not mentioned

8 days

12 days

16 days

3 days

Method of IPA
diagnosis

Autopsy

Anatomo-
pathological
examination
A. fumigatus
isolation from
BALF

A. fumigatus
isolation from
BALF

A. fumigatus
isolation from
BALF

A. fumigatus
isolation from
peritoneal fluid
mNGS

Antifungal
therapy

Amphotericin B

Amphotericin B

Caspofungin and
voriconazole

Micafungin and

voriconazole

Amphotericin B

Voriconazole

Caspofungin

‘Outcome

Death

Death

Death

Death

Death

Death

Recovery
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Type

Genus
Name

Mycobacterium

Sequence
number

23

Name

Mycobacterium avium complex

Species

Sequence
number

Relative
abundance

0.005%
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Items

White blood cell count (x 10%/L)
Neutrophil count (x 10°/1)
Lymphocyte count (x10%/L)
Monocyte count (x 10%L)

Red blood cell count (x 102/1)
Hemoglobin (/L)

Platelet count (x 10/L)

Erythrocyte sedimentation rate (mvh)
Alanine aminotransferase (U/L)
Aspartate aminotransferase (U/L)
y-Glutamyl transpeptidase (U/L)
Alkaline phosphatase (U/L)

Total bilirubin (umo/L)

Direct bilrubin (umol/L)

Indiirect bilirubin (wmol/L)
Garcinoembryonic antigen (ng/mi)
Alpha-fetoprotein (ng/mi)

Hepatitis B surface antigen (IU/mi)
Hepatitis B surface antibody (miU/mi)
Hepatitis G virus antibody

Humean immunodeficiency virus antibody
Treponema pallidum antibody

Values

6.19
39
1.2
09

402
1290
2730
10
33
27
262
183
129
38
91
1.48
311
o
18.16

Negative

Negative

Negative

Reference range

350-9.50
1.8-63
1.4-82
0.1-06
4358

130.0-175.0

126.0-350.0
<21
9-50
15-40
10-60
45-125
3.4-205
00-684
1.7-13.7
0.00-5.00
0.00-9.00
0.00-0.05

0.00-1000

Negative
Negative
Negative
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Name

Mycobacterium
tuberculosis
complex

Staphylococcus
Moraxella
Propionibacterium

Genus

Sequence
number

25

38
13

Species

Relative  Name Sequence
abundance number
(%)
10 / /
39 S. haemolyticus 23
12 M. osloensis 13
05 P acnes 3
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Disease

Infection
bloodstream infection

Non-blood stream infection

Samples

@

- = WA

fe?

SRS

- = w s N O

Sample type

&

/

CSF

Tissue
Puncture fluid
Pleural fluid
BALF

/

Tissue

CSF
Puncture fluid
Sputum
BALF

Urine

Pleural fluid

NGS(+)/CM(+)

CON-AN=-ANPOOOOOO®

NGS(+)/CM(-)

4 4024 O0ONWPMOOO =0 = ©

NGS(-)/CM(+)

CO0OO0OO0OO0O0O0O0O0OO0O =0 =N

NGS(-)/CM(-)

=N
= o

S wN s

co-sNvOO N

PEDR onventional methods (%)

20%
7.70%
0.00%

25.00%
0.00%
0.00%
0.00%

26.20%

25.00%

22.22%
0.00%

25.00%
0.00%

100.00%
100.00%
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Publication
year

1988 (8)

1989 (9)

1994 (10)

2004 (11)

2006 (12)

This study

Gender

Female

Male

Male

Male

Male

Male

Age

47

75

54

53

Immunosuppressed  Underlying

status

High-dosage
predhisone therapy

Primary
immunodeficiency

Oral prechisone
(10mg every other
day), chronic
lymphocytic
leukemia
Treatrment with
corticosteroids and
methotrexate

Chronic lymphooytic
leukemia

No

diseases

Systemic lupus
erythematosus,
adenocarcinoma
Chronic
granulomatous
disease

Ghronic
lymphocytic
leukemia

Diabetes,
dermatosis

Chronic

lymphocytic
leukemia

No

Radiological
features

Right lower lobe
pneumonia

Consolidation in the
left lower and left
upper lobes and a
smallleft pleural
effusion

Right middle and
lower lobe infitrate

Infltrate in the right
upper lobe, and
subsequently
developed bilateral
basal infitrates
Infiltration with
nodular opacity at the
left lower lobe
Consolidation in the
left upper and lower
lobes and left pleural
effusion, and
subsequently
developed infiltrates
in both lungs

Diagnostic test

Culture of
bronchoalveolar
lavage fluid

Direct fluorescent
antibody staining
of the pleural
exudate

Culture of
bronchoalveolar
avage fluid

Fluorescent in Situ
Hybridization of
the lung biopsy
specimen

Culture of
bronchoalveolar
avage fluid
mNGS of the
bronchoalveolar
avage fluid

Targeted
antimicrobial
therapy

Erythromycin

Erythromycin
and rifampin

Erythromycin
and rifampin

Enythromycin
and rifampin

Offoxacine and
rifampin

Moxifloxacin,
levofloxacin

Prognosis

Recovered

Recovered

Recovered

Died

Recovered

Recovered
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Aspergillus spp. culture Culture or Serum/BAL fluid galactomannan

Sensitivity Specificity PPV NPV Accuracy Sensitivity ‘Specificity PPV NPV Accuracy

RPMaarpio/RPMTC ralio > 1 27.3% (7.3-60.7%)  94.2% (88.5-07.3%)  27.3% (7.3-60.7%) 94.2% (88.5-07.3%) 89.3% (84.3-04.2%) 15.2% (6.8-29.5%) 96.1% (80.8-98.7%) 63.6% (31.6-87.6%) 71.7%(63.3-78.9%) 71.1% (63.3-78.9%)
SDSMRN > 3 36.4% (12.4-68.4%) 93.5% (87.6-96.8%) 30.8% (10.4-61.1%) 94.9% (80.3-07.7%) 89.3% (84.3-94.2%) 17.4% (B.3-32.0%) 95.1% (88.5-98.2%) 61.5% (32.3-84.9%) 72.1% (63.6-79.2%) 71.1% (63.9-78.4%)

NPV, negative predictive value; PPV, positive predictive value.
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Bacteria culture Fungi culture

Sensitivity Specificity PPV NPV Accuracy Sensitivity Specificity PPV NPV Accuracy

RPMaargio/RPMINTC ralio = 10/1 61.1% (46.9-73.8%) 67.4% (56.9-76.4%) 51.6% (38.8-64.1%) 75.3% (64.5-83.7%) 65.1% (57.4-72.8%) 46.2% (204-73.9%) 78.7% (70.7-85.0%) 17.1% (7.2-34.3%) 93.9% (67.3-97.3%) 75.8% (60.0-82.7%)
SDSMRN > 3 74.1% (60.1-84.6%) 45.3% (35.1-65.8%) 43.5% (33.3-54.2%) 75.4% (62.0-85.5%) 55.7% (47.7-63.7%) 53.8% (26.1-79.6%) 72.8% (64.4-79.9%) 15.9% (7.2-30.7%) 94.3% (B7.5-97.7%) 71.1% (639-78.4%)

NPV, negative predictive value; PPV, positive predictive value.
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Characteristic Total patients (n = 149)

Age (year), median (QR) 50(47.5,70)
Male, n (%) 104 (69.8%)
Disease severity

APACHE Il score, median (IQR) 20(15, 24)
SOFA score, median (IQR) 9(6,11)
ICU intervention

Vasopressor, n (%) 83(55.7%)
Invasive mechanical ventilation, n (%) 122 (81.9%)
CRRT, n (%) 27 (18.1%)
Duration between mNGS test 10,9

and admission (day)
Clinical outcome

ICU death, n (%) 76 (51.0%)
1CU LOS (day), median (QR) 12(7,21.)
Immunocompromised state 75 (50.3%)
Comorbidity

