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Background: Whether probiotics helped the Helicobacter pylori (H. pylori) eradication was still highly controversial. The non-bacterial Saccharomyces boulardii (S. boulardii) has demonstrated its efficacy in the treatment of antibiotic-associated and infectious diarrhea. We aimed to evaluate the effects of S. boulardii combined with quadruple therapy for H. pylori eradication and associated side effects.

Methods: Three hundred and sixty H. pylori-infected patients were recruited in this multicenter, randomized controlled trial. The patients who underwent H. pylori eradication treatment were randomized in a ratio of 1:1 into two separate groups that received standard quadruple therapy (Group A) and quadruple therapy plus S. boulardii sachets (Group B) for 14 days. The everyday medication and side-effect records were collected for compliance and adverse effect analysis. All patients accepted 13C/14C-urea breath tests 4 weeks after the therapy completion.

Results: Saccharomyces boulardii and quadruple therapy-combined intervention significantly reduced the incidences of overall side effects (27.8 vs. 38.5%, p = 0.034) and diarrhea (11.2 vs. 21.2%, p = 0.012) in Group B compared with quadruple therapy alone in Group A, especially reduced the diarrhea duration (5.0 days vs. 7.7 days, p = 0.032) and incidence of severe diarrhea (4.7 vs. 10.1%, p = 0.040). Intention-to-treat (ITT) analysis and per-protocol (PP) analysis both indicated no statistical differences of eradication rate between Groups A and B (ITT: 82.7 vs. 85.8%, p = 0.426; PP: 89.7 vs. 94.2%, p = 0.146). The joint use of S. boulardii and quadruple therapy markedly improved the overall pre-eradication alimentary symptoms (hazard ratio (HR): 2.507, 95% CI: 1.449–4.338) recovery.

Conclusion: Saccharomyces boulardii ameliorated H. pylori eradication-induced antibiotic-associated side effects especially reduced the incidence of severe diarrhea and the duration of diarrhea. However, there was no significant effect of S. boulardii on the rate of H. pylori eradication.

Trial Registration: The protocol had retrospectively registered at ClinicalTrails.gov, Unique identifier: NCT03688828, date of registration: September 27, 2018; https://clinicaltrials.gov/show/NCT03688828

Keywords: Helicobacter pylori, Saccharomyces boulardii, eradication, diarrhea, quadruple therapy


INTRODUCTION

The prevalence of Helicobacter pylori (H. pylori) infection in the general population in China was approximately 60% (1, 2). The eradication of H. pylori has been demonstrated effective for alleviating various gastrointestinal (GI) diseases and reducing the risk of gastric cancer (3–6). Current Chinese guidelines recommended 14-day bismuth-containing quadruple therapy as a first-line regimen for H. pylori eradication (7). However, due to the increasing resistance to antibiotics and relatively high incidence of side effects, quadruple therapy was not as satisfying as before (8–10). Several previous studies indicated that the use of proton pump inhibitors (PPIs) and antibiotics led to dysbiosis and abundance changes of the gut microbiota (11–13). Though with a relatively low rate of severe side effects, the sporadic reports of H. pylori treatment-induced Clostridium difficile (C. difficile) infection and pseudomembranous colitis have been incessant over the past decades (14–18). Several novel regimens (e.g., high-dose PPI + amoxicillin dual therapy, and vonoprazan-containing therapy) were emerging to conquer the current difficulties, and the preliminary clinical data showed the effect of dual therapy was not inferior to quadruple therapy for H. pylori eradication whereas the efficacies of these regimens were restricted by poor compliance and availability (19–21). And the incidence of adverse events (AEs) was nearly equal between the novel treatment and quadruple therapy.

To prevent and treat the underlying AEs brought by H. pylori eradication, standard quadruple therapy with probiotic supplements, in particular, lactobacilli, bifidobacterial, and Saccharomyces boulardii (S. boulardii) were administrated (22). Non-pathogenic yeast S. boulardii was initially used to prevent the C. difficile infection and relapse, now it has demonstrated the efficacy of preventing and treating antibiotic-associated, infectious, and functional diarrhea (23, 24). The yeast nature of S. boulardii other than bacterial suggested the implications of joint use with antibiotics. Several reports claimed that S. boulardii protected intestinal epithelium against pathogen colonization and invasion through upregulating the secretion of sIgA into the luminal mucous, thus exerted the anti-H. pylori effect (25–27). However, current clinical studies to investigate the synergistic effect of S. boulardii on H. pylori infection were highly controversial, even some meta-analyses had contradictory results (28–33). And most of the current trials were about S. boulardii and triple therapy combination. Due to the high increasing resistance to antibiotics, triple therapy was no longer effective as used to be. Whether S. boulardii could improve the eradication rate of the highly effective 14-day quadruple therapy is still largely unknown.

Most clinical trials about S. boulardii focused on the synergetic effect on eradication, the evaluation of diarrhea prevention was usually the secondary aim. Antibiotic-associated diarrhea was the most common AE, ranged from 7.0 to 41.2% (33–38). Though most associated adverse effects were mild and tolerable, diarrhea was the main reason leading to eradication treatment discontinuation. To further investigate the diarrhea prevention and treatment effect of S. boulardii in H. pylori eradication therapy, we conducted this prospective multicenter randomized controlled trial. Meanwhile, we evaluated the potential synergistic effect of S. boulardii on H. pylori eradication and alimentary symptoms.



MATERIALS AND METHODS


Patient Enrollment

This study was approved by the Ethical Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (TJ-IRB20180904) and registered on ClinicalTrials.gov (NCT03688828). Between October 2018 and September 2019 from 9 medical centers in China, 360 patients between the ages of 22 and 65 years were enrolled in this study after receiving endoscopic evaluations for various GI symptoms. Each of these patients had 13C/14C-urea breath test proof of H. pylori infection. The exclusion criteria included (1) previous attempts to eradicate H. pylori; (2) pregnant or lactation; (3) hypersensitivity to the drugs being used in the study; (4) previous treatment with PPIs, bismuth, H2 receptor antagonist, or antibiotics within 4 weeks of the study; and (5) treatment with non-steroidal anti-inflammatory drugs (NSAIDs) or alcohol abuse during the study.



Study Design

This was a randomized, parallel-group study. Three hundred and sixty H. pylori-infected patients were recruited in the study and randomly assigned by a computer program into two groups: standard quadruple therapy group (Group A) and quadruple therapy plus S. bouladii (Group B). Computer-generated randomization assignments were centralized using the block randomization method (block size of 8) by a data manager who was not involved in the data analysis or patient enrollment. Patients assigned to Group A received esomeprazole (AstraZeneca Pharmaceutical, Co. Ltd., Cambridge, United Kingdom) 20 mg two times a day (bid); amoxicillin (Baker Norton Pharmaceutical, Co., Ltd., Kunming, China) 1.0 g bid; clarithromycin (Abbott Laboratories Ltd., Shanghai, China) 500 mg bid; and Bismuth Potassium Citrate (Livzon Pharmaceutical Group, Inc., Zhuhai, China) 600 mg bid for 14 days. Patients assigned to Group B received the same quadruple therapy for 14 days, Additionally, S. boulardii sachets (Laboratories Biocodex, Inc., France) of 500 mg was given a bid to Group B for 14 days. Serious diarrhea patients (mushy stools or watery stools > two times a day) were additionally given montmorillonite powder 3 g tid. Considering the high resistance rate of metronidazole in the Center China population, we took amoxicillin and clarithromycin as our antibiotic choice (9, 39).



Study Evaluations and Outcomes

Patients were evaluated at five visits: screening (10–30 days before the baseline visit), baseline, 7 days after the treatment initiation, end of treatment/efficacy (14 days after the treatment initiation), and the second 13C/14C-urea breath test 4 weeks after the therapy completion and follow-up (44–94 days after treatment completion; Figure 1). 13C/14C-urea breath tests were applied to detect the H. pylori infection for the high sensitivity and specificity. Previous studies demonstrated that there were no statistical differences between the 13C and 14C-urea breath tests (40, 41). In this trial, 276 patients accepted the 13C-urea breath test and 84 patients received the 14C-urea breath test. The urea breath test technician was blinded to patient groups.


[image: Figure 1]
FIGURE 1. Flowchart of the study progress.


The primary outcome measure was the incidence of AEs. The investigator will record all AEs related to anti-H. pylori therapy, such as nausea, vomiting, taste abnormalities, abdominal pain, abdominal distension, diarrhea, and increased symptoms on the case report form. The incidence of adverse reactions will be assessed at three points: before treatment, during treatment (2 weeks), and after treatment (4–12 weeks). Patients returned their medication and side effects record form after the urea-test re-examination.

The secondary outcome measure was to investigate whether there was a statistical difference in the eradication rate between the two groups. Eradication rate = number of H. pylori eradicated cases after treatment/total cases ×100%. Non-ulcer patients will be tested 4 weeks after the end of the eradication treatment, and ulcer patients will be tested 2 weeks after the end of the total course of treatment. Eradication rates were determined by both ITT- and PP-based analyses. All enrolled patients were included in the ITT analysis, but the PP analysis excluded those patients who dropped out due to side effects, loss to follow-up, or poor compliance.

The effect of S. boulardii on H. pylori eradication rate and the incidence of AEs was also studied using binary logistic regression models, which included the following parameters: eradication rate, the overall incidence of AEs, and the incidence of antibiotic-induced diarrhea.



Sample Size and Statistical Analysis

Based on a literature review of H. pylori eradication-induced antibiotic diarrhea (29, 35, 42), we expected a difference between quadruple therapy combined with S. boulardii and quadruple therapy alone on the incidence of diarrhea of 13.5 vs. 19.5%. The calculation yielded 179 for combined therapy and 179 for quadruple therapy, with a power of 80% and a two-sided significance level of 0.05 with an assumed 20% dropout rate. Each group should have 184 patients following the randomized block design of eight patients in a group. We calculated a final sample size of 368 patients (184 per group). The full analysis set should be as close as possible to the ITT set. The standards and population of the PP set will be finalized after data-blinding verification. The direct deletion method will be used to treat missing data.

In this study, the demographic and clinical characteristics of the patients will be summarized with mean and SD. The results of eradication and incidence of AEs are expressed in terms of the number of cases and percentage.

Qualitative variables were compared using the chi-squared test and Fisher's exact test, while Student's t-test and the Mann-Whitney U test were used for quantitative variables. The effect of S. boulardii plus sequential therapy on the eradication rate and the incidence of antibiotic-induced AEs were determined using binary logistic regression, and p-value < 0.05 with two-tail will be considered significant. All statistical analyses will be performed by blinded professional statisticians using SPSS V.26.0.




RESULTS


Patient Disposition and Characteristics

A total of 348 patients fulfilling the inclusion criteria were enrolled in this trial, with 179 patients in Group A and 169 patients in Group B for ITT analysis. Twenty-nine patients (8.33%) were excluded from PP analysis. Follow-up was incomplete in 10 patients (5.6%) and 8 patients (4.7%) in Groups A and B, respectively. Two patients in Group A discontinued treatment because of severe diarrhea while one patient in Group B discontinued for skin rash. Poor treatment compliance was reported in two (1.1%) patients and five (3.0%) patients in Groups A and B. Apart from this, there was one patient who dropped out from treatment in group B because of pregnancy (Figure 2). At baseline, there were no statistically significant differences in the baseline characteristics of patients included in the two study groups (Table 1).


[image: Figure 2]
FIGURE 2. Profile of the study protocol.



Table 1. Baseline characteristics of all patients.
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Efficacy Analysis

Intention-to-treat analysis demonstrated that the eradication rates were 85.8% for Group B and 82.7% for Group A (hazard ratio, HR, = 1.038, p = 0.426, 95% CI = 0.948–1.136). PP analysis indicated that the eradication results were 89.7% for Group B and 94.2% for Group A (HR = 1.851, p = 0.146, 95% CI = 0.799–4.286; Table 2). Both ITT and PP analyses showed no statistical differences in the eradication rate between Groups A and B.


Table 2. Comparison of clinical therapeutic effect analysis between two groups.

[image: Table 2]

The follow-up analysis of the alimentary symptoms, from pre-treatment of 3 months after the eradication, indicated that the overall symptoms improvement rate of Group B (78.6 vs. 58.3%, p < 0.001) was significantly higher than that of Group A (Table 2). Further analysis showed that the abdominal distension recovery rate in Group B compared was markedly higher than in Group A (89.4 vs. 53.0%, p = 0.011).



Side Effects Analysis

The overall incidences of AEs in the experimental and control groups were 38.5 and 27.8%, respectively, representing a decrease of 10.7% in the experimental group (p = 0.034). The diarrhea rate of Group A was significantly higher than that of Group B (21.2 vs. 11.2%, p = 0.012). Meanwhile, the combination of S. boulardii and quadruple therapy decreased the duration of diarrhea (5.0 days vs. 7.7 days, p = 0.032) and incidence of severe diarrhea (10.1 vs. 4.7%, p = 0.040) in Group B compared with Group A (Figure 3). There were no statistical differences between Groups A and B in terms of vomiting, constipation, or allergy (Table 3). Results of the multivariate analysis further verified that the combination of S. boulardii and quadruple treatment reduced the overall incidence of AEs (odds ratio, OR: 0.378, 95% CI: 0.117–0.807) and incidence of diarrhea (OR: 0.359, 95% CI: 0.148–0.872) compared with quadruple therapy alone (Table 4). Two patients in Group A accepted intravenous (i.v.) treatment for severe diarrhea other than montmorillonite powder and discontinued the eradication therapy. However, no C. difficile was detected by fecal examination. And no patients in Group B discontinued the therapy due to diarrhea.


[image: Figure 3]
FIGURE 3. Antibiotic-associated diarrhea characteristics comparison between the two groups. (A) The severe diarrhea patients and overall diarrhea patients occupy a bigger proportion in Group A than in Group B. (B) The duration of diarrhea of patients in Group B was significantly shorter than in Group A. *P < 0.05.



Table 3. Comparison of incidence of AEs between two groups.
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Table 4. Comparison of incidence of AEs among two groups.
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DISCUSSION

The synergetic effect of S. boulardii on H. pylori eradication and associated side effects were analyzed in this study through the first multicenter randomized controlled trials of S. boulardii and quadruple therapy combination in China. We demonstrated that the administration of S. boulardii significantly decreased the incidence of eradication-associated AEs (OR: 0.378, 95% CI: 0.117–0.807), especially reduced the duration of diarrhea (5.0 days vs. 7.7 days, p = 0.032) and incidence of severe diarrhea (4.7 vs. 10.1%, p = 0.040). However, S. boulardii did not improve the eradication rate for bismuth quadruple therapy. However, the joint use of S. boulardii significantly improved gastritis/ulcer-associated symptoms (HR: 2.507, 95% CI: 1.449–4.338).

Unlike synergetic effects of H. pylori eradication, the effect of probiotics on AEs prevention and treatment was definite. Distinct from other bacterial probiotics, S. boulardii is a non-pathogenic fungus resistant to gastric acid and antibiotics, thus it could be used with eradication therapy simultaneously (24, 25). S. boulardii was used for the prevention of C. difficile infection originally (43). With sporadic reports of pseudomembranous colitis during H. pylori eradication, S. boulardii was gradually used as a supplement for the prevention and treatment of AEs. Acute severe diarrhea was the main reason for eradication therapy discontinuation thus leading to treatment failure. And some reports claimed that the diarrhea prevention effect of S. boulardii was only notable in children but not in adults (35, 44). Although various trials have already demonstrated the efficacy of S. boulardii to prevent and treat antibiotic-associated diarrhea (33, 35, 45, 46). Our study refined the diarrhea-associated data and verified that S. boulardii reduced the diarrhea duration and incidence of severe diarrhea correlated with eradication therapy. None of the diarrhea patients in the quadruple therapy plus S. boulardii group required further diarrhea treatment, whereas two patients in the quadruple therapy alone group accepted intravenous fluid infusion.

Probiotics might be effective for improving H. pylori eradication rates due to the decrease in the AEs and potential mucosal barrier protective effect (29, 36, 37, 47). Previous studies demonstrated the probiotics exerted the synergetic eradication effect through a similar mechanism including competitively inhibiting the H. pylori adhesion to gastric mucosa (48, 49) or producing antimicrobial molecules (29, 50). Recently, Yang et al. reported that the administration of S. boulardii could inhibit the H. pylori infection-induced gastric lymphoid follicle formation (26). Previous experiments mainly adopted the combination of S. boulardii and triple therapy. However, due to high resistance and decreasing efficacy, triple therapy was no longer the first-line recommendation for H. pylori eradication in China (7). The eradication rate for bismuth quadruple therapy has already reached 87.6–92.6% (51). In addition, the synergetic effect of S. boulardii on eradication was highly controversial for many years even with low-efficacy triple therapy. Some meta-analyses gave contradictory results, let alone some prospective and respective trials. Szayewska et al. reported in a meta-analysis that S. boulardii improved the eradication rate [Risk Ratio (RR): 1.11, 95% CI: 1.06–1.17; moderate-quality evidence] whereas Wang et al. found no better efficacy of any probiotic supplement for H. pylori eradication (24, 29). This is the first multicenter randomized controlled trial for S. boulardii and bismuth quadruple therapy in China. And our study showed that this probiotic supplement barely improved the eradication rate of quadruple therapy. Considering the eradication rate was still at a satisfying level compared with triple therapy, no improvement after the S. boulardii supplement became reasonable. It was a novel finding that joint administration of S. boulardii significantly improved the original dyspepsia symptoms.

Collectively, our study demonstrated that S. boulardii-ameliorated H. pylori eradication-induced antibiotic-associated diarrhea especially decreased the diarrhea duration and the incidence of severe diarrhea. Different from the combination with triple therapy, S. boulardii did not affect the quadruple therapy eradication rate of H. pylori, whereas improved the pre-treatment dyspepsia symptoms.
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Objective: To describe the epidemiological characteristics of norovirus outbreaks in Jiangsu Province, utilize the total attack rate (TAR) and transmissibility (Runc) as the measurement indicators of the outbreak, and a statistical difference in risk factors associated with TAR and transmissibility was compared. Ultimately, this study aimed to provide scientific suggestions to develop the most appropriate prevention and control measures.

Method: We collected epidemiological data from investigation reports of all norovirus outbreaks in Jiangsu Province from 2012 to 2018 and performed epidemiological descriptions, sequenced the genes of the positive specimens collected that were eligible for sequencing, created a database and calculated the TAR, constructed SEIAR and SEIARW transmission dynamic models to calculate Runc, and performed statistical analyses of risk factors associated with the TAR and Runc.

Results: We collected a total of 206 reported outbreaks, of which 145 could be used to calculate transmissibility. The mean TAR in was 2.6% and the mean Runc was 12.2. The epidemiological characteristics of norovirus outbreaks showed an overall increasing trend in the number of norovirus outbreaks from 2012 to 2018; more outbreaks in southern Jiangsu than northern Jiangsu; more outbreaks in urban areas than in rural areas; outbreaks occurred mostly in autumn and winter. Most of the sites where outbreaks occurred were schools, especially primary schools. Interpersonal transmission accounted for the majority. Analysis of the genotypes of noroviruses revealed that the major genotypes of the viruses changed every 3 years, with the GII.2 [P16] type of norovirus dominating from 2016 to 2018. Statistical analysis of TAR associated with risk factors found statistical differences in all risk factors, including time (year, month, season), location (geographic location, type of settlement, type of premises), population (total number of susceptible people at the outbreak site), transmission route, and genotype (P < 0.05). Statistical analysis of transmissibility associated with risk factors revealed that only transmissibility was statistically different between sites.

Conclusions: The number of norovirus outbreaks in Jiangsu Province continues to increase during the follow-up period. Our findings highlight the impact of different factors on norovirus outbreaks and identify the key points of prevention and control in Jiangsu Province.

Keywords: infectious diseases, norovirus, total attack rate, transmission dynamics, risk factors


INTRODUCTION

Norovirus, initially known as winter vomiting disease, was identified as the cause of the outbreak in 1972 when researchers observed 27-nm-virus particles by immune electron microscopy in the infected fecal filtrate from an acute outbreak of gastroenteritis in Norwalk, Ohio, in 1968, and named “Norwalk virus” (1, 2). Norovirus is a single-stranded and unenveloped RNA virus, which can be classified into 10 genogroups (GI-GX) and 49 genotypes with most of the infections in humans caused by GI and GII genogroups, which could be further divided to 9 and 27 genotypes, respectively (3). Currently, no drugs effectively treat norovirus.

The disease burden of norovirus is becoming increasingly serious worldwide and in China, causing ~684 million cases and 212,000 deaths, annually (4). Compared with other countries, China has a higher prevalence of norovirus (19.8–21.0%) (5). The annual report of the National Statutory Infectious Diseases Reporting System, found a significant decrease in the incidence of infectious diarrhea caused by cholera, dysentery and typhoid fever between 2006 and 2016; on the other hand, the number of cases caused by viral pathogens increased from 741,809 to 1,017,962 (6). Nowadays, norovirus is replacing rotavirus as the main pathogen of viral acute gastroenteritis, which indicates that norovirus outbreaks remain an important public health problem in China. Understanding the characteristics of the disease is key to the effective implementation of disease prevention and control. Existing studies have found significant differences in the epidemiological characteristics of norovirus outbreaks between China and other countries. First, whole populations are susceptible to norovirus infection (7); however, the outbreak sites are different. In developed countries, norovirus outbreaks occur mainly in medical institutions, such as long-term care facilities and hospitals (8, 9), whereas in China, norovirus outbreaks mainly occur in school environments and nurseries (10–13). Second, different age groups face different risks of infection; particularly, one study found that the highest incidence was observed in children aged <5 years (14). Other studies have found that children younger than 12 years are more susceptible and infection is common in children under 2 years old in developing countries (15, 16). Additionally, differences were observed between the genotypes. In the past two decades, the GII.4 virus has caused norovirus outbreaks in most age groups worldwide (17). However, norovirus genotypes are constantly changing in China with the emergence of new genotypes and differences in genotypes observed in different regions.

In recent years, an increase has been observed in the incidence rate of infectious diarrhea in Jiangsu Province. In a study on norovirus and meteorological factors in Jiangsu Province, bacterial culture and viral nucleic acid testing were performed on 6,640 stool specimens collected, and 1,193 positive specimens were obtained, of which the positive rate for viruses was greater than that for bacteria; and among the positive specimens for viruses, the positive rate for norovirus was higher than that for rotavirus (18). Norovirus has a heavy disease burden in Jiangsu Province. Currently, researchers in Jiangsu Province have made significant progress in studying the molecular epidemiological characteristics of norovirus outbreaks (19–22). However, epidemiological characterization of large sample sizes is still limited for a large number of reported norovirus outbreaks in Jiangsu Province. Previous epidemiological studies on norovirus outbreaks usually calculated the total attack rate (TAR) or duration of the outbreak as the dependent variable and collected risk factors associated with the infection as independent variables for statistical analysis, and finally found the epidemiological characteristics of norovirus outbreaks and factors influencing the severity of outbreaks in a certain area during a certain period of time, providing a scientific basis for controlling norovirus outbreaks (23–25). However, we believe that studies on the TAR do not completely reflect the transmissibility of the virus, and it is necessary to construct mathematical models to quantify the transmissibility of norovirus in outbreaks. Current mathematical models used to calculate the transmissibility of infectious diseases include agent-based models and ordinary differential equation models. In our previous study, the transmissibility of norovirus in interpersonal transmission and water transmission modes was described by constructing ordinary differential equation models (26). Therefore, in order to identify as many risk factors as possible and determine the epidemiological characteristics of norovirus outbreaks in Jiangsu province, we collected all outbreak investigation reports from 2012 to 2018 in Jiangsu Province, sequenced all positive specimens eligible for sequencing to determine the genotype, determined the TAR of each outbreak, and constructed transmission dynamics models for different transmission routes to calculate the transmissibility, and performed statistical analyses of risk factors associated with the TAR and transmissibility.