Autoimmune disease 37 (24.8%)
Hematologic malignancy 16 (10.7%)
Cancer 5(3.4%)
Solid organ transplantation 8(5.4%)

IQR, interquartile range; APACHE, acute physiology and chronic health evaluation; SOFA,
sequential organ failure assessment; ICU, intensive care unit; CRRT, continuous renal
replacement therapy; LOS, length of stay.
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Patient NO. Sample

1 peripheral blood
2 peripheral blood
3 peripheral blood
4 peripheral blood
N peripheral blood

mNGS, metagenomic next-generation sequencing.

mNGS testing results

Aspergills flavus
Aspergillus fumigatus
Klebsiella pneumoniae
A flavus

A flavus

A tumigatus

A fumigatus

A flavus

Legionela pneumophila
Enterococcus faecium
A flavus

mNGS sequence number

2,067
568
38
9
502
1
2,680
2
174
7
44
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Case 1 Case 2 Case 3 Case 4 Case 5

Laboratory
examination
WBC (10A9/1) 032 0.02 04 021 022
RBC (10A12/1) 2.41 3 34 297 1.7
Lymphocyte 028 0.02 0.34 006 0.14
(10A%1)
Monocyte 001 0.08 0 0 001
(10A%1)
Neutrophile 003 0.17 0.03 0.15 0,06
(10A9/L)
Platelet (10A9/L) 6 2 267 22 11
Hemoglobin (/L) 793 95 96.5 86 574
Albumin (/L) 291 32.7 219 29.2 321
LDH (U 234 86 73 840 88
CRP(mg/L) 131 108 143 2343 99.4
PCT (ng/ml) 3.45 0.747 6.07 134 683
Gtest Negative Negative Positive Negative Negative
GM test Negative Negative Positive Negative Negative
Methods of
diagnosis
Histopathology NA Aspergillus NA NA NA
Blood MNGS Aspergills flavus, A flavus A flavus, A. A. fumigatus, A flavus
Aspergilus fumigatus A flavus
fumigatus
Blood culture Negative Negative Negative Negative Negative
Sputum culture A flavus Negative Negative Negative Negative
BALF culture NA Negative Negative Negative NA
BALF mNGS NA NA A flavus, A, Legionella NA
fumigatus pneumophia,

Enterococcus

faecium,

A fumigatus,

A flavus
Sputum mNGS NA A flavus NA NA A flavus
Tissue MNGS NA A flavus NA NA NA
Treatment Voriconazole Posaconazole Voriconazole, Voriconazole, Posaconazole

Voriconazole, Caspofungin Caspofungin
AMB, LVMB

WBC, white blood cell; RBC, red blood cel; LDH, lactic dehycogenase; AR, C-reactive protein; PCT, procalcitonin; G test, 1,3-B-D-glucan test; GM test, galactomannan test; mNGS,
metagenomic next-generation sequencing; BALF, bronchoalveolar lavage fluid: NA, not available; AMB, amphotericin B; LMB, amphotericin B liposome.
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Age
Gender

Underlying
conditions

Fever
Cough
Sputum

Chest

pain
Neutropenia
Prognosis

Case 1

56
Male

MDS,
DM

Yes
Yes
White
sticky

sputum
NA

Yes
Death

Case 2

21
Female
AML

Yes
Yes
Thin
sputum

Yes

Yes
Improved

Case 3

56
Female

MDS,
DM

Yes
NA
NA

NA

Yes
Death

Case 4

55
Female
PRT

Yes
Yes

Blood-
stained
sputum

NA

Yes
Death

Case 5

39
Male
AML

Yes
NA
NA

NA

Yes
Improved

MDS, myelodysplastic syndrome; DM, diabetes melitus; NA, not available; AML, acute
myeloid leukemia; PRT, post renal transplantation.
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Variable

OR
Pa0,/Fi0,, mmHg 0.979
APACHE Il score 1.156
Lymphocytes,x 109/L 0.13
NLR 1.227
CRP, mg/L 1014
LDH, UL 1.001
CD4+T/CD8+T ratio 0.148
corinfection with other pathogens 8.545

Univariate analysis

95% CI

0.963-0.996
1.000-1.336
0.02-0.857
1.067-1.412
1001-1.026
1.000-1.002
0.029-0.759

1.791-50.882

P-value

0.012
0.049
0.034
0.004
0.03

0.03

0.022
0.008

OR

0.985
0.939
0.436
1.283
1.008
1.001
0.331
9.011

Multivariate analysis

95% ClI

0.960-1.010
0.702-1.225
0.031-6.113
1.046-1.574
0.985-1.031
1.000-1.008
0.009-1.196
1.062-77.161

APACHE I, acute physiology and chronic health evaluation li: NLR, Neutrophil-to-lymphocyte ratio; CRE, C-reactive protein; LDH, lactic dehydrogenase.

P-value

0.227
0.669
0.538
0017
0.492
0.076
0.123
0.045
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Variable Total (n = 46) Survivors (n = 26) Non-survivors (n = 20) P-value

Male, n (%) 22478 12(46.2) 10 (50) 0.796
Age, year 46.4+15 458149 472155 078
APACHE Il score 122:£89 10+£34 14448 0.042
Pa0/FO ratio, mmHg 183.6 % 49.4 150.5 £ 475 108.8 £ 42.4 0,006
Corticosteroid use, n (%) 38(82.6) 20(76.9) 18 (20) 0246
Immunomodulatory medication use, n (%) 19413) 10(38.5) 945) 0655
Laboratory tests

White blood cells, x 109/ 91=42 84+43 102+88 0.185
Neutrophils, x 10%/L. 7.85(5.6-11.07) 6.9 (4.27-11) 9,06 (7.05-12.55) 0.075
Lymphocytes, x109/L 055 (0.25-0.82) 0.6(0.325-1.07) 0.33(0.135-0.615) 0.021
NLR 14.6 (7.85-21.65) 11.7 (6.1-16.52) 21.6(15.67-38.2) <0001
Hemoglobin, g/L 109.6 £21.1 1095 %225 109.8 £ 195 096
Platelet, x10%/L 1637 £712 1766+ 67.7 1448 +78.9 0.158
Creactive protein, mg/L 63.4(30.5-117.4) 58.2(30-83.7 112.7 (35.5-153.2) 0,056
Procalcitonin, ng/mi 0233 (0.099-0.64) 0.2(0.095-0.35) 0.737 (0.122-1.6) 0.085
Lactate dehydrogenase, UL 891 (562-1701.5) 739 (490.5-956) 1,372 (825.5-2150) 0.003
Serum albumin, g/L. 29.4 4.3 209 % 4.1 287 46 039
Serum BDG, >100 ng/L (%) 39 (84.8) 21(808) 18 (20) 0388
IL-6, pg/ml 37.78 (13.1-166.3) 34.1(13.1-166.3) 41.1(13.25-190.33) 0.663
1L-10, p/mi 12.5 (6.97-22.12) 12.77 (6.88-18.23) 12.42 (6.79-39.73) 0.758
TNF-o, pg/ml 2.44 (1.47-3.51) 2.40(1.35-3.22) 2.47 (1.77-4.47) 0.377
CD4+T lymphocytes. /L 179.5(101.6-209.8) 255 (145-303.5) 112 (63.5-264) 0,046
CD8+T lymphocytes./ul 179 (104-287) 200 (104-290) 124 (92-286) 0311
CD4+T/CD8+ ratio 1.03 (0.69-1.5) 1.36 (0.78-1.73) 0.8(0.63-1.05) 0,006
Multiple infections, n (%) 31(67.4) 12(46.2) 19 (95) 0,001
Treatment

IMV, n (%) 21(45.7) 7(26.9) 14.(70) 0.004
Glucocorticoid, n (%) 42(913) 23(88.5) 19 (95) 0.435
1CU time, d 105 85-15.3) 12 ©.5-16) 10 (6.5-12.5) 0068

APACHE I, acute physiology and chronic health evaluation Ii: NLR, neutrophil-lymphocyte ratio; BDG, 1,3-beta-D-glucan; IMV, invasive mechanical ventilation; ICU, Intensive care unit.
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Pneumocystis jirovecii PCR Gomori methenamine stain