MATERIALS AND METHODS


Research Design

Our study is an observational study that combines fieldwork and transmissibility. This study consists of three parts, the logical relationship of which is shown in Figure 1. According to the investigation report, we established a database, numbered each outbreak, and transformed the description of the outbreak into tabular data. We could find out epidemiological data, demographic data and influencing factors from investigation reports. In order to identify genotypes, we also collected and detected samples. From the report, we could know exactly the transmission route of each outbreak, and select different transmission models according to different transmission routes. The independent variable was the data extracted from each investigation report; the dependent variables were the TAR and reproduction number (R0). The TAR was calculated according to the outbreak data, and R0 was calculated using the transmission dynamics model. In this study, prevalence was used for model fitting. The transmission dynamics model aims to refine the transmission process of infectious diseases in the whole population, so as to explain the transmission mechanism of infectious diseases. According to the influencing factors in the report, we explored whether each influencing factor would affect the TAR and R0. Chi-square analysis was used to compare the rates of multiple samples, and analysis of variance was used to compare the mean of multiple samples.


[image: Figure 1]
FIGURE 1. Flow chart of norovirus outbreak research in Jiangsu Province.




Data Sources
 
Database

The outbreak database (Supplementary Table 1) contained the city where the outbreak occurred, the number of people affected by the outbreak (susceptible people), the number of cases, the number of deaths, the location type, the onset date of the initial case, the transmission route and genotype. The data source of the outbreak database was mainly based on investigation reports. Contents of the report mainly included the investigation process and contents of the aggregated epidemic and outbreak, mainly including the basic situation investigation of the epidemic occurrence institution, on-site epidemiological investigation, hygienic investigation and epidemic termination evaluation, as well as the sample collection and laboratory test results involved in the investigation. All contents of the investigation report were specified in the “Guidelines on outbreak investigation, prevention and control of norovirus infection” issued by China Center for Disease Control and Prevention (27).

Case definition:

(1) Suspected case: That is, acute gastroenteritis cases, defined as those who defecate ≥ 3 times within 24 h and have character changes (dilute watery stool), and/or vomit ≥ 2 times within 24 h. (2) Clinical diagnostic cases: In the cluster epidemic or outbreak caused by norovirus infection, the cases that meet the definition of suspected cases and are epidemiologically related to laboratory diagnosed cases. (3) Laboratory diagnosed cases: In suspected cases or clinical diagnostic cases, stool, anal swab or vomit samples are positive for norovirus nucleic acid or ELISA antigen.

Judgment criteria of cluster epidemic and outbreak:

(2) Cluster epidemic: Within 3 days, 5 or more epidemiologically linked cases of norovirus infection occur in the same school, childcare institution, medical institution, nursing home, factory, construction site, cruise ship, community or village, and other crowded places or sites, of which at least 2 are laboratory diagnosed cases. (2) Outbreak: 20 or more epidemiologically linked cases of norovirus infection in the same school, childcare institution, medical institution, nursing home, factory, construction site, cruise ship, community or village, and other crowded places or sites within 7 days, of which at least 2 are laboratory diagnosed cases. (3) If no laboratory testing capability for norovirus is available or in the early stage of outbreak detection, a suspected outbreak or outbreak of norovirus infection can be determined if the following four characteristics of Kaplan Criteria are met: (1) more than half of the patients present vomiting symptoms; (2) average incubation period of 24–48 h; (3) average duration of illness 12–60 h; (4) exclude bacterial, parasitic and other pathogenic infections. The sensitivity of the Kaplan Criteria for identifying norovirus outbreaks is 68% and the specificity is 99%.



Laboratory Detection

All stool specimens collected from outbreaks would be tested for norovirus. The stool suspensions were diluted 10-fold with saline solution. Viral nucleic acids were extracted and tested using the MagMAXTM-96 Viral RNA Isolation Kit (Applied Biosystems, Foster City, CA) and the Qiagen Probe reverse-transcriptase polymerase chain reaction (RT-PCR) Kit (Qiagen, Hilden, Germany) on a 7500 real-time PCR platform (Applied Biosystems, Foster City, CA) with primers as described (28).



Genotyping and Phylogenetic Analysis

In our study, norovirus nucleic acid was detected in samples collected from each outbreak. All norovirus-positive samples were detected with a region of 543 bp (GI) or 557 bp (GII) targeted at the ORF1/ORF2 junction of the viral genome by one-step RT-PCR for norovirus genotyping (29). If sequencing failed, the VP1 gene in ORF2 was amplified using the previously described primers G1SKF/G1SKR(GI) or G2SKF/G2SKR(GII) (30). However, the CT values of some samples were >33, the viral load was low, and sufficient amplification products could not be obtained, meaning that sequencing conditions were not met and sequencing failed. The genotypes were determined using the norovirus automated genotyping tool (http://www.rivm.nl/mpf/norovirus/typing tool) and the human calicivirus typing tool (http://norovirus.ng.philab.cdc.gov). We selected 25 representative gene sequences for gene polymorphism demonstration, which covered all genotypes of norovirus causing norovirus outbreaks in Jiangsu Province from 2012 to 2018. Phylogenetic trees were constructed using the maximum likelihood algorithm with 1,000 bootstrap replicates and a Kimura2-parameter model in MEGA 7.0 (31); the norovirus reference sequences were obtained from the GenBank database. Nucleotide sequences obtained from this study were deposited in GenBank under the accession numbers MZ373204-MZ373210 and MZ373215-MZ373233.




Transmission Model

Similar to a previous study (32), a susceptible-exposed-symptomatic-asymptomatic-recovered (SEIAR) and a susceptible-exposed-symptomatic-asymptomatic-recovered-transmission media (SEIARW) model was employed for the simulation. The SEIAR model of interpersonal transmission and SEIARW model of water or food transmission were used to assess the transmissibility of norovirus in each outbreak. In this study, Berkeley Madonna 8.3.18 (developed by Robert Macey and George Oster of the University of California at Berkeley) was used for curve fitting and simulation, and SPSS 21.0 (IBM Company, U.S.A.) was used to calculate the coefficient of determination (R2) and P-value.


Interpersonal Transmission

In the SEIAR model, the population was divided into five groups: susceptible (S), exposed (E), symptomatic (I), asymptomatic (A), and recovered (R)

The assumptions of the model are as follows:

A susceptible person becomes the exposed person after coming into contact with the symptomatic and asymptomatic infected person at the speed of βSI and βSκA. Where β represents the probability of transmission per contact, and κ represents the transmissibility of asymptomatic cases compared to symptomatic cases.

After the incubation period (1/ω) and latent period (1/ω′), the exposed persons become symptomatic or asymptomatic; where ρ represents the proportion of asymptomatic infections.

Symptomatic and asymptomatic cases recovered after a period of 1/γ and 1/γ′.

The flowchart of the model is shown in Figure 2A.
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FIGURE 2. SEIAR model and SEIARW model for norovirus transmission in Jiangsu Province. [A: susceptible-exposed-symptomatic-asymptomatic-recovered model (SEIAR model), B: susceptible-exposed-symptomatic-asymptomatic-recovered-transmission media model (SEIARW model)].


The equations of the model are as follow:

[image: image]
 

Water or Food Transmission

In the SEIARW model, the water or food transmission medium (W) is added.

The assumptions of the model are as follows:

Both symptomatic and asymptomatic cases contaminate water or food by shedding pathogens into compartment W at shedding rates of μI and μ'A. μ and μ' represent shedding coefficients.

When exposed to contaminated water or food, the susceptible people will become exposed people at the rate of βwSW, which represents the coefficient of water or food transmission.

The flowchart of the model is shown in Figure 2B.

The equations of the model are as follow:

[image: image]
 

Parameter Source

Model 1 included seven parameters: β, k, ω, ω′, ρ, γ and γ′ (Table 1). β was adjusted using the actual outbreak data and model. Previous researches have shown that the incubation period of norovirus was 12–48 h (33, 34), therefore, our model chose 1 d as the incubation period (ω = 1). A study showed that norovirus started to shed within an average of 36 h (range: 18–110) after infection, and the virus could be discharged for approximately 26 d (range: 11–54) (35), thus, the latent and infectious period was 1 d and 26 d, so ω′=1, γ′ = 0.03846. The course of norovirus infectious diarrhea is generally 1–5 d (36, 37), with some cases reaching 4–6 d (38, 39). According to the Kaplan principle of norovirus infectious diarrhea diagnosis commonly used in the United States (40), the average course of the disease is 1–3 d. In this study, 3 d were used for the modeling study, namely γ = 0.3333. The asymptomatic infection ratio of this disease potentially reaches 30% (35, 41, 42); therefore, ρ = 0.3 was used.


Table 1. Parameter definitions and values.

[image: Table 1]

Model 2 included 14 parameters. The normalized 10 parameters were the parameters that required specific values, which were b, bw, κ, ω, ω′, ρ, γ, γ′, c, and ε. Among them, b and bwwere fitted using the actual outbreak data and model.

The shedding rate of the asymptomatic compared to the infectious was c, and μ′ = c/μ (43); subsequently, the specific value of the parameter was calculated by fitting the actual epidemic data. The survival time of norovirus in the external environment was approximately about 7–12 d (44–46), and the longest was 21–28 d (47–52). In this study, 10 d were used for the study; therefore, ε = 0.1 was used.




Evaluation Index

In this study, R0 was used to evaluate the transmissibility of norovirus. In Model 1, the R0 formula is expressed as follows:

[image: image]

In Model 2, R0 formula is expressed as follows:

[image: image]

R0 was divided into two parts (Runc and Rcon) where Runc and Rcon represent the uncontrolled and controlled R0, respectively. The epidemic curve was divided into two stages based on the increase and decrease. The increasing stage of the epidemic curve indicates that the intervention measures are yet to exert their effects; therefore, it is a better representation of the real transmissibility of the disease. Therefore, we used the data for epidemiological analysis and recorded the data as Runc.

TAR was used to evaluate the effects of various preventive and control measures. where n is the cumulative number of cases and N is the number of susceptible people in an outbreak.

The formula of TAR is:

[image: image]
 

Statistical Method

All statistical analyses were performed using SPSS 21.0 (IBM Company, U.S.A.). For TAR, the chi-square test was used for comparison between the groups. Groups with significant differences were analyzed using the Bonferroni method for further pairwise comparisons. Statistical significance was set at P < 0.05 for both between group and pairwise comparisons. For R0, a homogeneity test of variance was first performed. If the variance was homogeneous, analysis of variance was used for inter-group comparison. Simultaneously, the LSD method was used for further pairwise comparison. If the homogeneity of variance was not satisfied, the Kruskal Wallis rank-sum test was used for inter-group comparison.




RESULT


Epidemiological Characteristics

From 2012 to 2018, data from 206 norovirus outbreaks were collected in Jiangsu Province; all were able to calculate for the TAR. The epidemic curves of 206 outbreaks are showed in Figure 3. However, only 145 met the conditions for calculating transmissibility, and the basic reproduction number was calculated. The fitting effects of 145 outbreaks are shown in Supplementary Figure 1 which found the mean R2 was 0.76 and all P-values were significant.


[image: Figure 3]
FIGURE 3. Epidemic curve of 206 outbreaks.


For risk factors for TAR and transmissibility, we have the following findings (Tables 2, 3).


Table 2. TAR and transmissibility and influence factors in 206 outbreaks of norovirus in Jiangsu Province.
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Table 3. Chi-square test and pairwise comparison of the differences in TAR of influencing factors.
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The mean TAR of 206 outbreaks was 2.6% and the mean Runc of 145 outbreaks was 12.2 (95% confidence interval: 10.7–13.6) from 2012 to 2018.

The map showed significantly more outbreaks in southern Jiangsu compared to northern Jiangsu; furthermore, the TAR and Runc showed the highest trend in southern Jiangsu (Figure 4). Wuxi City reported the most outbreaks (65 outbreaks), and Xuzhou City reported the least outbreaks (two outbreaks). There was a significant difference in mean TAR between cities (χ2 = 1,458.876, P < 0.05). The highest and lowest mean TAR were found in Suzhou City (4.7%) and Suqian City (0.4%), respectively. There was no significant difference in transmissibility between cities. Regarding location, the TAR between different cities was statistically different (χ2 = 193.783, P < 0.05), the highest and lowest mean TAR were observed in central and northern Jiangsu, respectively.


[image: Figure 4]
FIGURE 4. Distribution of number of outbreaks, TAR and transmissibility on map of Jiangsu Province (A: number of outbreaks, B: TAR, C: Runc).


The number of outbreaks showed a significant upward trend from 2012 to 2018. A big turning point was observed in 2016–2017, with 14 and 78 outbreaks reported, respectively. There was a significant difference in mean TAR between the years analyzed (χ2 = 998.138, P < 0.05). Chi-square test pairwise comparison results showed differences between all years except 2013 and 2017, and 2014 and 2016. The mean TAR and Runc tortuously changed over time, with a peak every 3 years.

In the four seasons, the number of outbreaks in summer was the lowest (six outbreaks); more outbreaks were observed in autumn and winter, 71 and 70, respectively. There was a significant difference in the mean TAR between seasons (χ2 = 237.62, P < 0.05). The summer had the lowest mean TAR. The mean TAR was found to be high from February to March and October (3.7, 3.7, 2.9%, respectively). The season significantly affected the TAR in all seasons except between autumn and winter. There was no significant difference in transmissibility between seasons. Outbreaks with high Runc were concentrated in February, November, and April (17.9, 12.8, and 12.6, respectively).

Most outbreaks occurred in urban areas (160 outbreaks) compared to rural areas (46 outbreaks). The mean TAR between rural and urban areas was significantly different (χ2 = 502.826, P < 0.05). The mean TAR in rural areas was higher compared to urban areas (3.9 and 2.4%, respectively). The mean Runc in rural areas and urban areas were 11.4 and 12.4, respectively.

Among 206 outbreaks, 196 occurred in schools, and ten occurred in places other than schools. There was a significant difference in the mean TAR between the categories of places analyzed (χ2 = 1,565.869, P < 0.05). Regarding the type of location, no significant difference was observed between common colleges and secondary vocational schools and 9-year school and 12-year school; however, other places significantly affected the mean TAR. The mean TAR in non-school places was 8.4%. Among the schools, kindergartens had the highest mean TAR (5.7%). There was no significant difference in transmissibility between the categories of places analyzed. Among the outbreak sites, the mean Runc for kindergartens was 16.1, the mean Runc observed in common colleges and secondary vocational schools was 6.5. Furthermore, the mean Runc of non-schools was only 7.6.

Most of the outbreaks occurred in places with a small number of susceptible people, 61 and 70 outbreaks occurred in places with a number of <1,000 and 1,000–2,000 susceptible people, respectively, and the least outbreaks occurred in places with a small number of susceptible people, only 30. A comparison of the different numbers of susceptible people regarding the mean TAR showed statistically significant differences (χ2 = 22.19, P < 0.05). The highest and lowest TAR means were found in places with <1,000 people (5.6%) and places with more than 3,000 people (1.3%), respectively. Further, there was no significant difference in transmissibility between places with differing numbers of susceptible people, the mean Runc of places with <1,000 people was 13.4, and the mean Runc of places with more than 3,000 people was 9.7.

Regarding the transmission routes, 198 outbreaks were interpersonal transmission and eight were waterborne or foodborne transmission. The mean TAR was significantly different between different transmission routes (χ2 = 2,296.419, P < 0.05). The mean TAR of waterborne or foodborne transmission was lower compared to interpersonal transmission (2.2 and 2.6%, respectively). There was no significant difference in transmissibility between transmission routes. The mean Runc of water or food transmission route and human transmission route was 14.0 and 12.1.

Genotype sequencing was completed in 141 outbreaks; among which, the GII genotype caused the highest number of outbreaks (132/141). Among the GII genotypes, the GII.2 [P16] genotype caused the most outbreaks (87 outbreaks). As shown in Figure 5, the outbreaks in 2012–2014 were mainly caused by the GII.4 [P31] and GII.P17 genotypes, and the majority of outbreaks in 2015–2016 were caused by the GII.17 [P17] genotype, while a change occurred after 2016 when the GII.2 [P16] genotype became dominant. In 2017 and 2018, outbreaks caused by the GII.2 [P16] genotype accounted for 91.0% (50/55) and 73.5% (36/49) of all outbreaks in that year, respectively. The GII.13 [P16] genotype had the highest mean TAR (4.6%), while GI.6 [P11] had the lowest (0.2%). Furthermore, the mean Runc of GII.3 [P12] was 17.4, and the mean Runc of GII.13 [P16] was 3.4.


[image: Figure 5]
FIGURE 5. Changes of norovirus genotypes in Jiangsu Province from 2012 to 2018.




Genetic Diversity

To show the genetic diversity of norovirus in Jiangsu Province, 25 norovirus sequences with representative genotypes were analyzed using MEGA 7.0 software. Phylogenetic trees were constructed based on the partial RdRp gene (230 bp) and VP1 gene (280 bp) using the maximum likelihood method. As shown in Supplementary Figure 2, eight genotypes had discordant capsid and polymerase genotypes and were considered intergenotype recombinant strains (GI.6 [P11], GII.2 [P16], GII.3 [P12], GII.4 Sydney [P31], GII.6 [P7], GII.13 [P16], GI.3 [P13], and GII.14 [P7]), and three genotypes had accordant capsid and polymerase genotypes (GI.2 [P2], GII.2 [P2], and GII.17 [P17]).




DISCUSSION

In this study, we used TAR and a transmission dynamics model to explore which factors would influence the norovirus outbreaks in Jiangsu Province.

Regarding time, the number of reported cases increased sharply in 2017 and 2018. Jiangsu Province began to establish a norovirus surveillance system in 2012, using a unified case definition, outbreak determination principles, and laboratory testing methods for surveillance, so we consider our description that the number of norovirus outbreaks is increasing is consistent with the real epidemiologic characteristics. Meanwhile, we observed that the GII.2 [P16] genotype caused more than half of the norovirus outbreaks in Jiangsu province in 2017 and 2018. Previously, a study on norovirus outbreak surveillance in China had already found that the number of norovirus outbreaks increased substantially at the end of 2016, greatly exceeding the number reported in the same month in the previous 4 years, and the majority of these outbreaks were associated with GII.2 [P16] (53). The researchers analyzed this finding and concluded that the GII.2 [P16] genotype evolved extremely fast, which most likely led to a sudden increase of this virus (54). We, therefore, considered that the prevalence of the GII.2 [P16] genotype is responsible for the surge in the number of norovirus outbreaks in Jiangsu Province between 2017 and 2018.

Regarding the season, in our study, TAR was significantly lower during summer, and norovirus outbreaks in Jiangsu Province mainly occurred in the colder weather in spring, autumn, and winter, which is consistent with the results of previous studies (55, 56). Regarding the regional distribution, the increased outbreaks in southern Jiangsu despite the higher TAR in central Jiangsu may be attributed to the increased sensitivity to disease surveillance and more timely detection and reporting of the outbreaks in southern Jiangsu. Regarding rural and urban sites, the mean TAR in rural areas was higher compared to urban areas, which may be related to poor sanitation in rural areas and the untimely adoption of control measures.

Consistent with previous studies (8–13), the outbreaks we monitored occurred more often in schools than in hospitals and long-term care facilities, this phenomenon is largely due to the fact that: (1) In China (56), schools have a more standard outbreak screening system in which the government requires schools to check and screen students for symptoms of fever, vomiting, or diarrhea every morning. In contrast, hospitals or long-term care facilities do not see similar mechanisms for disease detection and reporting. (2) Long-term care facilities are important health care settings outside China. In the United States (57), long-term care facilities serve more than 2 million Americans each year, and local health units often provide infection control courses to facility staff. Ontario requires by law that each health unit must provide in-service training to long-term care facilities at least once a year. In France (58), epidemiological surveillance of acute gastroenteritis outbreaks in various types of nursing homes has been conducted since November 2010. Well-established facilities and systematic services make such settings capable of detecting and reporting norovirus outbreaks.

Most outbreaks occurred in primary schools, which is consistent with a previous study on norovirus outbreaks in China in 2014–2017 (13). Kindergarten has a higher TAR and transmissibility than other types of schools for the following reasons: (1) Studies have found that students in kindergartens and primary schools are more likely to vomit when infected with norovirus (59), and some children in kindergartens may become infected with the virus by going around when vomiting occurs due to poor hygiene awareness. (2) Kindergartens are small and therefore have a high population density and higher exposure among younger children. We found that the mean TAR of norovirus outbreaks was highest in outbreaks with <1,000 susceptible people, and of the 61 outbreaks reported in Jiangsu Province, each with <1,000 susceptible people, the highest proportion of outbreaks occurred in kindergartens, so it can be assumed that small crowded places such as kindergartens are more likely to cause the spread of the outbreak. (3) Different types of schools are composed of students of different ages. Since children under 5 years of age are most susceptible (60), and most of the students in kindergartens in China are children aged 3–6 years old, norovirus outbreaks are more likely to occur in kindergartens.

Jiangsu Provincial Center for Disease Control and Prevention has undertaken a national foodborne and waterborne norovirus outbreak surveillance program. Once an outbreak of norovirus occurs, the corresponding outbreak investigation will be started, the cases, water and food will be sampled, and the prevention and control measures will be implemented. However, due to the high economic level and satisfactory sanitary conditions in Jiangsu Province, norovirus outbreaks caused by water or food are rare, accounting for only eight (3.9%) of all reported outbreaks. Among them, water source outbreaks are caused by barreled water contamination rather than pipe network contamination, and foodborne outbreaks are caused by a small number of kitchen workers infecting and polluting the food, and not from the food itself. These conditions led to a small significant difference in TAR among outbreaks of different transmission routes.

The genetic diversity of noroviruses can be reflected by differences in epidemiology (61). Surveillance of norovirus genotypes in our study showed that the major genotypes of noroviruses in Jiangsu province change every 2–3 years. The following characteristics of the changes in the genotypes causing norovirus outbreaks have been noted: since 2002, GII.4 has been the predominant genotype in norovirus outbreaks in many countries. In the winter of 2014, the predominant norovirus strain in China changed to GII.17. Subsequently, in the winter of 2016 (2016–17), GII.2 [P16] became the predominant genotype causing norovirus outbreaks (56). Norovirus outbreaks caused by the GII.2 [P16] genotype were also found in other regions and countries outside mainland China, such as Hong Kong, Taiwan, Germany, Japan, France, the United States, and Australia. This genotype has also become the major genotype causing norovirus outbreaks in Hong Kong, Taiwan, and Germany (54). The changes in genotypes we observed in Jiangsu province are temporally consistent with the changes in genotypes throughout China. Epidemiological surveillance and vaccines are essential to control human pathogens (62). However, it has been found that different genotypes show different evolutionary patterns, and the production of new variants of GII.4 genotype every 2–3 years will always lead to a population that is always susceptible to GII.4 genotype of norovirus. Once an immune barrier is established, individuals will no longer be susceptible to the GII.2 virus, which is classified as a static virus (63, 64). Based on this view, our future studies intend to observe this through continuous monitoring of genotypes and changes in population incidence levels in combination with other factors.

The mean Runc of norovirus outbreaks in Jiangsu Province was 12.2, which was close to the data from a previous study on outbreaks (2 to >14) (65). In our previous study, we used the model fitting method to adjust the value of κ (interpersonal transmission coefficient) to be closer to 0. Finally, we obtained transmissibility of 1.94 for norovirus outbreaks in the community, 3.44 for transmissibility in schools and 4.91 for transmissibility by water (26); these results were all smaller compared to the values obtained in the current study. This difference can be explained by another study in which researchers found that the transmissibility of norovirus was largely influenced by the structure of the model and the weight of asymptomatic infections (66). We, therefore, considered that differences in parameter values in the model and differences in sample size could be responsible for the higher transmissibility of norovirus outbreaks in Jiangsu Province.