Sensitivity Specificity PPV NPV Accuracy Sensitivity Speciicity PPV NPV Accuracy

RPMaargio/RPMTC ralio = 1 80% (68.7-02.4%)  100% (87.0-100%)  100% (80.0-100%) 86.8% (71.1-05.1%) 91.4% (84.2-08.6%) 100% (56.1-100%) 74.5% (60.1-85.2%) 35% (16.3-59.1%) 100% (88.6-100%) 77.6% (66.9-88.3%)
SDSMRN > 3 6% (77.7-99.8%)  97.0% (825-99.8%)  96% (17.7-00.8%) 97.0% (825-99.8%) 96.6% (91.9-100%) 100% (56.1-100%) 64.7% (50.0-77.2%) 28% (12.9-49.6%) 100% (67.0-100%) 69.0% (57.1-80.9%)

NPV, negative predictive value; PPV, positive predictive value.
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Item

Underline conditions
Connect tissue disease
Chronic Kidney disease
Hematological malignancies
Solid organ transplantation
Sold tumors

Others

Use of corticosteroids

Use of immunosuppressive
medications

Mixed infections
No

Yes

Virus co-infection
Cytomegalovirus

Other viruses (EB virus,
Hurnan adenovirus 7, and
Hurman alpha herpesvius 1)

Bacteria co-infection
Kiebsiella peumoniae
Peudomonas aeruginosa
Acinetobacter baumanni
Staphylococcus aureus
Fungus co-infection
Candida albicans
Aspergillus fumigatus

Other fungi (Candida
tropicalis, Aspergillus flavus)

Total

(n=46,%)

16 (34.8)
14.(30.4)
5(10.9)
3(65)
2(43)
6(13)
38 (82.6)
19 (413)

15 (32.6)
31(67.4)
23(50)
19(41.3)
4@8.7)

13(28.3)
4@.7)
5(109)
3(65)
122

11(23.9
6(13)
3(65)
2(43)

Survivors
(n=26,9

10(385)
7(269)
3(115)
2(7.7)
1(3.8)
5(19.2)
20(76.9)
10(385)

14(53.8)
12(46.2)
11(42.3)
9(34.6)
2(7.7)

6(23.1)
2(7.7)
3(115)
138
00
4(15.4)
2(7.7)
1(3.8)
13.8)

Non-survivors
(n=20,%)

6(30)
735
2(10)
16)
16)
16)
18 (90)
9(45)

16)
19 (96)
12 (60)
10 (60)
2(10)

7(39)
2(10)
2(10)
2(10)
16)
7(39)
4(20)
2(10)
16)
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End Point

Lateral Flow

Fluorescence/
Colorimetry

Method (Cas
enzyme,
amplification)

SHERLOCK
Version 2
(Cas13 RPA)

SHINE Cas13
RPA)

STOPCovid
(Cas12 LAMP)
SHERLOCK
VERSION 1
(Cas9, RPA)

SHERLOCK
version 2
(Cas13/RPA)

CARMEN
(Cas13, PCR/
RPA)
NASBACC
(Cas9/NASBA)

DETECTR

Advantages

Similar sensitivity to RT-PCR methods but without the need for expensive
thermocyclers; highly specific species delineation capabilities; can perform
drug-resistance genotyping; potential for use in mosquitoes as well as in
clinical samples

Single step tool with high sensitivity compared to RT-gPCR.

Detects virus from unextracted samples.

Reduced contamination risk as amplification reaction tubes remain sealed.
Sensitivity of this tool is similar to RT-qPCR

Appropriate for low-complexity clinical laboratories.

Similar sensitivity to RT-PCR methods but without the need for expensive
thermocyclers; highly specific species delineation capabilities; can perform
drug-resistance genotyping; potential for use in mosquitoes as well as in
clinical samples

Multiplexable, portable, rapid, and quantitative detection platform of nucleic
acids.

Detects all human-associated viruses with high sensitivity.

Enables comprehensive subtyping of some viruses e.g. influenza A strains and
multiplexed identification of dozens of HIV drug-resistance mutations

Can discriminate between viral strains with single base resolution

Higher sensitivity than SHERLOCK; functions in a single tube (“one-pot”
approach); isothermal like SHERLOCK; all reaction components can be
lyophilized (no need for refrigeration)

Limitations

Not yet ready for wide-scale field
use;

requires higher crRNA
concentrations than SHERLOCK in
other pathogens; “one-pot”
approach not yet achievable; assay
design costs are high

Not yet validated with field samples

Not yet validated with field samples

Not yet ready for wide-scale field
use;

requires higher crRNA
concentrations than SHERLOCK in
other pathogens; “one-pot”
approach not yet achievable; assay
design costs are high

Not yet validated with field samples

Not yet validated with field samples

Long turnaround time

Not yet validated with field samples
Challenge in the sample preparation
Not yet validated with field samples

Reference

(Gootenberg
et al., 2018;
Keliner et al.,
2019)

(Arizti-Sanz
et al,, 2020

(Joung et al.,
2020
(Cunningham
et al,, 2021

(Gootenberg
et al.,, 2018;
Kellner et al.,
2019)
(Ackerman
et al,, 2020

(Pardee et al.,
2016

(Leeetal.,
2020
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Open Pressure
Colors
Cell Count

Glucose
Protein
Chioride
19-G
Ig-A
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Karyooyte Cell
Red Blood Cell
Mononuclear Cell
Multinucleated Cell

80 mmHg
Transparent
10 x 10°6/L
o

100%

0%

2.48 mmo/L
066 g/L
115.2 mmolL
546 mg/L
950 mg/L
1.31 mg/L





OPS/images/fcimb.2022.757844/table1.jpg
Method Target Sensitivity Specificity ~ Limit of Cost Time Advantages Limitations Reference
(percentage (percentage detection per
of true of true sample
positives negatives (UsD)
detected) detected)
Microscopy N/A 95% 98% 50-200 $0.12- 60 Identification of Requires trained (Hopkins et al., 2013; Pham et
parasites/  $0.40 min parasite personnel and al., 2018; Mbanefo and Kumar,
uL of morphologies, microscopes 2020)
blood species and stage
Rapid PfHRP2, 85% to 95.2% to 50-200 $0.60- 15— Fast and easy to Mutation in pfhrp-2  (Cordray and Richards-Kortum,
Diagnostic PADH 94.8% 99% parasites/  $2.50 30 use leading to false 2012; Hopkins et al., 2013;
Test (RDT) uL of min negatives, Unable to  Pham et al., 2018; Mbanefo
blood quantify and Kumar, 2020)
parasitaemia,
can produce false-
positive results well
after resolution of
infection
Polymerase 18SrRNA,  98% to 100% 88% to 94% 0.5-5 $0.35- 1-2h Low limit of Requires expensive (Tangpukdee et al., 2009;
Chain cox3, TARE- parasites/  $5.00 detection makes it instruments and Cordray and Richards-Kortum,
Reaction 2, varATS uL of easier to detect low reagents and is not 2012; Hopkins et al., 2013;
(PCR) and Pfs25 blood parasitaemia, High able to quantify Pham et al., 2018Mbanefo and
throughput, parasitaemia Kumar, 2020)
detects drug-
resistant parasites,
mixed infections
High-volume  Plasmodium 100% 99.75%. 0.1 $0.50 45 Low limit of Requires expensive  (Kamau et al., 2013; Imwong
quantitative sp. 188 parasite/pl min-  detection makes it instruments and et al., 2014; Haanshuus et al.,
PCR (gPCR) RNA of blood 2h  easier to detect low reagents, 2019)
parasitaemia Requires trained
personnel
Nucleic Acid  18S mRNA  97.4-100% 80.9-94% 0.01-0.1  $5-$20 1-2  No thermocycler Requires highly (Cordray and Richards-Kortum,
Sequence- parasites/ h needed trained personnel, 2012; Pham et al., 2018;
Based uL of expensive Mbanefo and Kumar, 2020)
Amplification blood
(NASBA)
Loop- 18S rRNA, 98.3% to 94.3% to 1-5 $0.28- 30— Low limit of Easily susceptible to  (Cordray and Richards-Kortum,
mediated mDNA 100% 100% parasites/  $5.31 60 detection, contamination 2012; Pham et al., 2018;
Isothermal uL of min  faster reaction time Mbanefo and Kumar, 2020)
Amplification blood than PCR,
(LAMP) no thermocycler
needed, high
throughput
Serological Detection of 69.9% 100% 50-200 $0.50-  30- Useful for Not suitable for the  (She et al., 2007; Tangpukdee
test antibodies parasites/  $5.50 60 epidemiologic diagnosis of acute et al., 2009; Tusting et al.,
against uL of min surveys, malaria, Cannot 2014; Goh et al., 2021)
parasites blood Relatively cheap,  discriminate species
Provides
retrospective

confirmation of
malaria infection

cox3, Mitochondirial cytochrome c oxidase Ill: TARE-2, Telomere associated repetitive element; varATS, Var. gene acidic terminal sequence; PfLDH, P. falciparum lactate dehydrogenase;
PfHRP2; Plasmodium falciparum histidine-rich protein 2.
*Sensitivity and specificity estimates come from (Boonma et al., 2007; Han, 2013) cost estimates come from (Han, 2013) except NASBA (Mbanefo and Kumar, 2020) and serology (Tusting
et al., 2014; Goh et al., 2021).
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Studies of parasite populations

Transmission
*Resolve multi-genomic infections
*Links transmission intensity to
genetic diversity

*Measures impact of interventions
*Detect emerging variants

Population studies
*Resolve parasite population
structure
*Resolve parasite transmission
histories
*Assess parasite evolution, genetic
structure and recombination
*Expand & refine genome database
with more comprehensive metadata

~

/ Diagnostics
*Detection of submicroscopic
infections

*Detection of species diversity
*Discovery of new diagnostics
markers

~

Vaccine research & discovery
*Determine new targets

*Track polymorphisms in vaccine
candidates

*Studying efficacy of vaccine
candidates

*Assess variant replacement

Connectivity and \

importation
*Differentiate local from imported
cases

*Linking transmission to
geographic regions.

*Resolve the contribution of
superinfection and co-transmission
to within-host parasite relatedness
*Visualize the spatial-temporal

spread of emerging variants

/
/

Surveillance of irp2/3 gene
deletion

*Detection of deletions

*Monitoring spatial and temporal
trends of the deletions

*Asses the role of RDT pressure on
p2 gene deletion

\

s

HRP2/3 gene deletion

\

/‘

*Assess ip2/3 gene diversity,
and genes linked with false
malaria RDT

*Discovery of new diagnostic
markers

AN

Research on gene diversity

genetic structure in flanking genes

negative results of HRP2-based

/

//

Antimalarial efficacy &
resistance makers

*Distinguish recrudescent from
reinfections

*Monitoring markers of drug
resistance

*Discovery of new resistance markers
*Monitor gene flow of resistance
markers

AN

\

J

Antimalarials and drug resistance \

Discovery of new
antimalarials

*Identification of unique
biomarkers

*Prediction of novel drug targets

)/
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Sampling tissue Name Sequence number Name Sequence number Attention

BALF Kiebsiella 54,738 Kiebsiella pneumoniae 41019 High
Skin Rhizopus 220 Rhizopus microsporus 197 High
Lung tissue Rhizopus 56 Rhizopus microsporus 48 High
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Inspection item

WBC
Neut%

Lymph%

PCT

CRP

(1-3)--D-glucan
HumanGlactormannan
AspergillusGlactomannan
Anti-CCP

Anti-MOV

RFIgG

RF IgM

ARA

APF

Actual value

9.60
84.0
650
0.40

104.83
<10.00
0250
<025
1162.60
523.82

1:100 ()
196.4

()
)

Unit

1091
%
%

ng/mL.
mg/mL
pg/mL
ng/mb
ng/ml
RU/mL.
UsmL

1U/mL

Normal value

3595
40-75

20-50

Suggested antibiotics
104.83

0-100

0-05

<085

0-25

0-30

©

0-30

©
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—_ ltem

Specimen ~—___

CSF
Serum 1

Hydrothorax

BALF
Serum 2

Number of MNGS
specific reads (time of
collection)

+,2(2021-7-8)
+, 1,430 (2021-7-13)

+, 11(2021-7-15)
Not reexamined

Viral DNA
quantification
(copies/ml) (time of
collection)

1.0 x 105 (2021-7-8)
2.96 x 105
(2021-7-11)
1.36 x 10°5
(2021-7-15)

/
<1,000 (2021-7-27)
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Genus Species

Name NGS reads? Relative abundance® Name NGS reads
Candida 1,758 88.28% Candida albicans 1,607
Mycobacterium tuberculosis complex 3 0.00 - &

Relative abundance

86.70%

aThe NGS reads of the microorganism detected at the genus/species level in rigid alignment.
The proportion of the microorganism in all the microorganisms detected.
®We analyzed them with the BLAST NCBI tool and found that they could be matched to the MTB genome in the NCBI library.
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DNA virus PCR RNA virus PCR

Sensitivity ‘Specificity PPV NPV Accuracy Sensitivity Specificity PPV NPV Accuracy

RPMaargio/RPMTC ralio = 1 1009% (51.7-100%)  84.4% (69.9-93.0%)  46.2% (204-73.9%) 100% (88.6-100%) 86.3% (76.8-95.7%) 75% (21.9-08.7%) 94.4% (10.6-09.7%) 75% (21.9-08.7%) 94.4% (70.6-00.7%) 90.9% (78.9-100%)
SDSMRN > 3/1 100% (51.7-100%)  71.1% (65.6-83.2%) 31.6% (13.6-56.5%) 100% (86.7-100%) 74.5% (625-86.5%) 75% (21.9-98.7%) 83.3% (67.7-95.6%) 50% (139-86.1%) 93.8% (67.7-99.7%) 81.8% (65.7-97.9%)

NPV, negative predictive value; PPV, positive predictive value.
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Item

Color

Transparency

Rivalta test

Microscopic examination of red blood cell count (pcs/jLl)
Microscopic examination of white blood cell count (pcs/p 1)
Neutrophil classification (%)

Lymphocyte classification (%)

Percentage of microscopically examined monocytes (%)
Total protein (g/L)

Glucose (mmol/L)

Lactate dehydrogenase (U/L)

Adenosine deaminase (U/L)

Pleural fluid culture

Acid-fast bacilli in pleural fluid

Result

Yellow
Turbid
3+
12,773
2,701
8
80
12
11.8
1.33
249
13
Negative
Negative

Bold values emphasize that these results suggest that pleural effusion may be

caused by tuberculosis.
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Item (unit)

High-sensitivity C-reactive protein (mg/L)
White blood cell count (x 109/L)

Neutrophil count (x109/L)

Lymphocyte count (x109/L)

Albumin (g/L)

Procalcitonin (ng/ml)

Erythrocyte sedimentation rate analysis(mm/h)
Sputum culture

Acid-fast bacilli stain in sputum
1,3-B-D-glucan detection
Carbohydrate antigen 125 (U/ml)
Carbohydrate antigen 19-9 (U/mi)
Alpha fetoprotein (ng/ml)
Carcinoembryonic antigen (ng/ml)

-, absence of performance.