According to our research, further improvements are required in the sensitivity monitoring in northern Jiangsu. According to the epidemiological characteristics of norovirus in Jiangsu Province, the surveillance of norovirus outbreaks should be strengthened in all seasons of the year. Furthermore, health education and health promotion should be accomplished before autumn and winter where the incidence of norovirus is high, especially in rural areas. For schools, kindergartens have the highest transmissibility, followed by primary schools. This phenomenon mainly considers the immunological differences between age groups and health habits. Older students who are not in kindergartens and primary schools, as well as teachers, should be more aware of norovirus and need to know how to handle vomit properly to prevent the spread of aerosols. Also, students who have gathered should be evacuated promptly and kept away from the vomit. Furthermore, suspected cases of norovirus infection should be isolated, especially kitchen staff. Finding out changes of dominant genotype has occurred is important for exploring the epidemiological characteristics of norovirus outbreaks in Jiangsu Province, however, not every positive specimen collected in an outbreak met the criteria for genetic sequencing and could be used to determine the genotype of the norovirus causing the outbreak. Therefore, tracking changes in the major genotypes causing outbreaks requires further surveillance.



CONCLUSION

The number of norovirus outbreaks in Jiangsu Province has generally been on the rise during the follow-up period, so prevention and control remain an important issue. Currently, factors such as year, month, season, region, urban and rural type, place type, the population of outbreak sites, route of transmission, and virus genotype significantly impact the TAR of norovirus outbreaks; notably, different types of schools influence transmissibility. The dominant genotype of the virus will change every 3 years and surveillance of norovirus genotypes should be further strengthened to explore the transmissibility of different genotypes. Our study explored how these factors affect the TAR and transmissibility of norovirus outbreaks in Jiangsu Province, suggesting current priorities for the prevention and control of norovirus outbreaks in Jiangsu Province and future issues to be addressed in the surveillance of outbreaks.
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Background: Bufavirus (BuV), Human Cosavirus (HCoSV), and Saffold (SAFV) virus are three newly discovered viruses and have been suggested as possible causes of gastroenteritis (GE) in some studies. The aim of the present study was to estimate the overall prevalence of viruses and their association with GE.

Methods: A comprehensive systematic search was conducted in Scopus, Web of Science, PubMed, and Google scholar between 2007 and 2021 to find studies on the prevalence of BuV, HCoSV, and SAFV viruses.

Result: Meta-analysis of the 46 included studies showed the low prevalence of BuV (1.%, 95% CI 0.6–1.5%), HCoSV (0.8%, 95% CI 0.4–1.5%), and SAFV (1.9%, 95% CI 1.1–3.1%) worldwide. Also, no significant association between these viruses and GE was observed. BuV was isolated from patients with GE in Africa, while SAFV was more common in Europe. BuV1 and BuV2 have the same prevalence between the three identified genotypes of BuV. HCoSV-C was the most prevalent genotype of HCoSV, and SAFV2 was the commonest genotype of SAFV. All of these viruses were more prevalent in children older than 5 years of age.

Conclusion: This was the first meta-analysis on the prevalence and association of BuV, HCoSV, and SAFV with GE. While no significant association was found between infection with these viruses and GE, we suggest more studies, especially with case-control design and from different geographical regions in order to enhance our knowledge of these viruses.
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INTRODUCTION

Gastroenteritis (GE) is one of the most common illnesses in both children and adults worldwide. The high importance of GE is due to both high morbidity and mortality and also the financial burdens of the disease. Children, the elderly, and immunocompromised individuals are at higher risk of severe GE (1). Infectious agents, particularly viruses are the main cause of GE worldwide (2). Before the implication of Rotavirus vaccination, Rotavirus was the leading cause of viral GE, while other enteric viruses, such as Noroviruses, Astroviruses, and Human adenoviruses, are now the most prevalent viruses causing GE (3). Besides the aforementioned enteric viruses, the list of enteric viruses is continuously growing due to the discovery of emerging viruses (4, 5). Since still 40% of cases of GE are of unknown etiology (6), these newly discovered viruses may likely be involved in causing the GE (7).

The Parvoviridae family consists of small, non-enveloped, icosahedral-shaped viruses, which have a single-stranded DNA genome. Members of this family can infect both vertebrates and invertebrates (8). For about 3 decades, Parvovirus B19 was taught to be the only human pathogen in this family (9). In 2005, Human bocavirus 1 was isolated from the nasopharyngeal swab of children with respiratory symptoms. Since 2009, three other types of the virus, named Human bocavirus 2–4, have been isolated from a stool specimen of children with or without GE (10). In 2012, the metagenomic survey of stool samples of children with acute diarrhea in Burkina Faso resulted in the discovery of a new member of this family, which was named Bufavirus (BuV) (9). Human BuVs belong to the genus Protoparvovirus, and, so far, three genotypes of Human BuV have been identified (11).

The Picornaviridae family contains non-enveloped, icosahedral-shaped viruses with a positive-sense single-stranded RNA genome (12). Unlike the Parvoviridae, viruses in the Picornaviridae family are not able to infect invertebrates (13). This family contains a growing number of viruses, which cause a variety of diseases that can affect different organs of the body. In 2007, a new member of this family was isolated from a child with a fever of an unknown origin in the United States. This virus was later named Saffold virus (SAFV); this name was derived from the lead author of the research, Morris Saffold Jones. Phylogenetic analysis showed that this virus is closely related to theilovirus species in the Cardiovirus genus of this family (14). Since then, eight genotypes of SAFV have been identified (15). The other virus in this family is the Cosavirus (CoSV), which was discovered in 2008 in pediatric patients with acute flaccid paralysis and later found in patients with GE (7). These three novel viruses were isolated from patients with different clinical and epidemiologic patterns (4). They were isolated from patients with GE (6, 16) and neurological disorders (17–19). While GE is a threat to global health, the causative agents of many cases still remained unclear (4). Therefore, we conducted this systematic review and meta-analysis to (1) elucidate the possible role of these viruses in development of GE and (2) understand the current epidemiologic pattern of these viruses in different parts of the world.



METHODS


Search Strategy

This systematic and meta-analysis review was performed using the recommendations of the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) (20). We comprehensively searched from multiple electronic databases, including Web of Science, PubMed, Google scholar, and Scopus. English-language-related articles published from January 2007 to April 2021 were searched by two investigators independently (AK and MZ) using the following keywords: “Bufavirus” OR “BuV” OR “novel human picornavirus” OR “Saffold virus” OR “SAFV” OR “HCosV” OR “Human Cosavirus” AND “prevalence” OR “epidemiology” OR “molecular prevalence” AND “acute gastroenteritis” OR “diarrhea” OR “gastroenteritis” OR “gastrointestinal complications. In addition, the reference list of all relevant articles and narrative reviews were retrieved in full to search for additional eligible studies. All selected studies were imported to the EndNote software versionX8 (Thomson Reuters, California) for criteria analysis.



Inclusion and Exclusion Criteria

The inclusion criteria for the studies were as follows: (1) All observational studies (case-control, cohort, and cross-sectional studies); (2) Published: 2007 to 2021 for SAFV, between 2012 and 2021 for BuV, and between 2008 and 2021 for HCosV; and (3) Studies reporting the molecular techniques of Bufavirus, Saffoldvirus, and Cosavirus among patients with GE across the world. Papers were excluded from this review if (1) Samples were selected entirely from patients with Bufavirus, Saffold virus, and Cosavirus; (2) Research provides incomplete data; and (3) Review articles, congress abstracts, conference papers, meta-analysis, or systematic reviews, and articles in languages other than English.



Data Extraction

The data were extracted from 46 selected studies by two researchers separately and independently, including the first author's name, location, year of publication, continent, number of investigated patients, number of isolated viruses, target gene, molecular technique, and genotypes. If necessary, any issue related to the selection of studies was resolved by the first and corresponding authors.



Data Synthesis and Statistical Analysis

We used a random-effect model to estimate the overall prevalence of the BuV, SAFV, and HCosV, and results are shown in the forest plot with a 95% confidence interval. Furthermore, evaluation of the prevalence of the viruses was performed on continental, country, diagnostic method, and age as well as gender subgroups. Also, the prevalence of the viruses and their association with GE were estimated and reported by odds ratio (OR). The Egger's test and I2 statistic/Cochran's Q statistic were used to determining publication bias and heterogeneity assessments, respectively, and p < 0.05 was considered statistically significant. All analyses of the present study were performed with comprehensive meta-analysis (V2.2, Bio stat) software.




RESULTS


Search Results and Studies Characteristics

Following the initial search strategy in the aforementioned databases, 3,604 original related articles were identified (PubMed: 755, Scopus: 178, Web of Science: 156, Google scholar: 2,515). A total of 46, observational articles, which included 30 cross-sectional (BuV: 6, SAFV: 12, and HCosV: 12), seven case-control (BuV: 1, SAFV: 3, and HCosV: 3), and nine cohort (BuV: 5, SAFV: 3, and HCosV: 1) studies were included based on our inclusion criteria. A summary of the research selection process and the reasons for exclusion is shown in Figure 1. In the case of Bufavirus, five articles were conducted in Europe, four in Asia, and three in Africa. About the Cosavirus, nine in Asia, four in Europe, one in Africa, and two articles were done in America. In the case of Saffold virus, 15 and three were performed in Asia Europe, respectively. Characteristics of the included 46 articles are shown in Tables 1–3.


[image: Figure 1]
FIGURE 1. Flow diagram of the literature search for studies included in the meta-analysis. *Including manual search and library records.



Table 1. The general characterization of Bufavirus studies.
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Table 2. The general characterization of Saffold virus studies.
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Table 3. The general characterization of Cosavirus studies.
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Pooled Prevalence of Bufavirus in the Patients With Gastroenteritis

The total number of patients with GE included in this meta-analysis was 7,922 from children and adults based on 11 articles. The pooled prevalence of Bufavirus infection among patients with GE was 1.% (95% CI, 0.6–1.5%) based on a random-effects meta-analysis (Figure 2). In subgroup analysis by continent, the highest prevalence of Bufavirus was seen in Africa (1.4%, 95% CI, 0.5–4.1%) while the lowest prevalence was observed in Asia (0.7%, 95% CI, 0.2–2.1%) (Table 4). Highest prevalence of virus belongs to older than 5 years old subgroups (3.7%, 95% CI: 1.4–9.5%). As well, in three genotypes of BuV, BuV1 (1.%, 95% CI: 0.3–3.4%), and BuV2 (1.%, 95% CI: 0.1–6.9%) were of the same prevalence, while BuV3 (0.7%, 95% CI: 0.3–1.7%) was less prevalent.


[image: Figure 2]
FIGURE 2. Forest plot of the pooled prevalence for BuV.



Table 4. The Bufavirus prevalence based on subgroups and studies heterogeneity.
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The Association of Bufavirus With Gastroenteritis

In three data sets, the meta-analysis showed that Bufavirus was not associated with GE [OR: 2.191 (95% CI; 0.384–12.487), I2: 0%] (Figure 3).


[image: Figure 3]
FIGURE 3. Forest plot of odds ratios for the BuV based on case-control studies.




Pooled Prevalence of Saffold Virus in the Patients With Gastroenteritis

The results of analysis of Saffold virus based on random-effects meta-analysis are summarized in Table 4. Using random-effects meta-analysis, the pooled prevalence of Saffold virus in the studied patients was 1.9% (95% CI, 1.1–3.1%) (Figure 4). Among included studies, the maximum and minimum pooled prevalence of Saffold virus among patients with GE was found in Europe and Asia, respectively (2.9, 95% CI: 1.2–6.5% vs. 1.7, 95% CI: 0.9–3.1%) (Table 5). The highest prevalence of the virus was detected in children younger than 5 years of old (2.4%, 95% CI: 0.6–0.9). Among the eight genotypes of SAFV, SAFV-2 was the most prevalent genotype (1.%, 95% CI: 0.5–1.9%), and SAFV-4 was the least prevalent (0.2%, 95% CI: 0–1.2%) in patients with GE.


[image: Figure 4]
FIGURE 4. Forest plot of the pooled prevalence for SAFV.



Table 5. The Saffold virus prevalence based on subgroups and studies heterogeneity.
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The Association of Saffold Virus With Gastroenteritis

Based on the meta-analysis of three case-control studies, there was no significant association between the Saffold virus and GE [OR: 0.768 (95% CI: 0.437–1.349), I2: 0%] (Figure 5).


[image: Figure 5]
FIGURE 5. Forest plot of odds ratios for the SAFV based on case-control studies.




Pooled Prevalence of Human Cosavirus in the Patients With Gastroenteritis

The total number of patients with GE included in this meta-analysis was 6,595 based on 16 included articles. Based on a random-effect meta-analysis, the pooled prevalence of the human Cosavirus infection among patients with GEs was 0.8% (95% CI, 0.4–1.5%) (Figure 6). In subgroup analysis by continent, the highest prevalence of Cosavirus was seen in America (4.2%, 95% CI, 2.6–6.6%), whereas Europe (0.2%, 95% CI, 0.1–0.7%) observed the lowest prevalence (Table 6).


[image: Figure 6]
FIGURE 6. Forest plot of the pooled prevalence for HCosV.



Table 6. The Cosavirus prevalence based on subgroups and studies heterogeneity.
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The Association of Human Cosavirus With Gastroenteritis

Of the four included case-control studies, one study could not be analyzed due to zero values for cases and controls (33), and, according to the three analyzed studies, human Cosavirus was not associated with GE [OR: 0.730 (95% CI; 0.054–9.886), I2: 0%] (Figures 3, 7).


[image: Figure 7]
FIGURE 7. Forest plot of odds ratios for the HCosV based on case-control studies.




Publication Bias and Heterogeneity Assessment

The publication bias results were not significant for two viruses (SAFV and BuV) and significant for Cosavirus prevalence reports by applying Egger's regression test (P = 0.1912 for SAFV, P = 0.5667 for BuV, vs. P = 0.0031 for Cosavirus) (as shown in Figure 8). Also, the heterogeneity results of the studies according to the I2 statistics and Cochran's Q statistics were statistically significant for BuV (Q = 35.005, p < 0.006, I2 = 51.435%), SAFV (Q = 174.465, p < 0, I2 = 90.256%), and Cosavirus (Q = 28.29, P = 0, I2 = 92.932) (Tables 4–6).


[image: Figure 8]
FIGURE 8. Funnel plot for publication bias assessment in BuV (A), SAFV (B), and CosV (C).





DISCUSSION

Rapid progressions in sequencing technologies, bioinformatics, and metagenomic have led to the discovery of new viruses in recent years. However, while some studies stated the isolation of new viruses from fecal samples of patients with GE, there is still no solid evidence of the association of these viruses with GE (4, 52, 53). They are often neglected in epidemiological studies as they cause milder or asymptomatic infection, and researchers have a higher tendency to detect common enteric viruses and other infectious agents in patients with GE (54–56). In the present meta-analysis, we investigated the role of three emerging discovered viruses in the development of GE. Our results show no association between infection with Bufavirus (OR; 2.91, 95% CI: 0.384–12.487), Cosavirus (OR; 0.73, 95% CI: 0.054–9.886), and Saffold virus (OR; 0.77, 95% CI: 0.44–1.35) with GE. Also, a low prevalence of BuV (1.%, 95% CI: 0.6–1.5%), HCoSV (0.8%, 95% CI: 0.4–1.5%), and SAFV (1.9%, 95% CI: 1.1–3.1%) was observed. In general, the prevalence of SAFV was higher than BuV, and the least prevalence was observed in the case of HCoSV. The highest prevalence of BuV was in Africa (1.4%, 95% CI: 0.5–4.1%), where it was discovered (21), and the least prevalence was in Asia (0.7%, 95% CI: 0.2–2.1%). This might be due to poor hygiene and lack of access to safe water in African countries. Given the fact that these viruses were detected in environmental and sewage samples from various parts of the world (57–62), they possibly transmit through the oral-fecal route.

About the three genotypes of BuV, BuV1, and BuV2 were of the same prevalence, while BuV3 was less common in patients with GE; this lower prevalence of BuV3 might be due to the later discovery of this genotype in 2014 (23). SAFV consists of eight genotypes, of which five (SAFV1-4 and 6) were found in the included studies. SAFV-2 was the most prevalent genotype, and SAFV-4 was the least prevalent in patients with GE. It should be pointed out that, although SAFV genotypes 5, 7, and 8 were not detected in the included studies, Blinkova et al. isolated them along with other genotypes in children with non-polio acute flaccid paralysis (63). Also, some of the included studies did not investigate the genotypes of isolated SAFVs. Therefore, we cannot conclude that they are not present in fecal samples of patients with GE. The genotype A of HCoSV was more frequently (0.5%, 95% CI: 0.1–2.1%) isolated from patients with GE. Other founded genotypes were Genotype D (0.2%, 95% CI: 0–0.7%) and C (0.1%, 95% CI: 0–0.6%).

The presence of common enteric viruses, such as Rotavirus (RoV), human bocavirus (HBoV), Adenovirus (AdV), and Norovirus (NoV), was observed in patients that are BuV and SAFV infected. According to the Tables 4–6, co-infection with NoV was more common in patients infected with SAFV than BuV. There was a similar situation in the case of HBoV in which more prevalence of this virus was seen in SAFV than patients who are BuV infected. Contrastingly, RoV infection was more frequent in patients infected with BuV than SAFV. Similarly, AdV infection was more common in patients with BuV than SAFV infection. EVs have the highest proportion of co-infection with HCoSV followed by AdVs, RoVs, and NoVs. The high rate of co-infection with classic enteric viruses may indicate the role of these viruses in causing symptoms in patients infected with these newly discovered viruses (6, 46). The other possible point that is against the pathologic role of these viruses in the development of GE is the low viral load in patients with GE, which might be due to transient infection and the lack of replication in the gastrointestinal tract (44). Also, the high presence of these viruses in healthy individuals raises the likelihood that they are a part of the human virome (6).

Three studied viruses can infect people of all age groups (16, 41). Our analysis showed that BuV and SAFV are more common in individuals older than 5 years of age. In contrast, HCoSV was more common in the children younger than 15 years old. While GE is known as a prevalent disease in children younger than 5 years of age and common enteric viruses such as RoV and NoV are mostly found in this age group (64, 65), interestingly, our analysis showed that these viruses are more prevalent in older patients. These results might be due to reason that outdoor activities further expose people to viral agents (52).

BuV and SAFV are differently distributed among males and females, while BuV is more prevalent in males than females; SAFV is more common in females (42). However, these slight differences do not implicate that these viruses have a higher tendency to infect people of a specific gender.

All included studies had a molecularly based diagnosis with relatively close sensitivity and specificity. However, in the case of SAFV, RT-PCR had the highest detection, while nested-PCR showed the highest detection rate for BuV. It is noteworthy to mention that it requires more studies on the sensitivity and specificity of these methods to conclude which one is more suitable.

The present study faced some limitations. There were a few studies on adults, and details of participants (gender, clinical signs, and age groups) were insufficient in some studies. The genotypes of the viruses were not reported from some studies, and also some of research conducted without a healthy control group. The prevalence of these viruses had not been reported in many countries and geographical areas. In addition, some of the included studies did not evaluate the co-infection of the novel viruses with common enteric viruses. In addition, the language limitations of many studies and lack of association assessments of genotypes and clinical signs were the other main limitations of the present study. Hence, we suggest further studies, especially in case-control design, and more comprehensive studies from different geographical areas to overcome these limitations.



CONCLUSION

Progression in the development of molecular and metagenomics methods has facilitated discovering and studying emerging viruses. In the present meta-analysis, we investigated the prevalence and role of three recently discovered viruses in the development of GE. The pooled prevalence of three viruses was low, and neither was associated with GE. These results might be due to the few numbers of studies conducted. Therefore, we suggest more comprehensive studies with large cohorts of symptomatic and healthy patients in order to enhance our knowledge about these newly identified viruses. Also, we recommend in vitro studies to investigate the possible effects of these viruses on the gastrointestinal cell lines. In addition, the possible role of these emerging viruses in the etiology of other complications, such as respiratory symptoms, neurological diseases, and fever of an unknown origin, should not be neglected.
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Irritable bowel syndrome (IBS) is a chronic disorder, which its causative agent is not completely clear; however, the interaction between microorganisms and gastrointestinal (GI) epithelial cells plays a critical role in the development of IBS and presenting symptoms. During recent decades, many studies have highlighted the high prevalence of Blastocystis sp. in patients with IBS and suggested a probable role for this protist in this disease. Recent studies have documented changes in the gut microbiota composition in patients with IBS regarding the presence of Blastocystis sp., but it is not clear that either disturbance of the gut during GI disorders is a favorable condition for Blastocystis sp. colonization or the presence of this protist may lead to alteration in the gut microbiota in IBS patients. In this review, we comprehensively gather and discuss scientific findings covering the role of Blastocystis sp. in IBS via gut microbiota shifting.
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INTRODUCTION

Irritable bowel syndrome (IBS) is a chronic disorder, which is known by abdominal pain and abnormal defection. IBS seems to be a gut-brain axis-related disease; therefore, it is also called a functional gastrointestinal (GI) disorder (1, 2). IBS is a commonly reported disorder in clinical practices, affecting 10–20% of the world's population (3).

IBS could be asymptomatic; however, this disease is characterized by symptoms such as abdominal pain, variable bowel habits, and bloating (1). IBS is a multifactorial disorder. Even though its causative agent is not clear; gut microbiota disturbance appears to play an important role in this disorder (4). Early studies have documented the role of microbial gastroenteritis [post-infectious IBS (PI-IBS)] (5, 6) and overuse of broad-spectrum antibiotics in the development of IBS (7). Studies on the gut microbiota in patients with IBS suggest that microbial dysbiosis may increase the severity and duration of IBS symptoms. Accordingly, it was documented that changes in the gut microbiota composition play a critical role in establishing, developing, and flaring the symptoms of IBS (8). Nevertheless, the manipulation of the intestinal microbiota can be considered a new treatment method for patients with IBS. For example, fecal microbiota transplantation (FMT) reduced inflammation and symptoms in people with IBS and could be regarded as a treatment strategy (9).

In addition to the critical role of bacteria in the development of IBS, the high prevalence of some protozoa, such as Blastocystis sp., has highlighted the putative role of this protist in the development of IBS. Although a bilateral correlation between the presence of Blastocystis sp. and the gut microbiota composition has been reported in many studies, it is not clear whether the gut conditions and gut microbiota perturbation lead to higher colonization of Blastocystis sp. in the gut or colonization of Blastocystis sp. may lead to dysbiosis (10, 11).



PARASITES AND IBS

It has been suggested that microbial infections may lead to a mild inflammation through the intestine and the development of IBS. Although the results contradict (12), the emerging role of intestinal parasites in the development of IBS is now being investigated (13). Intestinal parasites can increase the gut permeability and contact of lumen antigens with the lower layers of the intestine, provoking immune responses, and developing chronic inflammation (14, 15).

Accordingly, a higher prevalence of some protozoa (Giardia, Blastocystis, and Cryptosporidium) was recorded among the patients with IBS compared to healthy controls (16). The correlation between previous infection with Giardia and an increased risk of IBS was strongly suggested by retrospective studies. In this regard, in a retrospective cohort study performed by Dormond et al. (17), which was carried out on military personnel, the risk of developing chronic GI disorders, such as IBS, was assessed in those with documented giardiasis and the findings represented an increased risk of IBS in Giardia-infected personnel (17). Nakao et al. (18), in a large retrospective study, which employed the 2006–2010 MarketScan commercial insurance database, showed that despite considering confounding factors, such as anxiety, depression, and healthcare utilization, giardiasis increased the risk of subsequent IBS (18). Although the mechanism beyond the role of giardiasis in increasing the risk of IBS is not clear, destruction of the intestinal barrier unity during colonization of G. lamblia appears to be an important factor. For example, it was demonstrated that infection by Giardia may lead to gut barrier dysfunctions via downregulation of tight junctions, such as claudin-1, and induction of apoptosis in epithelial cells throughout the intestine (19).

There is evidence speculating the role of early-age infection by Cryptosporidium in the development of IBS in adolescence, via increased jejunal sensitivity to bloating (20). In addition, the intestinal stage of a nematode worm, Trichinella spiralis, seems to provoke a mild inflammation over the gut epithelial cell, which can lead to visceral sensitivity and changes in intestinal motility (21–23). It was shown that transient mucosal inflammation in Swiss mice during the acute phase of infection by T. spiralis can lead to an alteration in neuromuscular functions, even after the resolution of Trichinella-caused inflammation (21). These findings were then supported by Venkova et al. (23), who demonstrated jejunal inflammation due to T. spiralis, which induced long-term changes in muscle contractility and enteric neurotransmission, even after recovery from mucosal inflammation (23). Eventually, it was demonstrated that during the GI phase of trichinosis, T. spiralis can induce a long-term remodeling of epithelial functions (22). Therefore, the persistent inflammation and neuromuscular dysfunctions during the intestinal stage of trichinosis, seem to increase the risk of IBS development, particularly in those who are susceptible.

Dientamoeba fragilis is an intestinal protozoan, which, together with Blastocystis sp., are the most prevalent protozoa reported in patients with IBS (24–26). The probable correlation between D. fragilis and IBS was first reported by Borody et al. (27) who showed that eradication of the protozoan led to amelioration of IBS-like symptoms. However, further investigations on the correlation between D. fragilis and IBS have reported controversial results. For example, Yakoob et al. (28) demonstrated a higher prevalence of D. fragilis in patients with IBS compared to healthy controls. Engsbro et al. (25) reported that 35–41% of patients with IBS carried out D. fragilis in the Danish population, and Ibrahim et al. (29) supported previous studies and documented a higher prevalence of D. fragilis in patients with IBS compared to control subjects. A case of PI-IBS due to D. fragilis in a patient who traveled to Mexico points out the probable role of this protozoan in the development of IBS, as well (30). However, in contrast to these studies, Engsbro et al. (31) analyzed the response to anti-D. fragilis treatment in 25 patients with IBS who carried the protozoan and showed the lack of correlation between microbiological response to treatment and clinical manifestations of patients with IBS.



THE HIGH PREVALENCE OF BLASTOCYSTIS SP. IN PATIENTS WITH IBS

Blastocystis sp. is frequently reported from patients with IBS, and numerous studies have suggested a correlation between carrying this protist and IBS; however, it is not clear whether either Blastocystis sp. leads to IBS/IBS-like symptoms or perturbed conditions of the GI tract provide a favorable niche for colonization of Blastocystis sp. One of the first studies that examined a probable parasite as a causative agent of IBS was performed by Yakoob et al. (32), who reported a statistically significant higher prevalence of Blastocystis sp. in patients with IBS [46% (44 of 95)] compared to the controls [7% (4 of 55)]. Surangsrirat et al. (33), in a case–control study in Thailand, documented a higher frequency of Blastocystis sp. in patients with IBS (16.7%) compared to the control group (10%), although this difference was not statistically significant. In addition, Das et al. (34) demonstrated that the prevalence of Blastocystis sp. was three times higher than that reported in healthy subjects.

The close frequency rate of Blastocystis sp. in patients with IBS and control groups in many studies and a greater prevalence rate of Blastocystis sp. in control groups compared to patients with IBS have obscured an established linkage between the presence of this protist and the development of IBS (35–37).

The presence of correlation between genetic lineages of Blastocystis sp. and the development of IBS has also been evaluated. Although a correlation between the presence of ST1 (38) and ST3 (39) with IBS was suggested, most of the studies failed to associate the presence of a certain subtype with IBS development. In this regard, Pena et al. (40) analyzed the subtype distribution of Blastocystis sp. in patients with IBS compared to healthy controls that the results showed the presence of ST1 and ST2 in both groups, while ST3 and ST4 were only characterized by healthy controls and patients with IBS, respectively. The lack of linkage between certain subtypes and IBS was observed in Indian subjects, where ST3 was the dominant subtype in both IBS and control groups followed by ST1 (34). Subtypes 1 and 3 were also reported to be the major genetic lineages in IBS and control subjects in other studies (41–43).

The expression of certain enzymes in Blastocystis sp. isolated from patients with IBS was also evaluated. In this regard, Nagel et al. (44) indicated the higher presence of a Blastocystis sp. protein (probably a cysteine protease) in subjects with IBS compared to healthy controls. They also claimed that some single nucleotide polymorphisms (SNPs) in IL-8 and IL-10 probably affect the relative risk of IBS development in individuals who carry Blastocystis sp. (45). Although the effects of genetic polymorphisms through the IBS-related signature regions of IL-6, IL-8, and IL-10 might be different in various ethnic groups, these SNPs could increase the risk of IBS development (46, 47). In this line, a recently published study proposed significantly higher serum levels of IL-6, IL-8, IL-10, IFN-γ, and TNF-α in patients with IBS who colonized with Blastocystis sp., proposing the critical effects of Blastocystis sp., in IBS development (48) via modulation of IBS-related cytokines (49).

Taken together, although colonization of a certain subtype of Blastocystis sp. does not seem to be correlated with IBS, it was suggested that there are significant differences in the protease activity of different subtypes of Blastocystis sp. (50). Importantly, proteases released by Blastocystis sp. can disrupt the epithelial barrier and actin filaments, increase gut permeability, and subsequently develop IBS (51–53). Moreover, a most recently published study suggested that Blastocystis sp. ST3 can modulate the expression levels of microRNAs involved in the gut barrier integrity, and claudin-7 (54). Notably, claudin-7 is categorized among pre-sealing tight junction proteins and plays a critical role in reducing the permeability of the gut (55).



A BRIEF LOOK AT THE GUT MICROBIOTA

The microbiota is comprised of the microbial community of the human body, which is made up of a variety of microorganisms, including bacteria, viruses, fungi, and protozoa. The gut microbiota consists of between 10 and 100 trillion cells, which are ~10 times the total cells of a human (56). The gut microbiome has the highest number of microbial communities. The number of microbial genes in the gut is estimated to be 150 times higher than the genes of human origin (57). Current documentations demonstrated four bacterial phyla, including Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria, are the core of the gut microbiota of which Firmicutes and Bacteroidetes are predominant (58–60).

The gut microbiota composition is linked to a couple of intestinal and extra-intestinal disorders (61–64). Changes in the GI microbiota (is known as dysbiosis) can affect the immune responses, metabolism, and intestinal permeability, resulting in a pre-inflammatory state. Such changes can disrupt the functions of the host's immunity and metabolic systems, which may lead to diseases, such as diabetes, obesity, GI, neurological, and autoimmune disorders (61, 63, 65, 66). A number of studies have demonstrated a link between changes in the gut microbiota and incidences of gut-related diseases, such as obesity, non-alcoholic steatohepatitis (NASH), IBS, inflammatory bowel disease (IBD), celiac disease, and GI neoplasms (61, 66–68).



THE GUT MICROBIOTA IN IBS

The correlation between gut microbiota dysbiosis and IBS conditions is well-established (69, 70). A correlation between the severity of IBS and a gut microbiota signature has been demonstrated (71). PI-IBS, small intestine bacterial overgrowth (SIBO), stress, antibiotics, diet, and early childhood experiences shape the gut microbiota and affect the incidence rate of IBS (72).

A gut microbiota analysis suggested a doubled ratio of Firmicutes to Bacteroidetes, an increased number of Dorea, Ruminococcus, and Clostridium spp., and a decreased number of Faecalibacterium spp. in patients with IBS compared to healthy controls (69). Tap et al. (71) reported an association between the gut microbiota composition and the severity of IBS. They showed that enterotypes Prevotella and Bacteroides represented the lowest and highest proportion in patients with severe IBS, respectively. In addition, it was claimed that the highest and lowest proportion of Bacteroides were observed in IBS-D and IBS-C, respectively (71). These results were then confirmed by Zhuang et al. (73) who documented the Bacteroidetes in stool samples of patients with IBS-D, and suggested an association between the gut microbiota composition with the pathogenicity of IBS (73). IBS has four types, which are characterized based on the stool formation and the number of defecation, including IBS-C with constipation; IBS-D with diarrhea; IBS-M, which has intermittent bowel pattern with a mix of diarrhea and constipation; and IBS-U, which is not easily classified into any of the mentioned groups (74). Metagenomics studies suggest that the gut microbiota may present different patterns according to the types of IBS. The results of a quantitative real-time PCR, which was employed to amplify the 16S rRNA gene of the gut bacteria, showed that the number of bacteria, such as R. productus, C. coccoides, Villonella, Tetiotamicron, Pseudomonas aeruginosa, and Gram-negative bacteria in patients with IBS was higher, but the number of Lactobacillus was lower than healthy individuals. In addition, the number of Violinella species in patients with IBS-C and P. aeruginosa in people with IBS-C and IBS-D were higher than in healthy individuals (75).

The 16S rRNA gene sequencing revealed that although the gut microbiota diversity was similar between patients with IBS and healthy controls, the richness of bacteria in patients with IBS-D was lower than in other groups, while a significant increase in Proteobacteria and decrease in Firmicutes, Fusobacteria, and Actinobacteria were observed in patients with IBS-D (76). Apart from the changes in the diversity and richness of the gut microbiota, the overgrowth of the bacterial community throughout the small intestine is thought to be associated with IBS (4). A systematic review by Pittayanon et al. (77) on 24 studies revealed that Enterobacteriaceae (phylum Proteobacteria), family Lactobacillaceae, and genus Bacteroides were increased, and uncultured Clostridiales I, genus Faecalibacterium (e.g., F. prausnitzii), and genus Bifidobacterium were decreased in patients with IBS compared to healthy controls. Nevertheless, the presence of a microbiome signature, how IBS alters the gut microbiota compositions, and the role of diet changes on the gut microbiota alterations in patients with IBS are the main unclear issues that need to be investigated (Table 1).


Table 1. The gut microbiota changes in patients with IBS.

[image: Table 1]



THE GUT MICROBIOTA IN IBS AND IMMUNE SYSTEM

There is growing evidence linking inflammation with IBS. Inflammation may lead to changes in smooth muscles and GI nerves, which are resulted in GI dysfunctions (86, 87). The presence and the number of mast cells, release of histamine and tryptase, distance of intestinal nerve to mast cells in patients with IBS characterized by Room II, and abdominal pain were compared to healthy controls that the infiltration of mast cells and release of their contents in proximity to mucosal innervation were probably correlated with IBS and abdominal pain (88).

The correlation between low level of inflammation and IBS manifestations was suggested in a study by Ohman et al. (89) who showed an increased frequency of blood T cells expressing CD69 and integrin b7/HLA-DR. They concluded that T-cell activation supports low-grade inflammation and symptom generation in patients with IBS (89). This finding was later supported by Nasser et al. (90), who showed an immune activation of CD4+ T cell derived from patients with IBS-D, while it was not correlated with physiological stress. However, they suggested that immune activation is could be a trigger of or a parallel phenomenon with IBS (90). The higher number and the activation of mucosal B lymphocytes and plasma cells, together with an increased number of mast cells in the mucosal jejunal biopsy of patients with IBS-D, probably contribute to the presentation of the disorder (91). Therefore, it seems that a mild inflammation due to enhanced humoral and innate immunity throughout the intestine could be correlated with IBS (91, 92). Importantly, amelioration of the clinical manifestations of IBS-D via activation of mast cells and modulating of the intestinal innate immunity followed by oral prescription of disodium cromoglycate (DSCG) confirmed the hypothesis of correlation between mild inflammation and IBS development (93).

The role of gut microbiota in the arrangement of the immune responses in IBS is still investigating; however, it seems that microbe-association pattern recognition plays a determinative role in orchestrating the immune responses (94). In this regard, the role of toll-like receptors (TLRs) as cross-road between gut microbiota, immune responses, and IBS, has been highlighted. Among TLRs, TLR4 seems to be more involved in the development of IBS. TLR4 interacts with lipopolysaccharide (LPS) pattern, which is the most outer surface component of almost all Gram-negative bacteria (95, 96). It was demonstrated that stimulation of TLR4 by LPS can lead to motivation of the enteric nervous system and motility of the intestine (97). This finding was further investigated and supported by the comparison of the expression of TLRs in biopsy samples of patients with IBS and healthy controls in which the results implied a significant elevation of TLR4 in patients with IBS (98). Furthermore, Belmonte et al. (99) evidenced that the levels of TLR may be different based on the IBS subtypes. In this regard, they reported a significant upregulation of TLR2 and TLR4 in patients with IBS-M together with elevation of IL-8 and IL-1β (99). Recently, Jalanka et al. (100) analyzed the correlation of the gene expression of TLR4 and correlated receptors in patients with IBS and supported the probable role of a low inflammation due to bacteria in the intestine of patients with IBS. Therefore, it seems that a change in the gut microbiota composition may arrange a chronic inflammation and subsequent IBS.



THE CORRELATION BETWEEN BLASTOCYSTIS SP. AND THE GUT MICROBIOTA IN PATIENTS WITH IBS

Many studies demonstrated the effects of colonization of Blastocystis sp. on the gut microbiota, in both composition and richness. It was suggested that the presence of Blastocystis sp. reduced a Firmicutes/Bacteroidetes ratio (F/B ratio) in two cohort studies, FACSA and UNEME, which were performed in healthy people and individuals with metabolic disorders in Mexico (101). The mean proportions of Faecalibacterium spp. and Ruminococcaceae in the Blastocystis sp.-positive group, and Enterococcus spp. in the Blastocystis sp.-negative group were abundant in Korean populations (102). The high richness of Faecalibacterium, Prevotella, Ruminococcaceae UCG-002, Muribaculaceae, Rikenellaceae, Acidaminococcaceae, Phascolarctobacterium, and Ruminococcaceae UCG-005 in individuals who carry Blastocystis sp., and E. hirae, E. faecalis, E. durans, Enterococcaceae, Lactobacillales, and Bacilli in subjects who were negative for Blastocystis sp. was observed (102). Importantly, this study concluded that the presence of Blastocystis sp. is an indicator of healthy gut microbiota (102). Most recently, it was shown that Blastocystis sp. ST4 inhibited the growth of B. vulgatus, which suggests the protective role of Blastocystis sp. ST4 in the gut barrier integrity from damage due to the bacteria (103). Later, an altered gut microbial composition was documented in normal healthy mice and Rag1−/− mice colonized by Blastocystis sp. ST4, mainly by an increased proportion of Clostridia vadinBB60 group and Lachnospiraceae NK4A136 group, respectively (104). These results confirmed the protective role of Blastocystis sp. ST4 in the modulation of the gut microbiota to reduce inflammation (104). Blastocystis sp. was reported to significantly increase alpha diversity in carriers. Accordingly, the presence of Blastocystis sp. was associated with enriched Firmicutes and Bacteroidetes, and the genera Prevotella, Faecalibacterium, Flavonifractor, Clostridium, Succinivibrio, and Oscillibacter, whereas Proteobacteria and the genera Escherichia, Bacteroides, Klebsiella, and Pseudomonas were enriched in Blastocystis sp.-negative group (105).

In contrast, a positive correlation between the presence of Blastocystis sp. and C. difficile was suggested in patients with IBD, which was also correlated with the number of defecation in these patients (10). Furthermore, Nourrisson et al. (106) investigated the gut microbiota in four classes of IBS and concluded that the presence of Blastocystis sp. was significantly correlated with an increase of Lactobacilli and a decrease of Bifidobacterium sp. and F. prausnitzii in male patients. Therefore, they suggested that Blastocystis sp. colonization may lead to a decrease in protective bacteria (106). To clear the role of Blastocystis sp., in shifting the gut conditions or gut microbiota composition in IBS, an experimental study was performed by Defaye et al. (107) in rats. Accordingly, they orally inoculated Blastocystis sp. ST4 in rats and evaluated the gut microbiota, inflammation, behavior, and short-chain fatty acid (SCFA). Interestingly, their findings showed that the presence of Blastocystis sp. was resulted in non-inflammatory colonic hypersensitivity with increased serine protease activity, anxiety- and depressive-like behaviors, the relative abundance of Oscillospira with a decrease in Clostridium, and lower levels of SCFAs (107), all of which highlight the role of Blastocystis sp. in the development of IBS and its symptoms, as well as microbiota shifting in patients with IBS (107).

Recently, the eukaryome and prokaryome profiles of patients with IBS-C showed that the colonization of Blastocystis sp. not only induces changes in prokaryotic microbiota of the gut, particularly Tenericutes phylum and Ruminococcaceae family, but also this protist may disturb eukaryome population, particularly fungi, in patients with IBS (108). Importantly, gut mycobiome seems to play an important role in the development, presentation of symptoms, and response to treatment in patients with GI disorders (109–111). Nevertheless, the role of Blastocystis sp. in the gut microbiota changes is controversial, and there is evidence of a neutral role of this protist in the gut microbiota composition in patients with IBS (74). The controversial correlation between the gut microbiota composition and colonization of Blastocystis sp. (112) is thought to be related to antibiotic consumption (113). Remarkably, antibiotics can alter the gut microbiota composition and change the gut lumen from a favorable niche for Blastocystis sp. colonization toward an inimical condition for the protist (Figure 1 and Table 2).


[image: Figure 1]
FIGURE 1. The schematic view presenting a correlation between Blastocystis sp. and certain microbiota signatures. The presence of Blastocystis sp. has not been linked with specific signature of gut microbiota. Although this protist seems to a healthy indicator for the gut microbiota, Blastocystis sp. can reduce a Firmicutes/Bacteroidetes ratio and protective bacteria. In addition, the low and high presence of Blastocystis sp. in IBD and IBS, respectively, might be related to the differences in the gut microbiota composition between IBD and IBS.



Table 2. The gut microbiota changes in patients with IBS carrying Blastocystis sp.

[image: Table 2]



CONCLUDING REMARKS

Blastocystis sp. is a prevalent protist, which is reported from apparently healthy subjects, as well as individuals with a variety of GI disorders. Although the presence of Blastocystis sp. has not been linked with certain symptoms or disorders, this protist is reported in high prevalence rate in some diseases, such as IBS. IBS conditions seem to provide a favorable niche for colonization of Blastocystis sp. in the intestine. It is not clear how Blastocystis sp. communicates with the gut microbiota in healthy and disease conditions, particularly in patients with IBD and IBS. Some studies suggested that Blastocystis sp. is a healthy gut indicator, while the high prevalence of this protist in IBS proposes a correlation between improper gut conditions and Blastocystis sp. colonization. Nevertheless, recent studies have indicated a correlation between Blastocystis sp. and gut microbiota. It is not clear that either Blastocystis sp. may manipulate the gut microbiota composition or an altered gut microbiota in IBS may provide favorable conditions for colonization of Blastocystis sp.

Gut permeability is a key point of IBS development. Blastocystis sp. discharges a number of proteins, particularly a broad spectrum of proteases, which affect the gut permeability and tight junctions. Although limited data, the secretion levels and types of proteases and the effects of proteases on the human cells are supposed to be different in Blastocystis sp. strains. Therefore, the study of proteases, particularly cysteine protease, derived from different isolates and subtypes on the gut permeability and tight junction proteins provides interesting data. There is no documented study investigating the role of extracellular vesicles (EVs) discharged from either Blastocystis sp. or Blastocystis sp.-affected host cell on the gut permeability. Indeed, a cross-talk between Blastocystis sp. and gut microbiota via EVs may play a role in the successful colonization of the protist or the gut microbiota composition of the gut. EVs play an important role in cross-talk between microorganisms and the study of EVs (released from Blastocystis sp., gut microbiota, and/or host cells) would be interesting. However, researches on Blastocystis sp. is at the beginning stages and more studies are needed to be performed.
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Shigella flexneri is a major diarrhoeal pathogen, and the emergence of multidrug-resistant S. flexneri is of public health concern. We report the detection of a clonal cluster of multidrug-resistant serotype 1c (7a) S. flexneri in Singapore in April 2022. Long-read whole-genome sequence analysis found five S. flexneri isolates to be clonal and harboring the extended-spectrum β-lactamases blaCTX−M−15 and blaTEM−1. The isolates were phenotypically resistant to ceftriaxone and had intermediate susceptibility to ciprofloxacin. The S. flexneri clonal cluster was first detected in a tertiary hospital diagnostic laboratory (sentinel-site), to which the S. flexneri isolates were sent from other hospitals for routine serogrouping. Long-read whole-genome sequence analysis was performed in the sentinel-site near real-time in view of the unusually high number of S. flexneri isolates received within a short time frame. This study demonstrates that near real-time sentinel-site sequence-based surveillance of convenience samples can detect possible clonal outbreak clusters and may provide alerts useful for public health mitigations at the earliest possible opportunity.

KEYWORDS
  Shigella flexneri, multidrug-resistant (MDR), surveillance, whole-genome sequence (WGS), outbreak


Introduction

Shigella is a major diarrhoeal pathogen and the second leading cause of diarrhoeal mortality globally (1). The pathogen is transmitted through the fecal-oral route, and adults can be infected by as few as 10 bacilli (2), making it highly transmissible. The clinical manifestations of Shigella infection range from self-limited diarrhea to fulminant dysentery and life-threatening invasive systemic infections. Shigellosis is estimated to cause more than 200,000 deaths annually, and the greatest burden of morbidity and mortality is among children below the age of five in lower-middle-income countries, as well as adults aged 70 and older (1, 3, 4).

Among the four Shigella subgroups (Shigella dysenteriae, Shigella flexneri, Shigella boydii, and Shigella sonnei), S. flexneri and S. sonnei cause the majority of laboratory-confirmed Shigella infections in developing countries and developed countries, respectively (5, 6). Shigella flexneri thus incurs a substantial disease burden among disadvantaged populations worldwide. Further complicating the control of S. flexneri infections is the increasing resistance to third-generation cephalosporins in Asia (7–11), and the emergence and dissemination of multidrug-resistant (MDR) S. flexneri strains, particularly among men who have sex with men (MSM) (12).

The rise of resistance against third-generation cephalosporins, ciprofloxacin, and azithromycin, coupled with the highly transmissible nature of S. flexneri, therefore represents a significant public health threat. Fast and accurate detection of S. flexneri clusters enables rapid investigation of outbreak sources and early mitigating actions, thereby enabling public health actions at the earliest opportunity.

Traditional diarrhoeal illness surveillance relies on syndrome-based as well as laboratory-based notification of public health authorities. However, jurisdictions differ in terms of notification requirements for Shigella infections. For instance, the UK Health Security Agency requires healthcare practitioners to notify the relevant public health agencies when a case of Shigella infection is detected (13), whereas some other jurisdictions do not (14). Where notification is not legally required, the public health system relies on astute individual healthcare practitioners to make the decision to notify the public health agency when a Shigella cluster is suspected. Such reliance on individual decisions in a complex healthcare system carries disadvantages. Most clinicians will only be aware of cases within their area of work and unable to identify disease trends, and this contributes to gaps in disease reporting and trend analyses.

Early detection of potential point-source outbreaks is of particular importance, as the detection and removal of the offending source is essential for control (15, 16). Traditional investigation of the intra-species relatedness of diarrhoeal pathogens such as Shigella relies on various typing procedures performed in reference public health laboratories. In jurisdictions where Shigella isolates are not routinely transferred to a reference laboratory, isolate viability may be compromised, leading to a loss of time and data that are essential for outbreak investigation.

To address this public health gap, we implemented a decentralized, sentinel-site whole-genome sequencing (WGS) capability within a routine diagnostic laboratory in a tertiary hospital (Hospital IV). Hospital IV routinely receives Shigella isolates from several hospitals for identity confirmation and/or serogrouping, and is a site that can perform sentinel surveillance. To contain cost and shorten the turnaround time, the Nanopore MinION sequencer (Oxford Nanopore Technologies, United Kingdom) was chosen for sentinel-site sequencing. We hypothesize that the sentinel-site sequence-based surveillance will reduce the time taken to detect a clonal outbreak of S. flexneri and that this strategy may provide for early alerts for public health mitigations.



Methods


Microbiological investigations

Stool culture isolates identified in Hospital I and Hospital II to be Shigella species or Shigella flexneri were transferred to Hospital IV for identity confirmation and/or serogrouping. Identity was confirmed in Hospital IV using Vitek 2 GN cards (bioMérieux, Marcy-l'Étoile, France), and observation of motility (–), indole production (+/–), and lysine decarboxylase activity (–) (17). Shigella serogrouping was performed using a set of commercial Shigella antisera (Mast® Assure antiserum Shigella, Mast Group, Bootle, UK). Antimicrobial susceptibility testing was performed using a combination of disk diffusion, Etest (bioMerieux, Marcy-l'Étoile, France) and Vitek® 2 susceptibility testing (bioMerieux, Marcy-l'Étoile, France). Antimicrobial susceptibility tests were performed and interpreted in accordance with the Clinical and Laboratory Standards Institute (CLSI) standards in Hospitals I, II, IV, and V (18). Hospital III used both CDS (19) and CLSI (18) standards for susceptibility testing. Detailed description of the list of antibiotics tested are summarized in Supplementary Table 1. All isolates identified to be Shigella flexneri from 10th March 2022 to 13th April 2022 in Hospitals I-V were included in this study.