On admission Ordinary
antibacterial
treatment for 14 days

50.90 99.60
3.90 3.50
2.56 2.45
0.69 0.49
31.60 29.3
0.05 0.076
78 -
Candida -
Negative Negative
Negative E
129.70 -
8.72 -
1.48 -
1.74 -

Antituberculosis and
antifungal treatment
for 14 days

20.20
3.40
2.1
0.75
29.10
0.05

Mycobacterium
tuberculosis

Negative

Latest follow-up

(antituberculosis

treatment for half
one year)

= 0.5

356.7

26

Negative
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Type Genus Species

Name Sequence number Name Sequence number Relative abundance Attention

G- Prevotella 36 Prevotella denticola 32 9.80% High
G- Fusobacterium 7 Fusobacterium nucleatum 3 0.26% Low
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sample Origin GPCR result Cas12a result

1 Nasal swab Negative Negative
2 Nasal swab Negative Negative
3 Nasal swab Negative Negative
4 Nasal swab Negative Negative
5 Nasal swab Negative Negative
6 Nasal swab Negative Negative
b Nasal swab Positive Positive
8 Nasal swab Positive Positive
9 Nasal swab Positive Positive
10 Nasal swab Positive Positive
11 Nasal swab Positive Positive
12 Nasal swab Positive Positive

Nasal swab: Sample collected from nasal mucosa.
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Methods

Time

Lop

Clinical samples
RNA extraction
Visualization
Target

Brief description

Volumes

Our work

RT-LAMP/Cas12a
40min

330 cp/xn (66 cp/iul)

34

No

Colorimetric and fluorescence
N gene

We use HUDSON (26 min) Both
reactions at the same time in
separate tubes and mixing the
last 10min.

24 uL RT-LAMP + 20 pL Cas12
+5 plLsample

Wang et al. (16)

RT-LAMP/Cas12a
45min

5cp/ul

50

Yes

Blue light

S-gene

Both reactions in the same tube and
the same time. The LAMP mix in the
bottom and the Cas12 mix on the lid

for the first incubation, then they mix
and do the second incubation.

40 pL RT-LAMP 4 20 pL Cas12 + 1
L sample

Pang etal. (14)

RT-LAMP/Cas12a
40min

150 cp/oxn (30 cp/pal)
100 swabs

Yes

UV light and celiphone
Nand E gene

Similar to Wang without the oil and
with different times and volumes

25 WL RT-LAMP + 10 pL Cas12 +
2-10 pL sample

Lalli et al. (15)

RT-LAMP
25 min

59 cp/en

30 saliva

No

Colorimetic and fluorescence
N gene and Orflab

There are two temperature incubation
of the samples (65°/15 min and
95°/5 min) followed by an incubation
of 25 min.

20 pL RT-LAMP + 3 L sample
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Signal positivity

Samples N1 N2 N3 N4 % detection
NTC - - - - 0%
§16.5 & = = & 0%
33 + = = - 20%
855 + = - =~ 20%
882 * - = = 20%
s165 £ — - + 40%
$330 - - - + 20%
$550 + . = b 40%
$1000 + + + + 100%
81600 L + H i 100%

+is a positive signal.
— is a negative signal.
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sample N1

NTC s

s40

S$80
$160
$330
8560
$1600

o+

+ s a positive signal.
— is a negative signal.

o+

+o o+

+o+ o+

N5

+o+ o+ o+

N6

+o+ o+ o+

N7

+o+ o+ o+

Positivity of signal

N8

+ o+ o+ o+ o+

No

+ o+ o+ o+ o+

N10

+o+ o+ o+

N11

+o+ o+ o+

N12

o+ o+

N13

+o+ o+

N14

+o+ o+ o+ o+

N15

o+

% detection

0%
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Respiratory pathogen spectrum

Respiratory syncytial virus, and parainfluenza virus
NA

Negative

Legionella

NA

Mycoplasma pneumoniae

NA

NA

Influenza A virus

NA
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Main symptoms

Repeated fever (~10 days)
Fever, abdominal pain, and palpitations (3 days)
Repeated fever (5 days), and myalgia (~10 days)
Repeated fever (7 days)

Fever (10 days)

Fever (15 days)

Fever (7 days), dizziness, nausea, and vomiting
Fever (~10 days), and abdorminal pain (one month)
limbs fatigue (7 days), and blurred vision

Fever, and headache (9 days)

Skin rash and eschar

No
No
Yes
Yes
Yes
Yes
No
No
No
No

Hepatosplenomegaly

Yes
No

Yes

No

Faty liver
Splenomegaly
Splenomegaly
Splenomegaly
Liver oyst

Yes

Swollen lymph nodes

NA

Neck

Neck

Right groin

NA

Double armpit

Double armpit

NA

Lungs, retroperitoneun, and mesenteric root
NA
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OR 95%Cl P
Age>65,years 1.06 (0.96,1.16) 0.248
Exposure to bird 0.51 (0.05,5.80) 0.594
Time from onset to diagnosis, days 1.15 (0.87,1.50) 0.321
Time from onset to respiratory failure, days 1.05 (0.79,1.04) 0.722
PCT=0.5,ng/dI 1.31 (0.12,14.93) 0.826
APACHE Il > 25 7.33 (0.36,50.71) 0.196
SOFA 2.05 (0.94,4.46) 0.07
IgM positive 2.83 (0.32,24.81) 0.347
Pa0O2/FIO2 ratio >100 mmHg 021 (0.02,1.97) 0.172
WBC < 4 x 10%/L 0.14 (0.01,2.87) 0.196
Lym < 0.6 x 10%/L 5.62 (0.50,63.60) 0.162
Albumin < 30 g L-1 1.09 (0.13,9.12) 0.936
bilirubin =20 g L-1 0.94 (0.81,1.09) 0.417
APTT 240 s 14.25 (1.16,174.8) 0.038
CK-MB > 2ng/ml 4.75 (0.51,44.5) 0.172
MYO = 300ng/ml 14.25 (1.16,74.8) 0.038
HS-TNTI > 50ng/l 20.0 (1.58,60.7) 0.022
mNGS-results = 1000 8.5 (0.74,98.2) 0.087
Intubation days 0.89 (0.62,1.29) 0.536
CRRT 10.5 (0.92,120.25) 0.059

SOFA, Sequential Organ Failure Assessment.
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All (N=27) survivor (N=23) Non-survivor (N=4) P
MV, n (%) 11 (40.7%) 7 (30.4%) 4 (100.0%) 0.019
Intubation days, Median [Min, Max] 6.00 [1.00, 17.0] 6.00[1.00, 17.0] 4,50 [3.00, 10.0] 0.775
ECMO, n (%) 3(11.1%) 3 (13.0%) 0 (0%) 0.605
CRRT, n (%) 4 (14.8%) 2 (50%) 2(8.7%) 0.032

MV, Mechanical ventilation; ECMO, extracorporeal membrane oxygenation; CRRT, continuous renal replacement therapy.
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Laboratory findings All (N=27) survivor (N=23) Non-survivor (N=4) P
procalcitonin, Median [Min, Max] 1.19[0.05, 7.23] 1.15[0.05, 7.23] 2.46[0.27,5.72) 0.830
<0.05 1(14.8%) 1(4.3%) 0 0.909
0.05-0.50 7 (25.9%) 6 (26.1%) 1(25%)

>0.50 19 (59.3%) 16 (69.6%) 3(75%)

lgM positive, n (%) 8 (29.6%) 6 (26.1%) 2 (50.0%) 0.347
Leucocyte, x10%/L, Median [Min, Max] 8.71[3.65, 24.3] 8.91 [3.90, 24.3] 6.84 [3.65, 11.3] 0.549
<4 2 (7.4%) 1(4.4%) 1 (25%) 0.346
4-10 17 (63.0%) 15 (65.2%) 2 (50%)

>10 8 (29.6%) 7 (30.4%) 1 (25%)

Lymphocyte, x 10%/L, Median [Min, Max] 0.56 [0.12, 2.03] 0.520[0.12, 2.03] 0.67 [0.34, 0.86] 0.251
>0.8 4 (14.8%) 3 (13.0%) 1(25%) 0.315
0.6-0.8 7 (25.9%) 5(21.7%) 2 (50%)

<06 16 (59.3%) 15 (65.2%) 1 (25%)