Whole-genome sequencing

Three S. flexneri isolates from Hospital I, two S. flexneri isolates from Hospital II, and one control Escherichia coli isolate (ATCC25922) were subjected to DNA extraction using DNeasy Powersoil Pro Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The extracted DNA samples were prepared using the Q20+ Native Barcoding Kit (SQK-NDB112.24), according to the “Ligation sequencing gDNA - native barcoding (SQKNBD112.24)” protocol. Four hundred nanogram of genomic DNA per sample was used directly for DNA repair and end preparation, without any prior shearing. The samples were incubated at 20 and 65°C for 15 and 5 min, respectively, during the DNA repair and end preparation. The incubation periods for native barcode ligation and adaptor ligation were extended to 30 min. Throughout the protocol, samples were mixed by gentle flicking of the microcentrifuge tube, instead of pipetting. AMPure XP beads (Beckman Coulter, USA) incubation on the revolver rotator (Labnet, USA) was extended to 10 min, and samples were eluted at 37°C for 10 min. To maximize the yield of the libraries obtained, 200 ng of pooled samples were used for adaptor ligation. Each prepared library was loaded into a R10.4 MinION flow cell (FLO-MIN112) and sequenced on a MinION Mk1c machine for >16 h. The acquisition of the sequenced reads was carried out using MinKNOW v21.11.6. For each sample, at least 100 × coverage was obtained and used for downstream analysis. Base-calling, demultiplexing and trimming of barcodes and adaptor sequences were carried out via the Guppy v6.1.1 Super High Accuracy basecaller (Oxford Nanopore Technologies).



Sequence data analysis

The trimmed, filtered reads with an average Phred score >10 were assembled with Flye v2.9 (20) and polished twice with medaka v1.6 (Oxford Nanopore Technologies). The resultant draft genomes were used for downstream analysis. The genome data of the five S. flexneri isolates were submitted to the GenBank database under the BioProject ID PRJNA841078, with BioSample accessions SAMN28576597, SAMN28576598, SAMN28576599, SAMN28576600, and SAMN28576601.

Parsnp v1.2 (21) was used for phylogenetic analysis. Fifty-three complete S. flexneri reference genomes were downloaded from NCBI (22). All genomes with genetic markers for lacY and without ipaH were removed. The remaining 16 complete reference genomes and five query genomes were included in the phylogenetic analysis. Core genome alignment and single-nucleotide polymorphism (SNP) calling for all included genomes were performed against the reference genome NZ_LR213452.1, with Parsnp's PhiPack (23) option (parsnp-x) to identify regions of recombination. A maximum-likelihood phylogenetic tree was constructed with core genome SNPs (RAxML-NG v1.1.0 with 500 bootstrap replicates). Whole-genome average nucleotide identity (ANI) values were calculated using MUMmer 3.0 (24) alignments.

To search for highly similar S. flexneri whole-genome sequences in accessible databases, 9,255 S. flexneri whole-genome sequences were downloaded from NCBI (accessed on 17th April 2022) (22). MUMmer 3.0 (24) was used for pairwise alignment between the five query genomes and the 9,255 downloaded S. flexneri whole-genome sequences. The top 200 genomes with the highest ANI values, averaged across five query genomes, were then included in the subsequent phylogenetic analysis using Parsnp v1.2 (RAxML-NG v1.1.0 with 500 bootstrap replicates).

ShigaTyper (25) was used for in silico serotyping with the latest database (11 February 2022). In silico multilocus sequence types (MLST) were determined using publicly available tools in Pathogenwatch (https://pathogen.watch/) using the Enterobase Escherichia/Shigella MLST scheme (https://enterobase.readthedocs.io/en/latest/mlst/mlst-legacy-info-ecoli.html). Genetic markers for antimicrobial resistance and virulence factors were identified using AMRFinderPlus v3.10.24 (26).




Results


Timeline of S. flexneri detection and analysis in five hospitals

Figure 1 summarizes the timeline of the detection of eight known S. flexneri cases within a 5-week period. Five S. flexneri isolates were independently obtained by Hospital I (Cases A, B, and D) and Hospital II (Cases C and E) from 10th March to 13th April 2022. Hospital IV (sentinel-site) received Cases A, B and C for identity confirmation and/or serogrouping within a 2-day period. Cases A, B and C (* in Figure 1) were sequenced near real-time in hospital IV. Once a clonal cluster was suspected based on initial results, communications within the informal hospital laboratory network established that there were at least five additional S. flexneri cases from March 2022 to April 2022 among five hospitals. Cases D and E (∧ in Figure 1) were sequenced subsequently. The isolates of cases F, G, and H had been discarded and were not available for further analysis.


[image: Figure 1]
FIGURE 1
 Summary of Shigella flexneri detection timeline. There were eight known laboratory-proven S. flexneri cases (Cases A�H) in four hospitals within a 5-week period. Five isolates were sequenced in this study (Cases A–E, dark blue circle), among which 3 (*) were sequenced near real-time. Two additional isolates were sequenced subsequently (∧). Isolates of three cases from Hospitals III and V (Cases F, G, H) had been discarded and were not available for sequence analysis (gray circle). BioRender was used to create this figure.


In total, five S. flexneri isolates (Case A–E) were included in the sentinel-site sequence analysis. Antibiograms were retrieved from the remaining three cases (Cases F, G, and H). While not mandatory, the originating laboratories had made individual voluntary notifications to the public health agency at the time of diagnosis for each case (Figure 2A), but the recognition that there was a case cluster occurred at the tertiary hospital (Hospital IV) laboratory.
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FIGURE 2
 Summary of laboratory-based surveillance models. (A) For diseases and isolates not routinely notifiable and transferred to central reference laboratories, delays in outbreak detection and laboratory investigations may occur due to logistical challenges. (B) Sentinel surveillance of convenience samples, implemented in the current study, enabled the streamlined detection of clonal isolates of public health importance and provided early alerts for the public health agency. BioRender was used to create this figure.




Decentralized laboratory-based sentinel surveillance reduced time taken to detect possible clonal outbreak

Current laboratory-based surveillance for pathogens such as S. flexneri relies on investigations in central reference laboratories. For diseases and pathogen isolates not routinely notifiable and transferred to the public health reference laboratory, investigations may be delayed due to the time taken for unusual disease trend detection and sample transfers (Figure 2A). Figure 2B illustrates the sentinel surveillance model we used in the current study. An existing network of hospital diagnostic laboratories routinely transfers Shigella spp. isolates to a tertiary hospital diagnostic laboratory for consolidated serogrouping and/or identity confirmation. In this study, the same isolates received for diagnostic testing were subjected to WGS within the same laboratory near real-time. The isolates under investigation were found to be genetically closely related within five working days (Day 5) of receipt. On Day 12, the whole-genome comparison results were formally forwarded to the local public health agency. The Singapore Ministry of Health subsequently issued a notification to hospitals (Day 14) to request for archived Shigella isolates and any associated data from 2018 to 2022 to be forwarded to the public health agency.



S. flexneri isolates under investigation were genetically closely related

Phylogenetic analysis of the five S. flexneri isolates received from two institutions showed that they formed a distinct cluster (Figure 3A). Sixteen other complete S. flexneri genomes were included in the core genome phylogenetic analysis using Parsnp (21). A maximum of 20 core genome SNPs differences were observed among the isolates under investigation. The core SNPs matrix is available in Supplementary Table 2. Among the complete chromosomes included in the phylogenetic analysis, the S. flexneri strain AUSMDU00008355 (Genbank accession: LR213452.1) was found to be genetically most closely related to the Singapore isolates in this study. AUSMDU00008355 was 172–181 core genome SNPs relative to the Singaporean isolates, and was isolated in 2016 (was made publicly available in 2019) from the stool sample of a symptomatic individual in Australia (27). Pairwise comparisons of the five Singaporean isolates showed that whole-genome average nucleotide identity (ANI) among the five Singaporean isolates was >99.999%, indicating that they were likely to be clonal in nature (Supplementary Figure 1). The whole-genome similarities and SNP matrices of the five query genomes and 16 reference genomes are summarized in Supplementary Figures 1–3.
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FIGURE 3
 Shigella flexneri isolates under investigation are genetically closely related and form a distinct phylogenetic cluster. (A) Core genome single nucleotide polymorphisms (SNP) phylogenetic tree generated by Parsnp illustrates phylogenetic relatedness of 16 complete reference genomes (yellow circle) and five query genomes (blue circles). The scale represents substitution rate per site, and the number at each branch indicates the bootstrap support value. (B) in silico serotyping with ShigaTyper suggests all query isolates are of serotype 1c (7a). The horizontal axis lists ShigaTyper determinants that contributed to the eventual in silico serotype (vertical axis). The term “ipaH” in this figure represents a conserved 780 bp region of ipaH encoding for the C-terminal catalytic domain, which was originally designated as “ipaH_c” in the ShigaTyper database. (C) Parsnp phylogenetic tree constructed with five Singapore query genomes and 200 most relevant genomes out of 9,255 publicly available Shigella flexneri genomes. The scale represents substitution rate per site, and the size of the gray circle at each branch indicates the bootstrap support value. Each genome sequence is represented by a solid circle (•), and the color of the circle represents the country from which the genome sequence was reported. Genomes that are phylogenetically more closely related to the Singaporean isolates (black circles) are labeled with basic metadata in the following format (sample source | date of sample collection in YYYY-MM). For optimal visualization, genomes that were phylogenetically more distant from the Singaporean isolates were represented by colored solid circles without associated metadata. Oac, S. flexneri-specific O-acetyltransferase gene marker; Oac1b, S. flexneri-specific O-acetyltransferase gene marker specific for serotype 1b and 7b; Sf_wzx, S. flexneri-specific O-antigen flippase gene marker; Sf_wzy, S. flexneri-specific O-antigen polymerase gene marker; Xv, S. flexneri-specific gene marker encoding for protein homolog of LTA synthase family protein; gtrI, glucosyltransferase mediating addition of first glucosyl group to the O-antigen backbone in S. flexneri serotypes 1 and 7; gtrIC, glucosyltransferase mediating addition of second glucosyl group to the O-antigen backbone in S. flexneri serotypes 1c (7a); grtII, glucosyltransferase of S. flexneri serotype 2; gtrIV, glucosyltransferase of Shigella flexneri serotype 4; gtrV, glucosyltransferase of S. flexneri serotype 5; gtrX, glucosyltransferase of serotypes 2 or X; ipaB, invasive plasmid antigen B; IpaH, a 780 bp region of the ipaH genes encoding the highly conserved C-terminal catalytic domain.


In silico typing was performed to obtain the serotypes and multilocus sequence types (MLST) of the query and reference genomes. In silico serotype prediction with ShigaTyper (25) found all five isolates to belong to S. flexneri serotype 1c (7a) (Figure 3B). Based on the ShigaTyper reference sequence database, all five query isolates contain the genetic markers for S. flexneri specific O-antigen flippase (Sf_wzx) and polymerase (Sf_wzy). The presence of O-antigen modification genetic markers, namely glucosyltransferases gtrI and gtrIC, and the absence of O-antigen acetylase 1b (Oac1b), gave rise to the in silico designation of S. flexneri serotype 1c (7a) for all five isolates. Consistent with the species identification and invasive nature of these clinical isolates, the genetic markers for invasive plasmid antigen B (ipaB) and invasive plasmid antigen H (ipaH) were present in all five isolates. Of note, members of the ipaH gene family share a conserved C-terminal catalytic domain, and the term “ipaH” used in Figure 3B represents matches to this conserved 780 bp region of ipaH (designated as ipaH_c in the ShigaTyper database). This conserved region of ipaH was detected in the chromosome and the large virulence plasmid of all five genomes under investigation. Ten other complete genomes downloaded from NCBI contained this conserved 780 bp region of ipaH in the chromosome and virulence plasmids. The remaining six complete genomes downloaded from NCBI did not contain sufficient information for us to delineate if the conserved 780 bp region of ipaH was found in the chromosome or plasmid.

Using the Enterobase Escherichia/Shigella MLST scheme, all five isolates were found to belong to the ST245 clonal complex. All five isolates had identical allelic profiles based on gene sequences of seven housekeeping loci (adenylate kinase adk, fumarate hydratase fumC, DNA gyrase gyrB, isocitrate/isopropylmalate dehydrogenase icd, malate dehydrogenase mdh, adenylosuccinate dehydrogenase purA, ATP/GTP binding motif recA). The full allelic profiles of all isolates under investigation and reference genomes are summarized in Supplementary Table 3.

To search for other highly similar S. flexneri genomes, the five Singapore S. flexneri genomes were compared to 9,255 downloaded whole-genome sequences. Among these, 200 public whole-genome sequences with the highest ANI to the five query genomes were selected for subsequently phylogenetic analysis. The five Singapore S. flexneri isolates formed a distinct cluster and were found to be most closely related (ANI ≥99.999%, Supplementary Table 4) to a cluster of four assemblies submitted by Public Health England (currently known as the UK Health Security Agency; GCA_013457635.1, GCA_013457815.1, GCA_013457355.10 and GCA_013455205.1; Figure 3C, Supplementary Table 4). All four samples were collected from individuals in the United Kingdom in March 2020 and the sequences were submitted as part of the routine surveillance of Escherichia coli and Shigella (27).



S. flexneri isolates under investigation contain identical genetic markers for antimicrobial resistance (AMR) and virulence factors

Antimicrobial susceptibility testing showed that Cases A–E were multidrug-resistant (MDR) and had identical categorical AMR profiles based on CLSI M100 (32nd edition) (18) interpretation (Figure 4A). All five isolates were resistant to ceftriaxone, with minimum inhibitory concentration (MIC) values ranging from 16 to 32 mg/L. The isolates also demonstrated resistance to cotrimoxazole and intermediate resistance to ciprofloxacin. Ciprofloxacin Etest showed a MIC of 0.38 mg/L (intermediate) for Cases A–E. Cases F–H had been discarded and no further susceptibility testing could be performed. Of note, Case F had been reported to be susceptible to ciprofloxacin by the originating laboratory, based on the CDS method and interpretation (19). This minor difference in categorical interpretation could have been contributed by the ciprofloxacin MIC value of the strain being close to the CLSI M100 (32nd edition) (18) breakpoint of ≤ 0.25 mg/L. All five isolates were resistant to trimethoprim/sulfamethoxazole (MIC ≥320 mg/L). All isolates available for testing remained susceptible to azithromycin, gentamicin, amikacin, cefepime, ertapenem, and meropenem.
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FIGURE 4
 Summary of antimicrobial resistance and virulence markers. (A) Cases A–E had identical phenotypic antimicrobial susceptibility profiles. All isolates were resistant to ceftriaxone and had intermediate resistance to ciprofloxacin. The antibiograms for Case F–H were retrieved from the laboratory information systems of Hospital III (Case F) and Hospital V (Case G and H), as the isolates had been discarded and were not available for sequencing. (B) Cases A–E had identical genotypic antimicrobial susceptibility profiles and contained blaCTX-M-15 and blaTEM-1, consistent with the extended-spectrum beta-lactamases (ESBL) phenotype observed. (C) Global distribution of blaTEM-1 and/or blaCTX-M-15 containing Shigella flexneri are based on publicly available data (NCBI Pathogen Detection as of 24 April 2022). 0.85% of all available S. flexneri genomes (n = 11134) contain both blaCTX-M-15 and blaTEM-1. (D) Cases A–E had identical genetic markers for a panel of virulence factors, of which virF, sepA, astA, and ipaH9.8 were encoded on plasmids. Sixteen complete S. flexneri reference genomes were included for comparison.


All five of the Singapore isolates carried the genes encoding extended-spectrum beta-lactamase (ESBL) blaCTX−M−15 and blaTEM−1, consistent with the ceftriaxone-resistant ESBL phenotype observed (Figure 4B). Genetic markers for resistance to sulphonamides (sul2) and folate synthesis inhibitors (dfrA14) were identified. The presence of qnrS1 could have contributed to the borderline intermediate resistance to ciprofloxacin. No gyrA, gyrB and parC mutations associated with quinolone resistance were detected. Genetic determinants conferring resistance to azithromycin, aminoglycosides and tetracycline were not found. Phenotypic and genotypic AMR profiles were therefore concordant for the panel of antimicrobials tested. We looked for, but did not find other AMR genes of significant public health concern, such as mcr-1 encoding resistance to colistin (28) or genes encoding carbapenemases (29).

The co-existence of the ESBL genes blaCTX−M−15 and blaTEM−1 in an S. flexneri isolate is an uncommon observation. We analyzed 11,143 publicly available S. flexneri genomes for the presence of blaCTX−M−15 and blaTEM−1 genes (Figure 4C). Among the 11,143 genomes included in the analysis, 3,665 (32.89%) carry blaTEM−1 and 238 (2.14%) carry blaCTX−M−15. There were 95 (0.85%) S. flexneri genomes known to be carrying both blaCTX−M−15 and blaTEM−1 globally. Out of these 95 ESBL S. flexneri genomes, 86 (90.53%) were reported from three high-resource locations, namely the United Kingdom (n = 46), Ireland (n = 3), and the USA (n = 37). Three of the remaining nine ESBL genomes were reported from Bangladesh (n = 1), Kuwait (n = 1), and Pakistan (n = 1). The remainder of the genomes (n = 6) did not have associated geographical location data available for analysis. Four of these blaCTX−M−15- and blaTEM−1-carrying genomes (GCA_013457635.1, GCA_013457815.1, GCA_013457355.10, and GCA_013455205.1) were the same genomes identified to have ≥99.99% ANI and cluster most closely with the Singapore S. flexneri isolate (Figure 3C).

In silico whole-genome sequence analysis identified the same list of chromosomal and plasmid-mediated virulence genes in all five of the Singapore S. flexneri isolates (Figure 4D). VirF, encoding the master activator necessary for invasion and pathogenicity (30), was found on the large 220kb virulence plasmid, pINV. The virulence gene ipaH9.8 was found on the plasmid, while ipaH1, ipaH2, ipaH3, ipaH4 and ipaH5 were found on the chromosome. The genomes also possess virulence genes responsible for adhesion and cytotoxicity, namely, long polar fimbriae (lpfA), secreted autotransporter toxin (sat), Shigella extracellular protein A (sepA). Virulence genes related to enterotoxin production, such as sigA, pet, senB, and stx, were notably absent in these isolates. Sixteen complete S. flexneri genomes downloaded from NCBI which were bioinformatically confirmed to be S. flexneri (found to contain genetic marker(s) for ipaH but not genetic marker for lacY) were included in the analysis. Among these downloaded genomes, eight genomes notably did not contain virF, and seven and nine genomes did not contain ipaH9.8 and ipaD, respectively. The lack of consistent detection of these virulence plasmid-mediate genes suggest that existing complete genome data available on NCBI may not reliably detect plasmid-mediate genes. This inconsistency could be due to the loss of the virulence plasmid due to processes related to laboratory handling, or due to limitations related to short-read whole genome sequencing and genome assembly. Nonetheless, due to the limited number of confirmed S. flexneri complete genomes (n = 16) available, we included all sixteen genomes in the analysis to capture the diversity found in all available data.




Discussion

We report here the rapid detection of a cluster of clonal MDR S. flexneri in Singapore, and the first report of MDR S. flexneri serotype 1c (7a), identified using a laboratory-based sentinel surveillance model. Sentinel sequence-based surveillance integrates lower-cost near real-time sequence-based surveillance with routine diagnostic workflow, enabling early detection of possible clonal clusters. The rapid generation of sequence data is particularly advantageous for pathogens and diseases not routinely monitored by public health agencies, as the detection of such outbreaks is likely to be challenging. Curated, portable sequence data generated from sentinel surveillance sites may provide resources for early alerts for public health investigations and interventions.

We demonstrated the clonality of S. flexneri isolates in several ways. Firstly, the genomes under investigation were compared to 16 other complete reference S. flexneri genomes. Phylogenetic analysis showed that all five genomes belong to the same phylogenetic branch, with a maximum of 20 core genome SNP difference among them (Figure 3A). Secondly, phylogenetic analysis was performed for the five genomes under investigation and 200 publicly available S. flexneri whole-genome sequences which were found to be most similar to the query genomes (ANI ≥99.99%). The five genomes under investigation belong to the same distinct phylogenetic branch (Figure 3C). Thirdly, in silico typing was performed using ShigaTyper and the Enterobase Escherichia/Shigella MLST scheme, and all five isolates were found to belong to serotype 1c (7a) and the ST245 clonal complex, respectively (Figure 3B). Lastly, analysis of AMR and virulence genes showed that all five isolates had identical AMR and virulence gene profiles, which were found to differ from the most closely related publicly available genomes (Figures 4B,D).

This distinct cluster of MDR S. flexneri serotype 1c (7a) isolates thus most likely represents a previously unreported clonal source of S. flexneri infection. Shigella flexneri serotype 1c (7a) was first described in Bangladesh in 1988 (31) and then became widely reported in multiple geographical regions (8, 32–34). Subsequent core genes phylogenetic analysis suggested that there may be two distinct S. flexneri 1c lineages, one which originated from ancestral serotype 1a and the other from ancestral serotype 1b (35). Previously reported S. flexneri 1c isolates were found to harbor multiple AMR genes, including various extended-spectrum beta-lactamases (35, 36). Shigella flexneri serotype 1c (7a) containing blaCTX−M−15 and blaTEM−1, however, remains relatively uncommon based on 11,143 publicly available genomes included in our analysis (Figure 4C). To our knowledge, there have been no prior reports of clonal outbreaks caused by S. flexneri serotype 1c (7a) containing blaCTX−M−15 and blaTEM−1.

The rise in AMR in S. flexneri is a public health concern. Current therapeutic guidelines advocate azithromycin, ciprofloxacin or ceftriaxone as first-line therapies, and trimethoprim-sulfamethoxazole or ampicillin as second-line therapies if the isolates are tested susceptible (37). Ciprofloxacin, however, should only be used if the MIC is lower than 0.12 μg/ml, as MIC 0.12 μg/ml or higher may be associated with the presence of a quinolone resistance gene (38). The ciprofloxacin MIC for the isolates described in this study ranged from 0.25 to 0.38 μg/mL, making ciprofloxacin an unfavorable therapeutic option despite the categorical interpretations based on CLSI M100 (18). Therefore, the isolates described in this study cannot be optimally treated with four of the five recommended antibiotics (ampicillin, trimethoprim-sulfamethoxazole, ceftriaxone, and ciprofloxacin), leaving azithromycin as the only therapeutic option.

With increasing reports of MDR and azithromycin-resistant S. flexneri (33, 39–45), as well as extensively drug-resistant S. sonnei (46, 47), early detection of shigellosis outbreaks carries both therapeutic and public health importance. Current genome databases such as NCBI Pathogen Detection (https://www.ncbi.nlm.nih.gov/pathogens/) facilitate outbreak investigation and resolution by matching pathogen genomes from diverse sources and geographical locations (48). However, the success of this approach is dependent on the availability of genome sequence data from all domains within the One Health framework (49), as well as meticulous standardization of whole-genome sequence data and accompanying metadata, which enables accurate comparisons and source-tracking. In this study, we analyzed 11,134 publicly available S. flexneri genomes and 16 complete reference genomes along with our isolates. None of the genomes clustered with our isolates based on our phylogenetic analysis. The most closely related genomes (Figure 3C) were obtained from human clinical samples in the United Kingdom, which were sequenced as part of surveillance. No additional data were available for further investigation or source tracking.

There are several limitations to this study. Firstly, no attempt was made to collect epidemiological or clinical data. Epidemiological and clinical investigations are important parts of traditional outbreak investigations. However, the sentinel sequence-based surveillance model we implemented focused on objective whole-genome sequence data, which is less prone to subjective interpretations, such as patients' recall of dietary history. The outbreak isolate sequence and relatedness data alone are sufficient to constitute an alert for further epidemiological and public health investigations by the appropriate agencies. Secondly, the sentinel site did not serve all hospitals in Singapore. The sentinel site routinely receives Shigella isolates from three district hospitals and two community hospitals. Nonetheless, we were able to analyze five isolates from two geographically distinct district hospitals, as well as obtained information on additional cases from two other hospitals. Thirdly, we used the nanopore platform for rapid whole-genome sequencing. A major criticism of the nanopore platform has been its base-level accuracy. We have mitigated this risk by achieving a high sequencing depth (>100 × coverage), as well as using the super high accuracy basecaller and polishing the draft genome.

In conclusion, we were able to detect a clonal cluster of MDR S. flexneri near real-time by sentinel sequence-based surveillance. Compared to the traditional central reference laboratory structure, this strategy saved time and resources by extending existing routine laboratory workflows. We were able to alert the public health agency of a possible clonal cluster within an actionable timeframe. As jurisdictions work to improve pandemic preparedness, considerations should be made to develop a network and infrastructure for sentinel sequence-based surveillance, which has the flexibility to be rapidly deployed during sporadic outbreaks, epidemics, and pandemics (50).
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Rotavirus is the main pathogen causing acute viral gastroenteritis. Accurate and rapid diagnosis of rotavirus infection is important to determine appropriate treatment, prevention of unnecessary antibiotics use and control of infection spread. In this study, we established a rapid, accurate, and sensitive amplified luminescent proximity homogeneous assay linked immunosorbent assay (AlphaLISA) for detecting rotavirus and evaluated its efficacy in human stool samples. Our results demonstrated that the sensitivity of AlphaLISA (5−8) significantly exceeded that of the immunochromatographic assay (ICA, 5−4) for rotavirus antigen detection. The intra-assay and inter-assay coefficients of variation were 2.99–3.85% and 5.27–6.51%, respectively. Furthermore, AlphaLISA was specific for rotavirus and did not cross-react with other common diarrhea viruses. AlphaLISA and real-time reverse transcription polymerase chain reaction (RT-qPCR, which is considered a gold standard for detecting diarrhea viruses) tests showed consistent results on 235 stool samples, with an overall consistency rate of 97.87% and a kappa value of 0.894 (P < 0.001). The overall consistency rate of ICA compared with RT-qPCR was 95.74%. AlphaLISA showed better consistency with RT-qPCR than the routinely used ICA for rotavirus detection in stool samples. The AlphaLISA method can be used in clinical practice for the rapid, accurate, and sensitive detection of rotavirus infection.
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Introduction

Acute gastroenteritis (AGE) is a relatively common infectious disease that affects hundreds of millions of people worldwide every year, especially in low-income countries. It is one of the leading causes of illness and death in children under 5 years of age (1, 2). Rotavirus is the major cause of acute viral gastroenteritis in infants and young children, which is transmitted primarily via the fecal-oral route (3). Watery diarrhea, vomiting, headache, fever, and stomachic abdominal cramps are all clinical symptoms of rotavirus illness (4). Rotavirus infection can cause asymptomatic or mild diarrhea in adults, but immunocompromised individuals are particularly susceptible to infection and can suffer from severe diarrhea (5). Patients with gastroenteritis are primarily treated with oral drugs or intravenous fluids. Viral gastroenteritis is usually not treated with antibiotics (6), so accurate and rapid identification of gastroenteritis pathogens could help reduce unnecessary antibiotic use.

Numerous techniques can be used for rotavirus detection, including traditional detection methods, immunological detection methods, and molecular biological detection methods. Traditional detection methods such as virus isolation in cell culture, electron microscopy, and serological tests are difficult and lengthy to operate (7). Immunological detection methods include enzyme-linked immunosorbent assay (ELISA) technology and immunochromatographic assay (ICA) to detect pathogens through the specific binding of antibodies and antigens. ELISA requires multiple washing steps to remove nonspecifically bound reactants, which is time-consuming (8). The immunochromatographic assay can give detection results in a short time, but has low sensitivity (9). Molecular biological methods such as real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) are highly sensitive and specific, but they require specialized techniques and equipment and take a lot of time, which is not conducive to rapid detection and large-scale screening (10).

This study developed a rotavirus detection method based on the amplified luminescent proximity homogeneous assay linked immunosorbent assay (AlphaLISA), which primarily depends on the interaction between donor microspheres and acceptor microspheres. The surface of donor microspheres has been labeled with streptavidin, which can capture biotinylated antibodies. The acceptor microspheres are then conjugated with detection antibodies. The two microspheres were close when the test antigen was bound to the specific antibody. The photosensitizer on the donor emitted singlet oxygen molecules if irradiated by a 680 nm laser, and the singlet oxygen molecules proliferate and reach the surface of acceptor beads in the proximity of 200 nm. This triggers a chemical reaction and generates a chemiluminescence signal at 615 nm on the surface of the acceptor beads (11). The AlphaLISA has many advantages over conventional detection methods: it is easy to operate, highly sensitive, fast, uses less volume of sample, and has become a highly accurate in-vitro diagnostic tool. In this study, we evaluate this system for rotavirus detection in stool and compare the efficacy of AlphaLISA with conventional detection methods.



Materials and methods


Stool samples

Two hundred and thirty five stool samples were collected from patients with symptoms of acute gastroenteritis from the Fifth Medical Center of PLA General Hospital and Dongfang Hospital in Beijing, between December 2019 and June 2022. Patient ages ranged from 7 days to 91 years (average, 42.9 years); 26 samples (11.1%) were from patients under 5 years of age and 54 samples (23.0%) were from patients who were 65 years of age or older. The fresh stool samples were aliquoted and frozen immediately at −80°C until they were used for the comparative tests (AlphaLISA, RT-qPCR and ICA). This study was approved by the Institutional Review Board (IRB) of the Fifth Medical Center of PLA General Hospital (reference no. ky-2019-1-4) and Dongfang Hospital (reference no. JDF-IRB-2020003501). All samples were obtained with the patient's consent.



Antigen, antibody, and reagent

Rotavirus antigen (Simian rotavirus SA11) inactivated using gamma irradiation was purchased from Microbix (Toronto, Canada). Rotavirus antibodies 10R-30C and 10R-30E were purchased from Fitzgerald (North Acton, MA, USA). Unconjugated Eu-acceptor beads, streptavidin-coated donor beads, 1/2 AreaPlateTM-96 well plate, and 10 × AlphaLISA immunoassay buffer were purchased from PerkinElmer (Waltham, MA, USA). EZ-Link® Sulfo-NHS-LC-Biotinylation Kit was purchased from Thermo Fisher Scientific (Waltham, MA, USA). NaBH3CN and carboxymethoxylamine were purchased from Sigma (St. Louis, MO, USA).



AlphaLISA test

Three microliter biotin (10 mM) was added to 100 μg of the rotavirus antibody (10R-30E) solution. After 1 h of incubation at room temperature, the excess biotin was removed by a Zeba Spin Desalting Column. Conjugation of the rotavirus antibody (10R-30C) to acceptor beads was performed according to the manufacturer's instructions as previously described (12).

Five milligram stool samples were weighed and placed in 1.5 ml centrifuge tubes 0. 1 ml PBS (pH 7.4) was added to make a 0.5% (w/v) suspension. This suspension was mixed by vortex and centrifuged at 2,500 g for 5 min. The supernatant was collected for the AlphaLISA testing.

AlphaLISA was performed in a white 1/2 AreaPlate™-96. Acceptor beads and biotin-labeled antibodies were mixed in 20 μl, after which 5 μl sample suspension or rotavirus antigen was added. The 25 μl mixture was incubated at 37°C for 15 min, and then 25 μl of streptavidin donor beads were added. After incubation for an additional 10 min at 37°C, the signal was read by SpectraMax™ I3 (Molecular Devices, Sunnyvale, CA, USA).

To optimize the concentration of biotinylated antibodies, antibodies labeled acceptor beads, and streptavidin-coated donor beads, rotavirus antigen at low, middle or high concentrations were detected with three replicates per group. Signal to noise (S/N) ratios were calculated. To evaluate the sensitivity of AlphaLISA, we first performed a 1:25-fold dilution of rotavirus antigens and then prepared serial 5-fold dilutions for AlphaLISA detection. The cutoff value was defined as the average fluorescence intensity of the negative control group plus three standard deviations.

Repeatability of AlphaLISA was assessed by tests of two levels of antigen concentrations. Intra-assay variation was calculated from the variation of 12 determinations of low and high antigen concentrations (1:57 and 1:53 dilution ratio) on the same plate and in the same test. On the other hand, inter-assay variation was calculated by antigen detecting in the same manner once-a-day for three consecutive days. The average measured value, standard deviation (SD), and coefficients of variation (CV) were calculated.



RT-qPCR test

Since most infection from human rotavirus is caused by group A viruses, group A rotavirus nonstructural protein 3 gene was tested by RT-qPCR. The total RNA of stool samples was extracted using a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA, USA). RT-qPCR was performed for each sample using AgPath-ID™ one-step RT-PCR reagents (Thermo Scientific, Waltham, MA, USA). The primers and probe used for detecting human group A rotavirus (Rota-F: ACCATCTWCACRTRACCCTCTATGA; Rota-R: GGTCACATAACGCCCCTATAGC; Rota-P: AGTTAAAAGCTAACACTGTCAAA) (13) were synthesized by Sangon Biotech (Shanghai) Co., Ltd. The reaction was performed on a ViiA™ 7 real-time PCR system (Applied Biosystems, CA, USA). The cycling conditions were 45°C for 10 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 45 s. The result was considered positive when the cycle threshold (Ct) value was ≤ 38 and was considered negative when it was > 38. Fourteen stool samples were re-tested using Rotavirus (Group A) Nucleic Acid Assay Kit (Shanghai Liferiver Biotechnology Co., Ltd.), and reverse transcription, amplification, and detection were conducted according to the manufacturer's instructions.



ICA test

A Rotavirus Antigen Assay Kit (Guangzhou Wondfo Biotechnology Co., Ltd.) was used for the immunochromatographic assay. Ten milligram or 50 μl of stool samples were collected and mixed with the sample diluent. Two to three drops (about 60 μl to 80 μl) of the sample solution were added to the sample loading area. After 10 min, the result was considered positive if one line was observed in the control area (C) and another line was observed in the test area (T).



Statistical analysis

Data are presented as mean ± SD. The student's t-test was used to compare two groups. The ROC curve, area under the ROC curve (AUC), cutoff value, and kappa coefficient were calculated using the statistical analysis software SPSS 22.0. P < 0.05 was considered statistically significant.




Results


Optimal concentration of biotinylated antibodies, acceptor-conjugated antibody beads, and streptavidin-coated donor beads

Optimal concentrations of biotinylated antibodies would be determined first. The concentration of the biotinylated antibodies varied (0.075, 0.15, and 0.30 μM) while we kept the acceptor-conjugated antibody beads and streptavidin-coated donor beads constant to ensure optimal performance when detecting rotavirus. Results of this assay (Figure 1A) showed that using 0.15 μM of biotinylated antibodies produced the largest S/N ratios, regardless of the antigen concentration. Therefore, 0.15 μM was chosen for subsequent AlphaLISA assay.


[image: Figure 1]
FIGURE 1
 Optimization of the AlphaLISA experiment. The effect of a single variable on AlphaLISA S/N was examined by making the other factors constant. (A) Effect of the concentration of biotinylated antibodies (μM); (B) Effect of the concentration of antibody labeled acceptor beads (μg/ml); (C) Effect of the concentration of streptavidin-coated donor beads (μg/ml). Low: the low concentration of rotavirus antigen (dilution ratio: 5−7); Middle: the middle concentration of rotavirus antigen (dilution ratio: 5−5); High: the high concentration of rotavirus antigen (dilution ratio: 5−3). Mean values from 3 trials are plotted, with error bars denoting the standard deviation.


The concentration of acceptor beads and streptavidin-coated donor beads was essential for the immunoassay sensitivity and linear range. On the one hand, an excessive amount of chemibeads would provide more opportunities for random collisions between the acceptor beads and donor beads, which increases the background signal and decreases sensitivity. On the other hand, an extremely low amount of chemibeads would decrease the signal and affect the sensitivity of the analysis (14). Therefore, in this assay, 25, 50, and 100 μg/ml antibodies labeled acceptor beads and 20, 40, and 80 μg/ml streptavidin-coated donor beads were separately tested to determine the optimum concentration for the AlphaLISA experiment. After considering both S/N and sensitivity, the optimal concentration of acceptor beads was 50 μg/ml (Figure 1B). Similarly, the optimal concentration of streptavidin-coated donor beads was 40 μg/ml (Figure 1C).



Sensitivity and repeatability of detection

Rotavirus antigen was tested using AlphaLISA and ICA, to compared the sensitivity of the two methods. AlphaLISA could detect rotavirus antigens at a dilution of 1: 58, whereas ICA could only detect rotavirus antigens in 1: 54 dilutions (Figure 2). Therefore, the sensitivity of AlphaLISA significantly exceeded that of ICA. The repeatability experiment showed that, for AlphaLISA, the intra-assay CV was 2.99-3.85%, and the inter-assay CV was 5.27-6.51% (Table 1). This indicates that the AlphaLISA had sufficient repeatability.


[image: Figure 2]
FIGURE 2
 Comparison of the detection sensitivity for AlphaLISA and ICA (Result of one experiment shown only, see Supplementary Figure 1 for the others). (A) Rotavirus antigen detection using AlphaLISA. Mean values from 3 trials are plotted with error bars denoting the standard deviation; (B) Rotavirus antigen detection using the ICA.



TABLE 1 Intra- and inter-assay coefficients of variation (CV).
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Optimization of sample pretreatment conditions

Due to the complexity and heterogeneity of the stool samples, they often must be pretreated to remove interfering substances that might be present. We prepared sample suspensions at different concentrations (1, 0.5, and 0.25%) to evaluate the influence of sample dilution on detection. To avoid false-positive results and ensure a high S/N ratio in the positive samples, the optimal concentration of suspension was 0.5% (Figure 3A). We then evaluated the influence of centrifugation treatment on detection and found that it had little effect on the positive samples (Figure 3B). However, for negative samples, the S/N ratio significantly decreased after centrifugation. The treatment reduced the occurrence of false-positive results. The stool samples were diluted into 0.5% (w/v) suspension in the subsequent experiments and centrifuged.


[image: Figure 3]
FIGURE 3
 Optimization of the stool sample pretreatment for AlphaLISA experiment. (A) Influence of 1% suspension, 0.5% suspension and 0.25% suspension on the test results of positive stool samples (n = 7) and negative stool samples (n = 15); (B) Influence of uncentrifuged and centrifuged for positive stool samples (n = 4) and negative stool samples (n = 15) on detection; **P < 0.01; ****P < 0.0001; ns, not significant.




Optimal cutoff value

ROC was plotted based on 235 stool samples, and RT-qPCR is considered the gold standard for detecting rotavirus. The AUC was 0.974 (P < 0.001, Figure 4). An AUC > 0.95 typically indicates a very high diagnostic value for a test. Therefore, we chose a cutoff value of 4.9142 on the ROC based on the optimal sensitivity and specificity (Figure 4). Samples with S/N ratio ≥ 4.9142 are considered rotavirus positive, while samples with S/N ratio < 4.9142 are considered rotavirus negative.


[image: Figure 4]
FIGURE 4
 Receiver operating characteristic (ROC) curve of AlphaLISA. AUC, area under the curve.




Cross-reactivity of AlphaLISA

In addition to rotavirus, other viruses can cause acute gastroenteritis (15–17). For the cross-reactivity evaluation of the detection method used in this study, stool samples with rotavirus, adenovirus, astrovirus, norovirus genogroup I, and norovirus genogroup II were tested using the AlphaLISA method. Triplicate samples and negative controls were set in this assay, and the cutoff value was used to classify them as negative or positive. Results (Figure 5) showed that AlphaLISA could accurately distinguish rotavirus from other diarrhea viruses.


[image: Figure 5]
FIGURE 5
 Cross-reaction of AlphaLISA. Different diarrhea virus-positive samples (3 for RV, 2 for enteric AdV, 3 for AstV, 3 for NoV GI, and 3 for NoV GII) were analyzed with AlphaLISA. The bar represents the standard deviation. The dotted line represents the cutoff value. RV, rotavirus; AdV, adenovirus; AstV, astrovirus; NoV GI, norovirus genogroup I; NoV GII, norovirus genogroup II.




Comparison of AlphaLISA, ICA, and RT-qPCR for detecting rotavirus in clinical stool samples

Two hundred and thirty five stool samples were tested using AlphaLISA, RT-qPCR, and ICA. The comparative results of AlphaLISA, ICA, and RT-qPCR for detecting rotavirus were shown in Table 2. The overall agreement rates between the three methods were 94.04% for rotaviruses. The 14 samples with discordant results in 3 methods were reconfirmed with the commercial PCR kit, and all were consistent with the RT-qPCR results. The overall agreement, positive agreement, and negative agreement of AlphaLISA compared with RT-qPCR were 97.87, 96.00, and 98.10%, respectively. The weighted kappa coefficient was 0.894, and the asymptotic 95% confidence interval was 0.802–0.986. The overall agreement, positive agreement, and negative agreement of ICA compared with RT-qPCR were 95.74, 84.00, and 97.14%, respectively. The weighted kappa coefficient was 0.784, and the asymptotic 95% confidence interval was 0.655–0.913.


TABLE 2 Comparison of rotavirus detection results by AlphaLISA, ICA, and RT-qPCR.

[image: Table 2]

Comparison of the AlphaLISA and RT-qPCR tests showed that the results agreed with each other (Kappa > 0.75). However, AlphaLISA yielded four false-positive results (for which RT-qPCR and ICA yielded negative results). This suggested that AlphaLISA might provide false-positive results. One stool sample showed negative results using the AlphaLISA and ICA methods but positive results using RT-qPCR. The Ct value of this sample was 36.89 (Table 3). A low viral load in this sample could be the reason for negative results with AlphaLISA and ICA. In contrast, ICA yielded six false-positive results (RT-qPCR and AlphaLISA yielded negative results) and four false-negative results compared to RT-qPCR, showing that AlphaLISA was more accurate than routine ICA methods for rotavirus detection. Additionally, we found that AlphaLISA was less consistent with ICA, with the weighted kappa coefficient of 0.732 and the asymptotic 95% confidence interval of 0.593-0.871. The overall agreement, positive agreement, and negative agreement of AlphaLISA compared with ICA were 94.47, 77.78, and 96.63%, respectively (Supplementary Table 1).


TABLE 3 The test results of rotavirus-positive stool samples.
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Discussion

Rotaviruses is the major pathogen cause of acute viral gastroenteritis in infants and young children worldwide, producing a significant disease burden. There is also an extensive literature linking rotavirus to gastroenteritis in adults throughout the world (18). Acute gastroenteritis due to rotavirus can lead to vomiting and watery diarrhea, which in turn causes body fluid loss leading to dehydration and affects patient's quality of life seriously. Although the rotavirus incidence has dramatically declined with vaccination among high-income countries, the number of diarrhea and rotavirus deaths remains high in low-income populations with poor access to safe water, sanitation, and urgent medical care in developing countries (1–3). Hence, in order to enable rapid confirmation of acute gastroenteritis pathogens, a rapid and sensitive detection method is still a major concern for monitoring rotavirus outbreaks.

AlphaLISA is a homogeneous immunoassay with high sensitivity which have no need for any separation/washing steps but 5 μl sample and a two-step mixed reaction for detection (19–21). Currently, AlphaLISA has been used for the detection of a wide variety of analytes from proteins to peptides and other small molecules. And it has been extensively used for the detection of several infectious viruses, namely, Hepatitis B virus in human serum and African swine fever virus in porcine serum with high sensitivity and specificity (19, 22). In this study, AlphaLISA method was developed for rapid and sensitive detection of rotavirus.

Numerous AlphaLISA assays have been reported in a variety of sample types ranging from cell lysates (23, 24), to serum (25, 26), to food (12, 27). In this study, we showed, for the first time, the applicability of the AlphaLISA technology for the detection of stool samples. The stool suspension samples were pretreated by dilution and centrifugation to remove interfering substances that might be present, and non-specific reactions of the AlphaLISA assay had been greatly reduced. The AlphaLISA method could detect rotavirus well in stool samples.

The sensitivity and specificity of AlphaLISA in detecting rotavirus was lower than the RT-qPCR method, since the molecular biological methods were considered more sensitive than the immunological method and the RT-qPCR test is considered a gold standard for detecting diarrhea viruses (28, 29). For patients with acute gastroenteritis, the RT-qPCR method is time-consuming as it requires 3 to 4 h to conduct and get the test results. AlphaLISA was a rapid and homogeneous immunoassay which could test rotavirus in 30 min. It could be used as a novel potential on-site rapid detection method and showed better consistency with RT-qPCR than routine ICA methods for rotavirus detection. Compared to convenient operation of ICA, AlphaLISA method still requires manual operation and specific laboratory instruments. But AlphaLISA method is performed according to simple “mix-and-measure” protocols, which is ideally suited for miniaturization and automation. Miniaturization, automated instrumentation will enable this method to be used for point-of-care-testing (POCT) of rotavirus infection. In addition, the method can be used to test up to 384 samples simultaneously by using 384-well plates to increase throughput, reduce reagent consumption. Using portable instruments and reducing reagent costs will facilitate the commercialization and wide application of AlphaLISA for rotavirus detection. Before that larger-scale and multicenter clinical specimens test should be conducted to further validate the commercial utility of AlphaLISA.

In conclusion, the AlphaLISA method developed in this study have high sensitivity and specificity in detection of rotavirus, with short turnaround time (30 min), high reproducibility, and high consistence of detection results to the RT-qPCR method. Therefore, AlphaLISA could be a useful screening tool for rapidly and accurately diagnosing rotavirus infection during viral outbreaks.
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Background: Blastocystis sp. is a common intestinal parasite, possibly responsible for diarrhea, vomiting and nausea, abdominal pain, and irritable bowel syndrome. However, many studies focused on this issue due to the uncertainty of its pathogenic potential. The extracellular vesicles (EVs) are significant mediators for cellular communication, carrying biological molecules such as proteins, lipids, and nucleic acids. Compared with other parasites, little is known about the Blastocystis EVs. Hence the present investigation was done.

Methods: The Blastocystis parasites were cultured in the DMEM medium, and a 550–585 bp fragment was amplified using PCR, and sequencing was done. A commercial kit was used for exosome extraction and dynamic light scattering (DLS), flow cytometry (CD63, CD81 markers), and electron microscopy tests to determine their morphology. The human leukemia monocytic cell line (THP-1) was exposed to Blastocystis EVs. Next, the expression of proinflammatory and anti-inflammatory cytokines, including IL-4, IL-6, IL-10, and tumor necrosis factor-alpha (TNF-α), were measured using quantitative PCR.

Results: Exosomes were extracted from ST1-3 Blastocystis sp. According to the DLS assay, the size of the exosomes was in the range of 30–100 nm. Electron microscopy images and CD63 and CD81 markers also confirmed the exosome's size, structure, and morphology. According to real-time PCR results, ST1-derived exosomes caused IL-6 and TNF-α upregulation and IL-10 and IL-4 downregulation, ST2- and ST3-derived exosomes downregulated IL-10, and ST3-derived exosomes caused IL-6 upregulation. There is a statistically significant difference (P ≤ 0.05).

Conclusion: To our knowledge, this is the first report of the release of exosome-like vesicles by the human parasite, Blastocystis, and the provided information demonstrates the role of this parasite, particularly ST1 on proinflammatory and anti-inflammatory cytokines and navigating the host response.