Platelets, x 10%/L, Median [Min, Max] 155 [63.0, 350] 159 [63.0, 350] 129 [109, 166] 0.056
<100x 10%/L 4 (11.0%) 3 (13.0%) 0 0.444
Hemoglobin, g/dL, Median [Min, Max] 127[72,153]) 122[72,153) 134[122,137] 0.251
Anemia 4 (14.8%) 4 (17.4%) 0 0.366
CRP, Median [Min, Max] 1563 [33.7, 274] 163 [33.7, 265] 169 [123, 274] 0.921
>100 23 (85.2%) 19 (82.6%) 4 (100%)

Albumin (g L-1), Median [Min, Max] 20.7 [24.1, 44.7] 29.7 [24.1, 44.7] 34.4[27.2, 40.3] 0.562
<30 14 (48.2%) 12 (47.8%) 2 (50%) 0.936
bilirubin (g L-1), Median [Min, Max] 19.0 [8.60, 69.9] 20.4 [8.60, 69.9 18.6 [11.9, 19.1] 0.418
>20 12 (55.6%) 12 (47.8%) 0 0.053
APTT (s), Median [Min, Max] 33.4 [26.4, 70.0] 32.2 [26.4, 70.0 43.8 [27.4, 55.5] 0.108
>40 7 (25.9%) 4 (17.39%) 3 (75%) 0.015
D-dimer (mg/l), Median [Min, Max] 4.31[0.88, 38.6] 4.31[0.88, 38.6) 4.33 [2.79, 17.50) 0.019
<1.0 2 (7.4%) 2 (8.7%) 0 0.511
1.0-20 4 (14.8%) 4 (17.4%) 0

>2.0 21 (77.8%) 17 (73.9%) 4 (100%)

CK-MB (ng/ml) 1.20 [0.30, 23.4] 1.00 [0.30, 20.7] 9.00 [1.40, 23.4]

>2.0 6 (22.2%) 4(17.4%) 2 (50%) 0.148
MYO (ng/mi) 121 [17.0, 35400] 81.4 [17.0, 2250 448 [21.7, 35400]

>300 7 (25.9%) 4(17.4%) 3(75%) 0.015
HS-TNTI (ng/L) 18.9 [0.260, 130] 18.9 [0.260, 130] 78.9[22.6, 129]

>50 6 (22.2%) 3(13.0%) 3(75%) 0.006
mNGS-results 152 [7.00, 5350] 4530 (337, 15200] 337 [7.00, 15200]

>1000 9 (33.3%) 6 (26.1%) 3(75%) 0.055

ECMO, extracorporeal membrane oxygenation;

MV, mechanical ventilation; CRRT, continuous renal replacement therapy: PCT, procalcitonin; CRP, C-reactive protein.
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All (N=27) survivor (N=23) Non-survivor (N=4) P
gender, male, n (%) 19 (70.4%) 17 (73.9%) 2 (50.0%) 0.334
Age, Median [Min, Max] 60.0 [35.0, 87.0] 60.0 [35.0, 87.0] 67.0 [54.0, 83.0] 0.895
Exposure to bird, n (%) 10 (37.0%) 9 (39.1%) 1 (25.0%) 0.594
Time from onset to diagnosis, Median [Min, Max] 11.0 [2.00, 20.0] 10 0 [2.00, 20.0] 13.0[9.00, 17.0] 0.501
Time from onset to respiratory failure, Median [Min, Max] 7.00[1.00, 16.0] 7.0[1.0,16.0] 6.5[6.0,14.0] 0.896
Admission symptoms
Cough, n (%) 19 (70.4%) 16 (69.6%) 3 (75.0%) 0.826
Backache, n (%) 1(3.7%) 1(4.3%) 0(0%) 0.852
fever, n (%) 23 (85.2%) 20 (87.0%) 3(75.0%) 0.542
dyspnea, n (%) 22 (81.5%) 19 (82.6%) 3 (75.0%) 0.719
headache, n (%) 10 (37.0%) 8 (34.8%) 2 (50.0%) 0.565
diarrhea, n (%) 3(11.1%) 3(13.0%) 0 (0%) 0.605
Characteristics at ICU admission
APACHE I, Median [Min, Max] 16.0 [8.00, 35.0] 15.0[8.00, 35.0] 20.0[17.0, 26.0] 0.411
<10 6 (22.2%) 6 (26.1%) 0 0.251
10-15 4 (14.8%) 4 (17.4%) 0
>15 17 (63.0%) 13 (56.5) 4 (100%)
SOFA, Median [Min, Max] 5.00 [2.00, 9.00] 5.00 [2.00, 9.00] 8.00 [6.00, 8.00] 0.199
Pa02/FIO2 ratio, mm Hg, Median [Min, Max] 162 [46.0, 248 166 [46.0, 248] 99.0[69.0, 135] 0.393
>200 5 (18.5%) 5(21.7%) 0 0.277
100-200 16 (569.3%) 14 (60.9%) 2 (50%)
<100 6 (22.2%) 4 (17.4%) 2 (50%)

Cl. confidence interval: OR, odds ratio.
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SPECIES BALF Blood

Name Sequence  Relative  Sequence  Relative
number’ abundance number’ abundance

Klebsiella pneumoniae 23623 7.71% 897 4.77%
Klebsiella 693 0.23% 26 0.14%
quasipneumoniae

Klebsiella aerogenes 671 0.22% 18 0.10%
Klebsiella variicola 670 0.22% 24 0.13%
Klebsiella oxytoca 164 0.05%

Escherichia coli 603 0.20% 30 0.16%
Salmonella enterica 164 0.11%

Citrobacter freundii 84 0.03%

Cedecea neteri ul 0.02%

“The sequence number of the strict comparison of the microorganism detected at the
level of species.
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Name

1.Peripheral blood
Rhizomucor

2. Cerebral spinal fluid
Rhizomucor

3. Bronchoalveolar lavage fluid
Rhizomucor

Aspergillus

Aspergillus

Elzabethkingia
Stenotrophomonas

Genus

Sequence number

41500

7
13
13
125838
2511

Relative abundance (%)

99.94

0.36

28.00
52.00
52.00
94.66

1.89

Species

Name Sequence number
Rhizomucor miehei 40895
Rhizomucor miehei 1
Rhizomucor miehei 7
Aspergilus flavus 4
Aspergillus terreus 4
Elzabethkingia anophelis 85818
Stenotrophomonas maltophilia 2404
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Type
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Nocardia

Genus

Sequence number

188

Name

Nocardia farcinica

Species

Sequence number

129

Relative abundance

2.667%
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Species

Sequence number

Name
Pseudomonas 503
aeruginosa
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Nocardia farcinica

Relative abundance
40.38%

0.745%
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Suspected concurrent N=4 Endocardium Endocarditis, N=1
Bloodstream infections, infections, N=9 Suspected lower BALF PCP, N=1
N=27 M respiratory infection, N=4 [ Sputum Lower repiratory infection, N=2
mNGS positive, N=33 CUlbEE(E)A¥es Suspected central
Culture (+), N=1 nervous system infection, CSF Viral meningitis, N=1
N=1
HBV chronic infection,
Non-bloodstream N=1
infection, N=6 CMV or EBV latent
Culture(+), N=0 infection, N=5
FUO patients blood Suspected urinary tract ; - : : =
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From March 1, 2017 to August 1, 2018 in Huashan Hospital, 176
patients fever of unknown origin were included

Suspected for bloodstream
infection(n=176)

Blood was sent for mNGS,
culture,smear,PCR,special
antibody

Excluded: No mNGS results(n =1)

Suspected for other infections

Other samples except blood were also
sent for mNGS,smear,culture,special
antibody and biopsy tissues for
pathology tests

Included in analysis (n=175)

Definite infectious Non-infectious \diopathic(n=6)
disease(n=96) disease(n=73) Iopatilicy =

blood infection(n=50) NIID (n=39)
Non-blood Tumor (n=16)
infection(n=46) Others (n=18)
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Cytomegalovirus

Herpes simplex virus-1

Human polyomavirus-5

Candida albicans

Mycoplasma species

Others: human betaherpesvirus 6A,
human papilomavirus-5, Staphylococcus
aureus, Rickettsia felis, Aspergills
fumigatus, Torque teno virus 28, human
papillomavirus-19, Epstein-Barr virus, and
molluscum contagiosum virus

(CSF, cerebrospinal fluid.