KEYWORDS
  exosomes, Blastocystis subtypes, proinflammatory, anti-inflammatory, cytokines


Introduction

Parasitic diseases contribute to high morbidity and mortality yearly, particularly in developing countries (1). The parasitic agents employ many molecular mechanisms to communicate and manipulate the host responses (2). The extracellular vesicles (EVs) have been recognized as novel mediators in maintaining intestinal homeostasis, principally in the intestinal mucosa (3). These nano-molecules are also implicated in coordinating the growth and development, horizontal gene transfer, and host-pathogen communications, particularly at the early stages of the infection. Several mechanisms exist for EV uptake by host cells (4, 5). Phagocytosis and macropinocytosis are primarily involved in EV uptake, surrounded by the plasma membrane (6). Other entry routes are receptor-mediated contact, fusion with the target cell plasma membrane, and delivery of the soluble cargo to the cells. Reportedly, the information carried by EVs isis involved in disease development (7). EVs have been known to possess clinical applications, both as diagnostic biomarkers and therapeutic agents (8).

There are different types of EVs based on size and biogenesis. Exosomes (30–100 nm) are composed of late endosomes containing vesicles that combine with the plasma membrane, (9) and are released into the extracellular environment, microvesicles (100–1,000 nm) are directly germinated from the plasma membrane and are produced by outward budding of the plasma membrane and apoptotic bodies (1,000–5,000 nm) result from the interaction of myosin-actin during programmed cell death or apoptosis and contain cell contents such as organelles (10). Specific proteins named calpins with cysteine-dependent calcium protease activity, found in most eukaryotes and some prokaryotes, are involved in the releasing processes of EVs (11). In parasitic agents, the EVs may play a critical role in modulating the host's immune responses (12, 13). The following proteins are consistently found within exosomes: heat shock proteins (HSP60, HSP70, and HSP90), nucleic acids (DNA, RNA, microRNA), tetraspanins (CD81, CD63, and CD37), anxins (I, II, V and VI), cytoskeletal proteins (actin and tubulin), metabolic enzymes, proteins involved in translation (elongation factors 1 and 2) and signaling proteins (14, 15). These biological macromolecules are particularly interested in the diagnosis of infectious disease pathology (16).

The extracellular protozoan parasite, Blastocystis sp., is a gastrointestinal inhabitant in animals and humans, being assigned to cause abdominal pain, diarrhea, vomiting, and nausea. It has also been speculated to be involved in the initiation and or progression of irritable bowel syndrome (IBS) (17, 18), inflammatory bowel disease (IBD), and colorectal cancer (19). The phylogenetic analysis has placed the Blastocystis within the Stramenopiles group, along with brown algae (20). Among 28 identified subtypes (STs) of Blastocystis, nine (ST1-ST9) have been found in humans (21). Based on the published literature, subtypes 1–3 have been linked to chronic urticaria and skin disorders (1, 22, 23). Moreover, Blastocystis can activate cytokine production and immune responses in vitro (24). Cysteine protease enzymes in Blastocystis (especially ST7) can induce myosin light chain phosphorylation, ZO1 protein degradation, and F-actin reorganization in the Caco-2 cell line (25, 26). Compared with other parasites, little is known about the characterization, function, and host-parasite interaction of the Blastocystis EVs (27). Therefore, the present experiment investigated the effects of the Blastocystis exosomes on the expression of proinflammatory and anti-inflammatory cytokines such as IL-6, TNFα, IL-4, and IL-10 using molecular techniques.



Materials and methods


Parasite culture

Positive Blastocystis samples were cultured in Dulbecco's Modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and Penicillin-Streptomycin (1,000-unit penicillin and 4 mg/ml streptomycin) (Figure 1).


[image: Figure 1]
FIGURE 1
 Blastocystis sp. in the medium (DMEM) with FBS and penicillin-streptomycin [(A): Subtype 3, (B): Subtype 2, (C): Subtype 1].




DNA extraction, polymerase chain reaction, and sequencing

Upon propagation of the parasites in the culture medium, DNA was extracted using DNA Extraction Kit (SINACLON), based on the manufacturer's protocol, and a ~600 bp fragment of the Blastocystis small subunit ribosomal DNA (SSU rDNA) gene was amplified using PCR method, according to the previous studies (Figure 2) (28). The amplification was done using a forward primer, RD5 (ATCTGGTTGATCCTGCCAGT) (29), and a reverse primer, BhRDr (GAGCTTTTTAACTGCAACAACG) (30).


[image: Figure 2]
FIGURE 2
 One percent agarose gel electrophoresis of the polymerase chain reaction product of Blastocystis samples, L: 100-bpDNA ladder, C + positive control, C- negative control, S1,2,3,4,5,8 positive samples.


The PCR amplicons were run on a 1% gel electrophoresis and visualized using ultraviolet (UV) illumination in a Gel-Doc apparatus. Sequencing was performed by the Sanger method. All obtained sequences were edited by SEQUNCHERTM software (ver. 5.4.5), and a comparison with other sequences deposited in the GenBank was performed using the basic local alignment tool (BLAST), available at http://blast.ncbi.nlm.nih.gov. Next, subtypes 1, 2, and 3 of Blastocystis sp. were selected for exosome extraction and further evaluation.



Exosome extraction

Initially, an FBS-free DMEM medium was used to culture the parasites for 48 h before extraction. A commercial kit, Exocib (Cib Biotech Co., IRI), was used for exosome extraction, and the extraction steps were done based on the manufacturer's guidelines. The purified exosomes were stored at 4°C for a few days or kept at −20°C or −80°C for a long time.



Quantification of exosome concentration

For this purpose, a kit-based Bradford test (Diba NoAvaran Azma Company, DNAbiotech) was used. The standard bovine serum albumin (BSA) was diluted with 1 mg/ml storage solution (100 μl BSA + 900 μl PBS or distilled water) and prepared based on the dilution kit protocol. A standard graph was plotted, and the trendline, the line equation, and the regression coefficient were determined on the graph. Finally, 20 μl of each sample was mixed with 180 μl of the reagent, and the optical density (absorbance) was read at 595 nm after 10 min.



Exosome characterization
 
Dynamic light scattering

This procedure was done to determine the extracted exosomes' size distribution. For this aim, 50 μl of exosome sample for each subtype of interest was diluted in 950 μl of PBS. Then, the size distribution of the exosomes was read by Zetasizer Nano (ZS (Malvern Instruments, Southborough, UK) at 25 ° C with a refractive index of 1.38 and absorption of 0.01.



Evaluation of exosome surface markers by flow cytometry technique

The exosome surface markers, CD63 and CD81, were evaluated using the flow cytometry technique. Initially, the exosomes were connected to sulfate aldehyde sulfate beads (size: 4 μm) to improve their size for the reader device. Briefly, 30 μg of the exosomes from each subtype was incubated with 90 μl of bead for 95 min at ambient temperature. Subsequently, the volume of the samples was increased to 1 ml with PBS and placed on a test tube rotator at 4°C for 16 h. Then the attachment process was terminated by adding 110 μl of 100 mM glycine solution and incubating for 30 min at room temperature. The exosome-coated beads were triple washed with PBS containing 0.5% BSA. Then, the exosome-bead complex was incubated with anti-CD63 and anti-CD81 antibodies separately for each group for about 1 h at 4°C. In the final step, the expression of the mentioned markers was examined by the flow cytometry method.




Evaluation the size, structure, and morphology of exosome
 
Scanning electron microscopy

The morphology and size of the exosomes were also monitored using SEM imaging. First, the samples were fixed using pre-cooled 2.5 % glutaraldehyde solution (Sigma–Aldrich, Germany), placed on the specimen stub, and snap-frozen in a freeze-dryer (Model 5006; Dena Vacuum Industry Co., Ltd). Then, the specimens were sputter-coated with gold-palladium and imaged by the SEM system.



Transmission electron microscopy

Purified exosomes were diluted with an equal volume of 4% paraformaldehyde at 4°C for 30 min, then carefully placed on a carbon-coated 300-mesh copper grid for 20 min, followed by a fixation step using 1% glutaraldehyde for 5 min. The mesh was contrasted with 2% uranyl acetate, washed twice, and the morphology of the isolated exosomes was observed. Exosome images retrieved through TEM (TEM, LEO 906, Zeiss, Germany) were analyzed by ImageJ software.




Expression of inflammatory and proinflammatory cytokines in the presence of exosomes
 
Cell culture

The Roswell Park Memorial Institute (RPMI 1,640) medium supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine was used to culture the human leukemia monocytic cell line (THP-1) (Figure 3). The cells were enumerated with trypan blue (0.4%), and 400 × 103 cells were seeded in each well of 12-well plates and subsequently treated by 50 ng phorbol myristate acetate (PMA) overnight, then washed three times. The cells were then rested for a day.


[image: Figure 3]
FIGURE 3
 (A) THP-1 cell in RPMI 1,640 medium and (B) THP-1 macrophages in RPMI 1,640 medium.



Exposure of THP-1 cells to exosomes

Prepared THP-1 cells were exposed to 10 μg of exosomes from each subtype, being incubated for 24 h. Next, the cells were trypsinized and collected in a microtube for the next steps.




RNA extraction

RNA extraction was performed manually according to the following protocol: First, 1 ml of Trizol (Thermo Scientific) was added to the collected samples and a pipette, then 250 μl of chloroform was added and mixed. The next step was incubated at room temperature for 15 min, then centrifuged at 15,000 rpm at 4° C for 15 min. In the next step, the supernatant was removed and transferred to a new microtube, then 600–800 μl of cold isopropanol was added to it and mixed together. The samples were kept at −20 °C for 24 h. They were then centrifuged at 13,000 rpm at 4 °C for 45 min. The supernatant was then removed, and 1 ml of 70% cold ethanol was added to the RNA precipitate (washing). The samples were centrifuged at 20,000 rpm at 4°C for 20 min. Remove the supernatant and allow the precipitate to dry for about 10 min (drying). Then 20 μl of sterile distilled water was added to the precipitate and gently pipetted to dissolve the RNA precipitate in water. The extracted RNA was stored at −70°C. The quality and concentration of RNA were evaluated with a nanodrop spectrophotometers (ND2000, Thermo Scientific). The OD 260/280 nm ratio was reported to be about 2.00.




CDNA synthesis and real-time PCR

For cDNA synthesis, total RNA was reverse-transcribed using M-MLV reverse transcriptase according to the manufacturer's instructions (RT-ROSET Kit). Real-time PCR was performed in triplicate using 50 ng of cDNA with RealQ Plus 2x Master Mix Green reagent (Ampliqon) in a Rotor Gene-Q thermal cycler (Qiagen). Primer sequences are shown in Table 1. Relative gene expression values were normalized to β-actin and calculated using the comparative CT method (2∧–ΔΔCT). The values are presented as mean n-fold differences compared to the control (P ≤ 0.05 was reported to be significant).


TABLE 1 List of primers were used in real-time PCR.
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Result


Subtyping of the Blastocystis sp.

The Blastocystis parasites were cultured in a DMEM medium enriched with 10% FBS and penicillin-streptomycin antibiotics, and a molecular investigation followed by sequencing of the propagated parasites revealed ST1-ST3. The sequences have been deposited in GenBank under accession numbers OL457221-OL457257. Multiple sequence alignments were performed using the ClustalW, and phylogenetic analyses using the maximum-likelihood (ML) method were carried out using the MEGA7 using all subtypes of Blastocystis. The tree was constructed (500 replicates) using the 18S rRNA gene sequence of Proteromonas laceratae (U37108) as an outgroup (Figure 4).


[image: Figure 4]
FIGURE 4
 Phylogenetic tree of the SSU-rDNA gene sequences of Blastocystis isolates constructed by the neighbor-joining method using Mega4 software.




Determination of the concentration of extracted exosomes

Based on the Bradford assay, the concentrations of the exosomes for subtypes 1, 2, and 3 included 1.9 μg/μl (ST1), 2.3 μg/μl (ST2), and 2.2 μg/μl (ST3).



Confirmatory tests for exosome extraction

DLS test was performed to determine the size of the exosomes. The peak of EVs population was obtained in the range of exosomes, and the intensity was 68.2% (Figure 5). Furthermore, the electron microscopy studies confirmed the homogeneity of the population with a size of 30–100 nm and their spherical morphology (Figures 6, 7). Also, due to existing limitations, we were not able to measure exosomes in the range of 100–1,000 nm. The flow cytometry results showed the expression of CD63 (94.33%) and CD81 (97.71%) markers on the surface of exosomes (Figure 8).


[image: Figure 5]
FIGURE 5
 Extracellular vesicle size distribution using DLS techniq.



[image: Figure 6]
FIGURE 6
 SEM electron microscope image of exosome specimens of Blastocystis subtypes [(A): Exosomes without conjugation and (B): with sulfate aldehyde sulfate beads].



[image: Figure 7]
FIGURE 7
 TEM electron microscope image of exosome specimens of Blastocystis subtypes.



[image: Figure 8]
FIGURE 8
 Expression of CD 63 and CD 81 surface markers in exosomes of Blastocystis subtypes.




Expression of inflammatory and proinflammatory cytokines by THP-1 cells exposed to the exosomes

Next, the exosomes were exposed to THP-1 cells for 24 h, then cells were trypsinized, and RNA extraction, cDNA synthesis, and real-time PCR experiments were performed. Analysis of real-time PCR output and fold change calculation showed (Table 2) that in ST1, the expression of IL-6 and TNF-α was upregulated, compared to the control group. Also, ST1 showed a decrease in IL-4 and IL-10 expression, while IL-4 expression was not changed in ST2- and ST3-exposed THP-1 cells (Figure 9). It is noteworthy that IL-10 showed a decrease in expression in all three subtypes compared to the control group Notably, The expression of TNF-α in exosome-exposed cells in subtype 1 was upregulated compared to the control (LPS).


TABLE 2 Results of real-time PCR data analysis.
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FIGURE 9
 The expression of proinflammatory and anti-inflammatory cytokines in the presence of exosomes of subtypes 1, 2 and 3 of Blastocystis (The sign (*) in each subtype indicates which cytokine was statistically significant compared to control) (**p < 0.01; ****p < 0.0001).





Discussion

Blastocystis is an extracellular organism in the gut of animals and humans, which can suppress the inducible nitric oxide (iNOS) production and cleave the immunoglobulins, evading the host's immune system responses (34). This compromised molecular milieu also paves the way for other co-infections to infect the intestinal epithelium and cause disease (35). During the last decades, the molecular basis of the host-parasite cross-talk has been more elucidated, highlighting to be mediated by the EV nano-molecules (~30–5,000 nm) as tiny vehicles for cellular communication that may carry proteins, lipids, nucleic acids, and metabolites from their cellular origin, essential for genetic exchange, biomarker identification, and the diagnosis of diseases (36, 37).

Based on the in vitro experiments, Blastocystis parasites can elicit cytokine production and immune responses (38). Despite the availability of some Blastocystis subtype's genomes, our knowledge is still in its infancy on the biological and pathological mechanisms of the parasite (39). Curiously, membrane proteins and the integrity of the epithelial barrier could be substantially disrupted by the Blastocystis ST7 via degradation of tight proteins (3). So far, few studies have characterized EVs in Blastocystis, and the early evidence was provided by Tan through the TEM experiment (35). According to recent studies, Blastocystis-derived EVs were identified in ST7 B and H isolates, with cup-shaped morphology and an average size of 50 to 240 nm consistent with EVs derived from other parasites (40).

In recent years, a great deal of interest has been focused on the epidemiology, phylogeny, and cell biology of Blastocystis; only a few studies have addressed the parasite virulence and specific host responses (41). Based on the published literature, gastrointestinal symptoms similar to IBS, including diarrhea, abdominal pain, constipation, nausea, inflammation, and edema, have been reported in patients infected with Blastocystis (42). On the other hand, the parasite has been recognized mainly in asymptomatic individuals, thus possibly being non-invasive (43). Edema and infiltration of the inflammatory cells into the lamina propria have been reported in the cecum and colon of infected mice (44). An experiment showed that Blastocystis induces IL-8 production in colon T84 epithelial cells in a time-dependent manner, which provokes the inflammatory cells to invade the intestinal mucosa, resulting in tissue damage and gastrointestinal disorders (45).

Previously, no investigation was done to evaluate the association between IL-6 and TNF-α gene polymorphisms in susceptibility to diseases such as IBS (46). Here, we evaluated such an association and revealed a significant association between IL-6 gene expression in THP-1 cells exposed to ST1 exosomes. This may suggest that the presence of a parasite such as Blastocystis would play a substantial role in IBS by promoting the clinical outcomes. Another major finding in the current study was that no significant difference was observed regarding TNF-α expression in comparison with the control group, which is inconsistent with Iguchi et al. study, demonstrating significant upregulation of IFN-γ, IL-12, and TNF-α cytokines in the cecal mucosa (47). Downregulation of IFN-γ and TNF-α, along with the upregulation of IL-6 and IL-8, has been observed in colorectal cancer (48). This evidence indicates that the Blastocystis antigen (Blasto-Ag), an example of the extracellular allergen, has stimulated the humoral responses, leading to inflammatory reactions and cell propagation to combat the infection (49). Another study by Yakoob et al. demonstrated significantly lower IL-10 levels and colonic eosinophilic infiltration associated with IL-8 in the Blastocystis ST1 compared to ST3 and control (32). In the current study, we found a reduction in the expression of IL-10 in ST1, ST2 and ST3. It has been recognized that IL-4 and IL-13 cytokines mediate the goblet cell hyperplasia during the gut infection, which the latter plays a significant protective role against the infection (50). Our results demonstrated a decrease in IL-4 and IL-10 expression and an increase in IL-6 and TNF-α expression in Blastocystis ST1. Reportedly, IL-10 is essential in regulating inflammatory responses, as it reduces the production of chemotactic factors such as IL-8 (51). Altogether, the increased mucin layer and fluid secretion, goblet cell hyperplasia, and enhanced intestinal propulsive activity result in the expulsion of noxious agents from the gut lumen (52).

Finally, the results presented here highlighted the significance of the Blastocystis ST1 exosomes on the expression of IL-6, IL-10, IL-4 and TNF-α cytokines, strengthening the hypothesis that the Blastocystis parasite is a potent contributor to the inflammatory processes. To better understand the interaction of EVs of Blastocystis, other inflammatory cytokines such as MCP-1 and IL1B should be investigated. However, the actual pathogenicity of Blastocystis and its association with gastrointestinal symptoms is yet to be determined through extensive research, possibly in the field of EVs, their biogenesis, uptake, and cellular communication.



Conclusion

To our knowledge, this is the first report of the release of EVs by the human parasite Blastocystis, and our data demonstrate the role of this parasite, particularly ST1, on proinflammatory and anti-inflammatory cytokines and navigating the host responses. Further studies on the arrangement and function of these biologically-active vesicles could assist us in developing unprecedented therapeutic strategies, opening new doors toward the role of the Blastocystis parasite in gastrointestinal diseases.
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Introduction: Arriving at a C. difficile infection (CDI) diagnosis, treating patients and dealing with recurrences is not straightforward, but a comprehensive and well-rounded understanding of what is needed to improve patient care is lacking. This manuscript addresses the paucity of multidisciplinary perspectives that consider clinical practice related and healthcare system-related challenges to optimizing care delivery.

Methods: We draw on narrative review, consultations with clinical experts and patient representatives, and a survey of 95 clinical and microbiology experts from the UK, France, Italy, Australia and Canada, adding novel multi-method evidence to the knowledge base.

Results and discussion: We examine the patient pathway and variations in clinical practice and identify, synthesize insights on and discuss associated challenges. Examples of key challenges include the need to conduct multiple tests for a conclusive diagnosis, treatment side-effects, the cost of some antibiotics and barriers to access of fecal microbiota transplantation, difficulties in distinguishing recurrence from new infection, workforce capacity constraints to effective monitoring of patients on treatment and of recurrence, and ascertaining whether a patient has been cured. We also identify key opportunities and priorities for improving patient care that target both clinical practice and the wider healthcare system. While there is some variety across surveyed countries’ healthcare systems, there is also strong agreement on some priorities. Key improvement actions seen as priorities by at least half of survey respondents in at least three of the five surveyed countries include: developing innovative products for both preventing (Canada, Australia, UK, Italy, and France) and treating (Canada, Australia, and Italy) recurrences; facilitating more multidisciplinary patient care (UK, Australia, and France); updating diagnosis and treatment guidelines (Australia, Canada, and UK); and educating and supporting professionals in primary care (Italy, UK, Canada, and Australia) and those in secondary care who are not CDI experts (Italy, Australia, and France) on identifying symptoms and managing patients. Finally, we discuss key evidence gaps for a future research agenda.
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1. Introduction

Clostridioides difficile (C. difficile), is a bacterium that commonly colonizes the human large intestine (1, 2). C. difficile colonization is not typically harmful, as other bacteria in the digestive system suppress its growth. However, under certain conditions, such as with the use of antibiotics or following gastrointestinal surgery (1, 2), C. difficile can grow in its vegetative state, producing toxins that damage the intestinal epithelium. Toxigenic C. difficile infection (CDI) can cause a range of bowel problems such as diarrhea, nausea and abdominal pain, and other symptoms like fever and loss of appetite (2). More severe CDI can cause complications such as pseudomembranous colitis, septic shock and death (1, 3, 4). The European Centre for Disease Prevention and Control estimates that CDI has a 4% mortality rate (5), which is higher in those who are frail, hospitalized (including in intensive care units) and/or elderly (1, 6, 7). However, the 4% mortality rate may be an underestimation given the challenges in attributing death directly to CDI. For example, 2020/21 data from England suggests that the 30-day all-cause fatality rate of CDI is closer to 13% (8).

Some aspects of the burden of CDI are relatively well understood, such as healthcare costs and mortality rates (9–12), but further research and validation is needed on the challenges faced by clinicians and patients in arriving at a CDI diagnosis, accessing treatment options and managing infections, including dealing with recurrences.

In this paper, we identify and reflect on the diverse requirements for effective clinical care for patients with CDI. As a foundation, we provide a brief overview the patient care pathway and explore variations in practice. We discuss challenges and key improvement needs as they relate to the care pathway as well as the wider healthcare system which frames clinical care. In doing so, we address the lack of multidisciplinary research that considers both clinical practice related requirements associated with diagnosis, treatment, ongoing patient monitoring, management of CDI recurrence and healthcare system influences on patient care, for example those related to access and organization of services, guidelines and regulation, and education and awareness raising (for patients and clinicians).

We focus specifically on patient care (i.e., diagnosis, treatment of initial CDI, patient monitoring and dealing with recurrence) and offer multidisciplinary and comprehensive insights drawn from a multi-method approach that tackles the often piecemeal nature in which challenges to patient care are at times researched. We consider the whole care pathway and the healthcare system that frame it. We recognize that infection prevention and control in hospital and community environments is also an important aspect of CDI management given that CDI is a frequent cause of healthcare-acquired infection (13), but this is discussed in numerous other literature and not covered in the scope of this study.



2. Materials and methods

This study involved conducting a narrative literature review, consultations with clinical experts and patient representatives, and a survey of clinical experts that sought to inform priorities for improvement in practice and key evidence gaps in need of further research.

The study focused on reviewing evidence from high-income countries (HICs), with a particular emphasis on the United Kingdom (UK), Italy, France, Canada, and Australia. These countries were selected given their geographical variety and all having a public healthcare system free at the point of service.


2.1. Narrative review

We conducted a narrative review following principles of rapid evidence assessment (REA) methodology (14). This includes: (1) development of a systematic search strategy, inclusion and exclusion criteria, and running the literature search; (2) screening the titles and abstracts of articles against the criteria; (3) prioritizing articles for inclusion in consideration of topic coverage, comprehensiveness, geographical focus and publication year; and (4) a full-text review and analysis of prioritized articles.

Two searches in PubMed were conducted in May 2021. The first focused on identifying relevant literature from the five case example countries (Australia, Canada, France, Italy, and the UK) and covered a 10-year timeframe (2011–2021). We also conducted a supplementary second search to identify additional literature from HICs more widely and focused on most recent review articles from the past 5 years (2016–2021), to fill gaps in literature on case example countries. A web-based gray literature search (June 2021) complemented the academic literature search and helped identify regulations and guidelines on CDI patient care in the case example countries. Twenty-nine papers were included (see Supplementary material for PRISMA flow diagram). We also considered some additional publications on specific points of detail raised in the literature that is included in the narrative review, where this was merited to provide further clarity on specific issues related to context or updates in regulation for example.