No. of
positive CSF
sample

v oo

1 for each
pathogen

No. of sequence
reads

1,4,5,7,and 26
1,1,4,8,and 155
3and3
4and 10
3and5
889,10,4,4,4,8,8,2
and 2, respectively
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Items

cD3

cD4

cD8
CD4/CD8
NK
CcDb19

Results

66.57%
39.72%
27.23%
15
27.09%
6.31%

Normal range

58.4-81.56
31-60
13-41
0842
14-40
625
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CSF mNGS?

V2V detected VZV not detected
(n=16) (n=15)

Clinical diagnosed VZV CNS 743.8) 6(40.0%)

infection

Positive CSF VZV IgM antibodies 3(18.8) 2(18.9)

CSF V2V nucleic acid test 5(31.5) 0(0)

(qualitatively)

CSF VZV nucleic acid test 3(18.8) 0(0)

(quantitatively)

Abnormal cerebral MRI 163) 3(20)

CSF; cerebrospinal fluid; mNGS, metagenome next-generation sequencing; VZV,
varicella-zoster virus; CNS, central nervous system; MR, magnetic resonance imaging.
aThe median finterquartie range (IQR)] sequence reads of CSF mNGS is 34.6 (28.8-
48.3) millons.
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Demographics and clinical characteristics
Age, years
Sex, male
Comorbidity
Recently contacted with chickenpox
Time from chickenpox onset, days
Time from neurological symptoms onset, days
Headache
Neuasia
Vomitting
Mental Ghange
Difficulty urinating
Nuchal rigidity
Kernig's sign
Brudzin ski's sign.
Blood laboratory tests
White blood cell count, x 109/
Lymphocyte count, x 10%/L
Lactate dehydrogenase, IU/L
G-reactive protein, mg/L
Cerebrospinal fluid analysis
White blood cell count, x 10%/L
Proteins, mg/L
Glucose, mmoVL
Lactate dehydrogenase, IU/L
Adenosine deaminase
Negative bacterial culture
Brain imaging
Abnormal magnetic resonance imaging

Total (n = 31)

30(24.3-33.3)
16(51.6)
2(65)

17 (54.8)
4.0(3.0-5.0)
2(1-4)
29(93.5)
14 45.2)
6(19.4)
2(65)
2(65)
4(12.9)
103.2)
00

49 (39-7.0)
13(1.1-29)
240.0 (202.5-289.5)
10.8 (2.7-20.9)

20(1.06.0)
261.4 (219.7-354.8)
32(29-88)
17 (14-21)
2(0.1-3.6)
31(100)

4(129)
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CSF-Variable

5th day
8th day

11th day
16th day
19th day
23th day

Intracranial pressure
(mmH,0)

290
350
400

310

WBC (x10°/L)

Differential count (%)

Monocyte  Goenocyte

4 o
10 4
4 6
42 6
55 15
45 15

Protein (g/L)

0.63
0.37
0.78
0.78
0.69
0.80

Glucose (mmol/L)

normal
3.05
3.14
3.62
4.00
457

Chloride (mmol/L)

106.8
1824
127
1255
131.4
144

CSF-Culture
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Sample

S-1

S-2

S-5
S-7

S-11
S-12
S-15

The primary
results

CFIR

CD209
IRF2BP2
ADGRV 1
TYK2

MEFV
THBD
GATA2

Chromosomal
location

chr7:117232263

chr19:7810932
chr1:234743616
chr5:90040914
chr19:10463719
chr19:10467271
chr16:330425-3304 626
chr20:23029670
chr3:128205680-
128205681

Transcript ID: Mutation
(amino acid variation)

NM_000492.3:¢.2042A>T(p.G 1u681Val)

NM_021155.3: ¢.220C>T(p.GIn74%)
NM_182972.2: c.1049-18A>G
NM_032119.3: ¢.10601C>T(p. Ser3534Leu)
NM_003331.4: ¢.3083A>G(p.Asn1028Ser)
NM_003331.4: ¢.2690C>T(p.Arg864Cys)
NM_000243.2: ¢.442G>C(p.Glu148Gin)
NM_000361.2: ¢.472T>G(p.Cys158Gly)
NM_032638.4: ¢.194_195insT
(p.AlaBB6Argfs*119)

ACMG, American College of Medical Genetics; VoUS, variant of unknown significance.
The symbol "*" means nonsense mutations in amino acids.

ACMG

Likely
pathogenic
VoUs

VoUs
VoUs

VoUs
VoUs
Likely
pathogenic

Relationship between
mutations and
phenotypes

Partially related

Partially related

Partially related
Partially related

Partially related
Partially related
Partially related

Literature
support

Yes

Yes

Yes
Yes

Yes
Yes
Yes
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Sample Age*/sex

5]
S-1 63/F
S-2 26/M
S-3 26/M
S-4 38M
S-6 19/F
S-6 50/F
S-7 30M
S-8 23/F
S-9 54/M
S-10 21/F
S-11 38/F
S-12 47/M
S-13 48/F
S-14 26/F
S-15 15/F

Diagnosis

Bronchiectasis with infection

Mycobacterium Aarhus infection
Undiagnosed

Pyoderma gangrenosum
Undiagnosed

Idiopathic pericarditis

Mycobacterium intracellular infection
Hemophagocytic syndrome

Scedosporium boydii infection

Systemic Lupus Erythematosus; Hemophagocytic
syndrome

Periodic Fever Syndrome

Pulmonary embolism
Mycobacterium intracellular infection

Undiagnosed
MonoMAC syndrome; Mycobacterium avium infection

Symptoms other than
fever

cough and sputum

cough
/

damaged skin
cough

chest distress
abdominal pain
rash, joint pain
headache
cough

joint pain
cough, chest distress
lymphadenectasis

headache
cough and sputum

Treatment

Anti-infection

Anti-mycobacterial therapy
Methylprednisolone

Methylprednisolone
NSAIDs; cough medicine

Colchicines, Methylprednisolone
Anti-mycobacterial therapy
Methylprednisolone; Ciclosporin
Voriconazole

Etoposide; Ciclosporin

NSAIDs

Low molecular heparin, anti-
infection

Anti-mycobacterial therapy
Symptomatic treatment
Anti-mycobacterial therapy

Outcome

Controlled without
recurrence
Improved
Controlled without
recurrence
Improved
Controlled without
recurrence
Improved

Cured

Under treatment
Improved

Under treatment

Controlled without
recurrence
Cured

Cured
Under treatment
Under treatment

M, male; F, female; NSAIDs, nonsteroidal anti-inflammatory drugs.
The symbol "*" means age of participant at initial referral.
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Antimicrobials

Amikacin
TMP-SMZ
linezolid
Imipenem
Minocycline
cefotaxime
Ciprofloxacin
Tobramycin

N. cyriacigeorgica (n=8)

O W WwWwN oo m

N. facinica (n=4)

O W= wwh AN

No. of susceptible isolates

N.otitidiscaviarum (n=1)

R N = I < SN

N.brasiliensis (n=1)

L0020 a4

Total (n=14)

14
14
14
10
8

4
6
8
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No. Age Gender  Underlying Symptoms Imaging Specimen Species by 165 Identify  Referrence Species by Antibiotic  Outcome
disease rRNA Assesion mNGS treatment
1 75  male Lung cancer cough mass lung N.cyriacigeorgica ~ 100% LR215973.1  N.cyriacigeorgica SXT Recovery
aspiration
2 53 mae Membranous fever, dyspnea nodulesinfitration ~ suputum  N.cyriacigeorgica  100% ~ LR215978.1  N.cyriacigeorgica  SXT+IPM Recovery
nephropathy
3 49 female  Bronchiectasis fever, cough, sputum bronchiectasis, BAL N. facinica 100% MN100049.1  N. facinica SXT Recovery
production infitration
4 23 female  Bronchiectasis cough, sputum production bronchiectasis, BAL N. facinica 100% MN100049.1  N. facinica SXT Recovery
infiitration
5 42 female  Diabetes melitus  fever, cough, sputum consolidation, BAL N.otitidiscaviarum ~ 100% KX500116.1  N.otitidiscaviarum ~SXT Death
production pleural effusion
6 68 mae  Nephrotic fever, hemoptysis, chest cavity BAL N.cyriacigeorgica  100% ~ LR215973.1  Unidentified SXT+PM+  Death
syndrome pain.neurological signs [Vin}
7 70 male COPD dyspnea cavity, mass suputum  N.brasiliensis 99.93%  CP022088.2  N.brasiliensis SXT+ LVX Recovery
8 50 male Bronchiectasis fever, cough, suputum bronchiectasis, BAL N.cyriacigeorgica ~ 100% LR215973.1  Unidentified SXT Recovery
production, infitration
9 78  male None cutaneous abscess none purulent N.cyriacigeorgica  100% LR215973.1  N.cyriacigeorgica SXT Recovery
pus
10 56 female Interstitial dyspnea, consolidation lung N.cyriacigeorgica  100%  LR215973.1  N.cyriacigeorgica ~SXT Recovery
pneumonia aspiration
11 68 female Lung cancer fever, dyspnea mass, suputum  N.cyriacigeorgica  100%  LR215973.1  N.cyriacigeorgica SXT Recovery
12 28 mae Hematological fever, cough consolidation BAL N. facinica 100%  MN100049.1  N. facinica SXT+PM+ Death
malignancy zD
13 63 mae  Esophageal fever nodules, cavity BAL Noyriacigeorgica  100% ~ LR215973.1  N.cyracigeorgica  SXT+ LVX Recovery
cancer
14 57 mae Bronchiectasis cough, sputum production bronchiectasis, BAL N. facinica 100%  MN100049.1  N. facinica SXT Recovery

BAL, brochoalveolar lavage; COPD, chronic obstructive pulmonary disease; SXT, trimethoprim-sulfamethoxazole; IPM, imipenem; LZD, linezolic

LVX, levofloxacin.
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Genus Species

Name Sequence  Name Sequence
number” number®
Staphylococeus 172 S. epidermidis 130
Prevotelia 105 Prevotella melaninogenica 65
Streptococaus 44 . sanguis 15
S. mitis 3
Cutiibacterium 13 C. acnes 7
Rothia 10 R. mucilaginosa 10
Veilonella 7 V. atypical 4
Moraxella 5 M. osloensis 5

*#The sequence number of the strict comparison of the microorganism detected at the
level of genus/species.
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Patient ID Underlying disease

No.

No.

No.

No.

No.

No.

Immunological anermia

Acute myeloid leukemia

Autoimmune hemolytic
anemia

Acute lymphooytic leukemia

Lymphoma

None

None

Lymphoma

Lymphoma

Lymphoma

Thymoma; pemphigus

Breast cancer; liver cinthosis;
diabetes; renal insufficiency;
cardiac insufficiency

Pulmonary
disorders

Pulmonary
infection
Typel
respiratory
failure
Pulmonary
infection

Pulmonary
infection

Pulmonary
infection
Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection

Pulmonary
infection
Pulmonary
infection

Pulmonary
infection

Smear results

Negative

Negative

Gram-negative
bacilli

Negative

Gram-positive
cocai,
Gram-negative
bacili

Gram-positive
cocci

Negative

Negative

Fungi

Negative

Negative

Negative

P, jiroveci, Pneumocystis jirovecii: H. cytomegalovirus, human cytomegalovirus.

Culture
results

Negative

Negative

Negative

P jirovecii
Staphylococeus

epidermidis

Acinetobacter
baumannii, P.
jirovecii

P, jirovecii

P jirovecii

Candida

Negative

Negative

Negative

Pathology results

Alveolar septal fibrous
tissue hyperplasia,
Inflammatory cell
infiltration

Fibrous tissue
hyperplasia,
Inflammatory cell
infiltration

Chronic inflammation of
the mucosa, a small
amount of neutrophil
infiltration, partial alveolar
septum widening with
fibrous tissue hyperplasia
Lymphooyte, plasma cell,
and neutrophil infitration
Aveolar fibrous tissue
hyperplasia

Inflammatory cell
infiltration and interstitial
fibrous tissue hyperplasia

Inflammatory cell
infiltration and interstitial
fibrous tissue hyperplasia
Mid hyperplasia of
fibrous tissue, a ittle
lymphooyte infiltration

NGS-based diagnosis
(number of unique
reads)

P jirovecil (28)

H. cytomegalovirus (72)

P, jirovecii (50916)
H. cytomegalovirus (10)

P jirovecil (64),
H. cytomegalovirus
(23282), Rhizopus
microspores (6)

P jirovecil (1058),
H. cytomegalovirus (154)
P jirovecil (303572),

H. cytomegalovirus (1626)

P jirovecii (4522),
H. cytomegalovirus (4),
Aspergillus fumigatus (6),
Acinetobacter baumannii
(338)

P, jroveil (104054),

H. cytomegalovirus (29)

P, jrovecil (36),
H. cytomegalovirus (4)

P jirovecil (427),
H. cytomegalovirus (652),
Candida albicans (2),
Staphylococcus aureus (2)
P jirovecil (5),

H. cytomegalovirus (28)

P jirovecil (9),

H. cytomegalovirus (187),
Nocardia cyriacigeorgica
)

P jirovecil (5),

H. cytomegalovirus (38),
Candida tropicalis (3791),
Aspergillus fumigatus (3)

Reference
no.

©)

©

©)

©)

©)
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Oct 26
Oct 27
Oct 30
Nov 1

Nov 3

Nov &

Nov 7

Nov 11
Nov 14
Nov 17
Nov 19
Nov 22
Nov 24
Nov 26

hsCRPmg/L

176.73
138.67
173.42
14218
131.76
119.37
80.59
14.77
74.06
63.47
48.72
368
31.57
2541

WBC*10"9/L

13.91
14.4
11.64
16.47
17.21
18.53
21.89
14.82
11.89
11.47
10.15
10.86
10.85
953

NE%

75.1
737
70.7
714
751
752
92.1
783
63.9
714
739
69.9
675
66.5

RBC*10*12/L

295
3.08
3.1
3.2
326
298
312
2.89
26
274
a7
268
241
254

Hb g/L

81

238888

76
70
69
72
72
75
77

PLT *10%9/L

440
449
527
511
569
527
478
347
386
550
745
768
761
563

PCT ng/ml

0.42

0.33
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sample

BALF
BALF
BALF
BALF
Blood
Blood
Blood
Blood
Blood

Type

dsDNA
Fungi
Fungi

G+
dsDNA
dsDNA
Fungi

Name

Kiebsiella peumonia
Pseudomonas aeruginosa
Human betaherpesvirus 5
Talaromycesmarneffei
Candida albicans
Pseudomonas aruginosa
Staphylococeus aureus
Human betaherpesvirus 5
Human gammaherpesvirus 4
Talaromycesmarneffei

Sequence
number

28
20
2
38
5
66
4
169
7

Confidence

High
High
Medium
High
High
Medium
Medium
High
Medium
Medium
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Period

Oct 25-Oct 28
Oct 28-Nov 1
Nov 1-Nov 9
Nov 2-Nov 9
Nov g-Nov 15
Nov 9-Nov 26
Nov 9-Nov 23
Nov 15-Nov 26

Therapy

Meropenem 1g 8h gt
Tigecycline 50mg q12h ivgtt

Caspofungin 50mg ad ivgtt (70mg for first dose)
Linezolid 0.6g q12h ivgtt

Piperacillin and Tazobactam 4.5g q8h vgtt
Voriconazole 200mg q12h ivgtt

Ganciclovir 250mg qd ivgt

Levofloxacin 0.5g qd ivgtt