2.2. Consultations with clinical experts and patient representatives

We conducted consultations with leading CDI clinical experts and some patient representatives from the case example countries to refine, nuance and enrich insights from the literature and address gaps in the existing evidence base. This allowed us to gain valuable experiential knowledge of diagnosing, treating and managing CDI and associated challenges. Consultations took the form of in-depth, semi-structured interviews and structured workshops (August – December 2021). With informed consent, eight one-to-one semi-structured interviews were carried out by the research team (LH and SS) with three experts from Canada, and one from Australia, the UK, France, Italy and a representative of a global foundation. Interviews followed established qualitative research methods used in health services research (15). Interview evidence is referenced with Int X, with X being the code number for an individual interviewee. To preserve anonymity in some instances where there is a direct risk of identity disclosure, and in line with informed consent, we withhold an interview reference number.

In addition, over the course of three online workshops (September 2021) health services research experts from RAND Europe (SM, LH, RR, and SS) and clinical and patient representative co-authors (MW, NP, TS, PG, GA, and JD) met in small groups/individually with the research team to enable knowledge-exchange and reflection on learning from the narrative review and interviews.



2.3. Survey of clinical and other experts on CDI

An online survey engaged experts from the five case example countries to explore views on needed priority actions for improving the care pathway for patients with CDI. The survey was designed based on findings from the earlier narrative review and consultations, with thematic analysis informing its structure and organization. The survey had subsections on different overarching areas of improvement (diagnosis and treatment; access and organization of service delivery and quality of care; guidelines and regulations; education and awareness raising for patients; and education and awareness raising for clinicians). These themes were developed based on the narrative review and consultation data, and in discussion with clinical expert and patient representative co-authors.

Within each thematic area, as part of the survey, respondents were asked to select improvement actions which they considered most important. The number of improvement actions selected as most important was dependent on the number of actions available to select from – respondents were asked to select actions within a top third threshold. For example, if six improvement actions were available, respondents were asked to select up to two they thought were most important. Respondents were also asked to share views on the most important gaps in evidence that need to be filled to inform future research and improvement. They were also asked to provide information on the nature of the CDI patient care pathway in terms of a patient’s first point of contact with the healthcare system and in terms of referral practices (see the Supplementary material for the survey tool). The survey was disseminated via national and international networks and professional societies. It was open from January to May 2022 to allow sufficient time for respondents, many of whom were also involved in efforts to respond to the COVID-19 pandemic. All survey respondents participated with informed consent.



2.4. Analysis and synthesis

The findings across the narrative review and expert consultations were analyzed thematically, triangulated and synthesized by the research team to develop a multifaceted understanding of CDI diagnosis, treatment and management pathways across the countries of interest and associated challenges in patient care. This enabled us to develop the survey questions focusing on exploring priorities in terms of key areas in need of improvement in patient care. The survey was analyzed using the SmartSurvey analysis export tool and Excel, using a thematic approach. Survey analysis considers both similarities and differences in findings across the participating countries.



2.5. Ethics

This study involved a literature review, interviews with clinical experts and patient representatives, and a survey of clinical experts. The research was conducted in accordance with the Declaration of Helsinki. It was judged to pose minimal risks to participants and not to require ethical approval. It was reviewed retrospectively by the RAND Human Subjects Protection Committee and determined to be exempt under 45 CFR 46.104(d)(2)(ii), and, although exempt, the study’s procedures and materials were found by the committee to be consistent with all rules laid out under 45 CFR 46 for the conduct of non-exempt human subjects’ research. All participants gave informed consent and were provided with participant information sheets as part of this process.




3. Results


3.1. Survey respondents

We received 95 eligible responses to the survey. This includes 38 responses from Italy, 25 from UK, 16 from Australia, 12 from Canada, and 4 from France. While efforts were made to share the survey with relevant associations in France, some declined to engage due to CDI not being their core current focus. Given the low number of responses from France in particular, care should be taken when interpreting the survey findings presented at country level.

The majority of respondents stated infectious diseases as their primary area of work (61%), but there was also input into the survey from other clinical areas (e.g., gastroenterology and primary care) and from microbiologists. Most respondents identified as physicians/medical doctors (82%), but a variety of views were gathered, including for example from nurses (10%). See Supplementary material for further information on the demographics of respondents.



3.2. The clinical care pathway and associated challenges

The patient pathway for CDI involves key stages spanning diagnosis, treatment of initial CDI, patient monitoring and follow-up, and management of recurrence. Many aspects of care are similar across the case example countries, but there are also some important differences (see Tables 1–3). In this section, we discuss the main aspects of the care pathway and associated challenges to optimizing patient care, drawing on evidence from the review of the literature and consultation with experts.


TABLE 1    Symptom presentation and diagnosis.

[image: Table 1]


TABLE 2    Treatment of initial infection, and patient monitoring and follow-up.
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TABLE 3    Preventing and managing recurrences.
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3.2.1. The diagnosis pathway

The diagnosis pathway for the example countries is outlined in Table 1. Diagnosis involves deciding if a test for CDI is required based on clinical signs such as diarrhea, abdominal pain or distension, ileus, and toxic megacolon [(2, 16, 17) Int1,7]; deciding which test to use; performing the test and interpreting results. Testing is only recommended on symptomatic patients as C. difficile can be present in the digestive systems of healthy people (2, 4).

Where diagnosis takes places varies, in part depending on whether the patient presents to primary care physicians in the community or in hospital (including emergency department), which in turn can depend on how unwell a patient is, with more severe cases more likely to be identified in hospital (Int2, 4–7).

In most case example countries, survey data suggests that the first point of contact with the healthcare system for the majority of patients with community acquired CDI is a primary care professional (92% of survey respondents in the UK conveyed this to be the case, 88% in Australia, 67% in Canada and 61% in Italy). However, this was not the case for France, where 25% of respondents reported that gastroenterologist experts in an outpatient hospital setting were the primary point of contact (although only four respondents were from France). Other primary points of contact identified by survey respondents ranged from emergency care settings to community-based infection prevention and control teams. However, some survey respondents felt that there was not one predominant point of contact, and this is likely to reflect diverse practices regionally, diversity between healthcare systems and differences related to variety in patient symptoms.

For patients with hospital acquired CDI in Australia, Canada, the UK, and France, the first point of care for patients tends to be the person under whose care they are more generally (81, 75, 80, and 50% of survey respondents, respectively). However, in Italy, this was only seen as the most common route by 40% of survey respondents. More common in Italy was referral to an infectious disease expert (47% of survey respondents), while this option was rarer in France, Australia, the UK, and Canada (25, 19, 16, and 8%, respectively). See Supplementary material for further information.

Who the patient will be referred to from the first point of contact in a community settings seems to vary both within and between countries, with patients being referred to either gastroenterologists, infectious disease experts and more rarely emergency care settings (see Supplementary material). Onward referral will depend on factors such as the severity of patient symptoms, parts of the country and preferences and personal experiences of the referring healthcare professional.

In terms of onward referral from inpatient/hospital admission settings, in Australia, Italy, and Canada this is most often to an infectious disease specialist in the inpatient setting (69, 74, and 58%, respectively). Less common is referral to other experts such as gastroenterologist, patients receiving referrals to multiple healthcare professionals at the same or to infection prevention and control nurses/teams (see Supplementary material for further detail).

Diagnostic testing can be done in public sector facilities or by private laboratories and this can vary both within and between countries, dependent on health system service organization and capacity (Table 1). For example, in Canada and Australia, most outpatient testing is conducted by private labs (interviewee reference numbers withheld to preserve anonymity) and while most hospitals have outpatient labs many patients live closer to private labs than hospital-based ones. In Canada, CDI testing does not require out of pocket payment by patients, including to private labs, with payment covered by central government funding (interviewee reference number withheld to preserve anonymity). Across the countries considered in this research, for patients who first present with symptoms in primary care, diagnostic testing is generally ordered by primary care providers (Int4–7). For patients who present with symptoms in hospital, diagnosis is generally overseen by hospital staff and specialists, such as infectious disease specialists and/or gastroenterologists (Int5–6).

The main diagnostic methods for CDI testing in patients of all ages are enzyme immunoassays [EIAs, to detect A/B toxin or the glutamate dehydrogenase (GDH) enzyme produced by C. difficile] and nucleic acid amplification tests (NAATs), with toxigenic culture and cell cytotoxicity assays (CCNA) also available (Table 1). Most diagnosis guidelines, including those for Europe, recommend a multiple step approach (Int1–3, 5, 7), combining EIA, NAAT, and toxigenic culture (e.g., to validate new tests) to improve diagnostic accuracy (2, 4, 16, 18–20). However, the specific combination recommended in the guidelines varies across countries and there is no clear diagnostic algorithm that applies universally (Int1–3, 5, 7). Table 1 provides additional detail based on expert consultation on which tests are conducted in case example countries, who conducts them, who pays for them and time to diagnosis.



3.2.2. Challenges related to diagnosis

Diagnosing patients with CDI is challenging. There is no single test that is recommended for use alone, and the frequent use of multiple tests to arrive at a diagnosis has both time and cost implications [(2, 4, 20, 21), Int2–3, expert workshops]. In addition, laboratories within and across countries can apply diverse testing strategies due to different guidelines [(20, 22) Int2–3, 5, 7] and so there is a lack of standardized practice. There are also both advantages and disadvantages to individual diagnostic tools, related to accuracy, turnaround time and distinguishing colonization from toxigenic infection [(2, 4, 16, 20, 21, 23, 24), Int2–3].

The CDI can be underdiagnosed, overdiagnosed or misdiagnosed. Underdiagnosis can occur due to a lack of clinical suspicion, for example in younger patients or when stool does not indicate CDI, or due to diagnostic methods that are not optimal (20, 22, 25). Decisions to order CDI diagnostic tests are often influenced by patient-profile related factors (rather than symptoms alone) and the type of setting a clinician is based in (22). Clinicians in hospitals with infectious disease specialists are more likely to conduct testing for CDI than those in general hospitals, due to differences in skills and training. This can contribute to underdiagnosis (22). On the other hand, for some diagnostic tests, positive results do not always directly correlate with clinical presentation and can lead to overdiagnosis (20, 26, 27). False positive rates can also contribute to overdiagnosis (28). Performance management incentives can also have unintended consequences for overdiagnosis in light of healthcare professionals in some countries requiring permission to send samples for C. difficile testing (expert workshops). Some hospitals have a requirement to test for CDI in all inpatient diarrhea cases which can lead to overdiagnosis, particularly if EIA’s are used for diagnosis, due to their higher positive predictive value (Int2–3, 5). Misdiagnosis may occur when testing is performed after treatment, as C. difficile genetic material remain in stool weeks after infection resolves (4, 29). Complex patients, such as younger or older aged or those with co-morbidities, can also create challenges in reaching a CDI diagnosis due to difficulties in distinguishing C. difficile colonization from a toxigenic infection and when patients display unusual symptoms (Int2, 4, 7).

Patients can also face long waiting times for diagnosis, particularly if they present in the community, due to lack of availability of primary care physicians, physical distance from a lab, need to implement infection control measures in hospital, diarrhea being a non-specific symptom and multiple testing requirements [(2, 20, 29, 30); Int2, 4–8, expert workshops]. This can have implications for health outcomes (2, 20, 29, 30).

There are also challenges in classifying the severity of CDI, in part related to a lack of consensus on clinical markers for severity, and a reliance on clinical judgment (4, 29, 31, 32).



3.2.3. Treatment of first episode CDI

Antibiotics are the main treatment used for CDI. The antibiotics used are primarily oral vancomycin, fidaxomicin and metronidazole. Vancomycin and fidaxomicin have similar efficacy (2, 4, 16, 18, 31, 33–38) and are recommended in The European Society of Clinical Microbiology and Infectious Diseases guidelines [(2, 4, 18, 33, 34, 38); Int3]. While metronidazole has traditionally been the first line treatment in the past, most countries appear to be replacing this with vancomycin and/or fidaxomicin as these have demonstrated higher efficacies for CDI. However, it is still used in some situations (2, 4, 16, 18, 19, 31–33, 35, 36, 38–42). While the choice and combination of antibiotic options vary according to national guidelines, treatment options can also vary within countries. For example, each province in Canada has its own treatment guidelines (expert workshops). The choice can also be influenced by cost considerations, e.g., fidaxomicin may not be offered as a first option in some contexts as it is more expensive (Int2–3, expert workshops).

Non-antibiotic-based treatments for initial CDI are also available for use as add-on treatments to an antibiotic regime. Surgery can be used to treat severe or fulminant CDI (2, 18, 33, 35, 40, 43). Monoclonal antibody therapy, such as bezlotoxumab, is emerging as a potential treatment that may be effective at preventing recurrences of CDI (2, 4, 18, 33, 36). Probiotics are rarely used as part of the process of treating CDI and are not recommended in guidelines given the evidence on efficacy is limited (2, 16, 29, 35, 36).

After the diagnosis of CDI, it is important for patients that any non-CDI focused antibiotic therapy or proton pump inhibitors are stopped, if possible, to prevent worsening of the infection (2, 16, 17, 31, 34, 35, 43).

Treatment decisions can be made by diverse healthcare professionals. In some countries, this is often by primary care physicians who can be the first point of contact for the patient, but for patients presenting with symptoms in hospital settings infectious disease specialists or gastroenterologists are often involved in deciding on the treatment approach (Int2, 5–7). In some countries, pharmacy staff can also be involved (Int2–3). According to interviewees across countries, patients generally have little involvement in deciding what treatment they will receive (Int3, 5–7). However, patients may have more involvement in decision-making for recurrent infections, particularly in the use of FMT (Int4–5, 7). According to one expert, the extent of patient involvement in treatment decision-making is also dependent on how receptive the clinician is to this, and how unwell the patient is (with sicker patients potentially being less involved in decision-making) (Int4).

Table 2 provides additional detail on treatment pathways, based on expert consultation, elaborating on how quickly post-diagnosis treatment commences, how treatment is initiated and by whom, whether patients are involved in treatment decision-making, the treatment course and duration and who pays for treatment in case example countries.



3.2.4. Treatment challenges

Ensuring appropriate and effective treatment that is optimal for an individual patient comes with a set of challenges. For example, anti-CDI antibiotics are the first-line treatment for CDI, but can have side-effects such as a further imbalance of the gut microbiome [(2, 7, 16, 23, 33, 36, 44, 45); Int1, 3, 5–6]. Although the evidence base is inconclusive, there is also some concern about risks of resistance to mainstream therapies (18, 33, 36).

Timely treatment matters for successful outcomes, but there can be challenges to ensuring timely treatment as well. Although these appear rare (29) they are a risk, especially if diagnosis is not timely. Patients with additional complexities, such as the elderly and patients with co-morbidities, may face difficulties in treating their CDI due to frailty, multiple health issues that need addressing or a lack of response to treatment (Int2, 5).

There is a lack of evidence on the optimal treatment regime for CDI (7, 16, 33), especially for severe infections (7) and cost considerations may also play a role in what is used (as we expand on in section “3.3.3 Economic considerations”).



3.2.5. Patient monitoring and follow-up

If a patient is diagnosed in the community, there is generally little follow-up across case example countries, and patients are told to return to their GP if their symptoms do not resolve (Int2, 5–7), given that in most cases infection may be mild.

Patients in hospital (either with initial or recurrent infection) are subject to closer monitoring, which primarily involves referencing stool charts, recording bowel movements, testing for white blood cell counts, assessing inflammatory marker, and, in more complex cases, CT imaging (Int2, 5, 7). This is to check for compilations such as severe dehydration, acute kidney injury, fever, ileus, and toxic megacolon (23) and side effects of medication.

Monitoring of inpatients can involve a diverse range of healthcare professionals and varies across countries. For example, in England, guidance states that effective patient care should involve weekly monitoring by a multidisciplinary team of healthcare staff, including microbiologists, infectious disease or infection prevention and control clinicians, nurses, a GI or surgeon, a pharmacist, and a dietician (31). According to interview evidence, these teams may be more frequently in place for more complex cases, such as older patients or those with underlying conditions. In Australia, ideally infectious disease specialists are primarily involved monitoring diagnosed inpatients and in Canada, data from interviews suggests specialists would not be consulted for the first CDI episode, unless it was a fulminant case which would involve gastroenterologists, infectious disease specialists and/or surgery teams (interviewee reference number withheld to preserve anonymity).

Table 2 provides additional detail on how patients are monitored and how they are assessed for cure in case example countries, based on expert consultation.



3.2.6. Monitoring related challenges

Monitoring patients with CDI in hospital can be difficult as bowel movements are not always easy to record due to lack of available staff or due to a threshold of 3+ loose bowel movements over 24 h for a patient to be tested for CDI (Int5). Staff capacity constraints are the key challenge.

It can be difficult to ascertain whether a patient has been cured and whether an episode has been resolved. Some literature suggests that an initial CDI episode can be considered as ‘cured’ if symptoms resolve after 30–90 days (18), but there is a lack of consensus on this matter and toxins and genetic material from C. difficile can remain in the stool for several weeks after the infection is treated (16) (expert workshops).



3.2.7. Managing CDI recurrence

A review by Khanna (23) states that CDI recurrence occurs in an estimated 20–30% of cases after the first CDI episodes, increasing to approximately 60% of cases after three or more episodes (23). Should CDI recurrence be suspected in a patient of any age, it is important to distinguish whether it is actual recurrence or if symptoms are due to something else, such as post-infection irritable bowel syndrome (IBS) (23). While distinguishing between recurrence and an entirely new CDI infection is also important as treatment regimes can vary, it can be difficult to achieve this in practice. Diagnosing recurrence generally involves first an assessment of symptoms and then diagnostic testing [(23, 34); Int1–3, 5, 7].

Treatment options for recurrent CDI are more diverse than for first episode infection and include therapies such as fecal microbiota transplantation (FMT), antibiotics different to those given in the initial infection such as vancomycin or fidaxomicin (if not used first time) stronger doses of antibiotics than those used for the initial episode and taper-pulse antibiotic regimes. Alternative antibiotic regimes, noted by multiple articles, are: (1) fidaxomicin; (2) taper–pulse vancomycin; (3) vancomycin or fidaxomicin followed by FMT; and (4) vancomycin followed by rifaximin (for multiple recurrences where alternatives have failed) [(2, 4, 16, 18, 29, 31, 33, 35–38, 40, 44); Int1–5, 7]. Rifaximin is recommended for patients who cannot undergo FMT (37). Metronidazole is not recommended for treatment of recurrent infections (18, 33, 35). Patients with risk factors, but FMT failure can undergo a course of antibiotics and FMT can be re-considered should recurrence occur (23). Table 3 elaborates on approaches to preventing recurrence, the diagnosis of recurrence, the treatment course and who pays for treating recurrences in case example countries, drawing on expert consultation.



3.2.8. Challenges in managing recurrence

The CDI recurrences can be challenging to diagnose due to lack of monitoring for recurrence symptoms and difficulties in distinguishing recurrence from new infection [(2, 42, 45); Int2–3, 5, 7].

There are also challenges in both access to and efficacy of some treatments, for example FMT. FMT efficacy for treating recurrent CDI can be influenced by factors such as having an underlying condition [such as IBS or Irritable Bowel Disease (IBD)], the use of systemic antibiotics after FMT and being hospitalized (18, 23, 44). While FMT is generally considered safe, there are some risks of adverse events (such as abdominal discomfort, nausea, vomiting, transient diarrhea, and aspiration), infection transmission and post-infection IBS. There are also some concerns about the lack of research into long-term safety [(2, 16, 18, 23, 33, 36, 44); Int5]. Workforce capacity, facilities and resource challenges can also have an impact on access to FMT (Int2, 6).




3.3. Influences on patient care related to the wider healthcare system and associated challenges

Diverse features of the wider healthcare system, related to (i) access and organization of service delivery and quality of care; (ii) guidelines and regulation; (iii) economic considerations; (iv) education and awareness raising of healthcare professionals; (v) education and awareness raising for patients, and (v) COVID-19 pandemic related factors influence the care of patients with CDI. Supplementary Table 2 summarizes the key challenges applying to the case-example country contexts.


3.3.1. Access and organization of service delivery and quality of care

The organization of healthcare services for patients with CDI, such as links between primary and secondary care, the set-up of outpatient care and availability of specialist CDI clinics, can influence the type of care CDI patients receive (Int3–5). The degree of multidisciplinary work may also vary, which may influence the management of some patients with CDI (expert workshops).

Access to treatments such as FMT are also a complex challenge (as introduced earlier) (36, 37). Identifying, recruiting and retaining stool donors, challenges to staff capacity and delivery facilities, lack of standardization of screening of donors, costs of testing donors and the emergence of new pathogens that need to be tested for all present access challenges [(18, 23); INT2, 4–7]. Beyond access, the lack of standardization of FMT procedures and a need for further evidence on optimal stool preparation procedures and modes of FMT delivery (e.g., colonoscopy, enema, and capsules) can also represent barriers to optimal patient care and experiences (18, 23).



3.3.2. Guidelines and regulation

Guidelines for diagnosis, treatment and management of CDI can vary across countries. For example, some guidelines have different recommendations for who could be at higher risk for CDI and who should be tested for the infection, e.g., the recommended 2–3 step algorithm for testing for CDI can differ across country guidelines (43) (expert workshops).

There is also variation in guidelines on what to use as first-line treatments for CDI across countries (33), for example whether to use metronidazole. To illustrate, Canadian guidelines only recommend this in specific situations (e.g., for children, where vancomycin/fidaxomicin are not available or cannot be used) whereas Australian guidelines recommend metronidazole as a first line treatment in initial (mild) infections (31, 35, 40). Older guidelines are still more likely to recommend the use of metronidazole than more up to date ones, as well as to not include fidaxomicin as a key treatment option. However, the European Society of Clinical Microbiology and Infectious Diseases guidelines, updated in 2021, do now recommend the use of fidaxomicin as a first line treatment for initial CDI (38) but the extent to which this is reflected in individual in-country practices remains to be seen.

While guidelines on preventing and treating recurrences of CDI appear slightly more consistent across case example countries, there is still variation in the recommendations made, particularly for treating first recurrence (31, 35, 37, 40, 43). For example, 2018 Canadian and 2016 Australian guidelines recommend the use of vancomycin to treat first recurrences in adults, but 2021 English guidance recommends fidaxomicin (31, 35, 40). The Australian guidance also recommends the use of a rifaximin chaser after 2+ recurrences in adults, but this is not included in the reviewed English or Canadian guidelines (31, 35, 40). Differences in guidelines for managing recurrences may be related to factors such as new evidence emerging over time (which can be incorporated into newer guidance, but not always in a timely manner) or accumulation of evidence of one treatment being inferior (37), and wider availability and reimbursement contexts may also play a role.

While guidelines may be in place to support the treatment and management of patients with CDI in many countries, evidence suggests that these are not updated on a regular basis (Int3, 5, 7). This is a challenge to optimizing care quality. A European survey study published in 2018 noted that while national guidelines for managing patients with CDI were present in 14 (70%) of the included countries, 4 countries had not revised the guidelines within the last 5 years (34).

Guidelines are also often modified or applied inconsistently in clinical practice (7, 19, 30, 39). There may be good reasons for doing so, but this merits further research. For example, Turner et al. (30) note that there can be a risk of clinicians prescribing treatment for CDI based on a positive result from a single test, as opposed to the recommended 2–3-step algorithm of multiple tests (30). A lack of adherence to guidelines may also be in part affected by a lack of auditing practices on adherence (34) or due to a lack of a local policies and protocols on CDI treatment (39). Although meriting further research, not all clinicians necessarily read updated CDI guidelines in detail due to their length (expert workshops).



3.3.3. Economic considerations

Several financial resource related considerations can have an impact on the care of patients with CDI and give rise to challenges. The cost of some anti-CDI antibiotics may be difficult for healthcare systems to absorb (2, 33) and this may also be a challenge in relation to emerging treatments, e.g., monoclonal antibody therapy (workshops). Fidaxomicin is more costly (in terms of acquisition) compared to metronidazole and vancomycin, which may influence its availability in some settings (34, 36, 40, 45), despite some emerging evidence suggesting that fidaxomicin is more cost-effective than other antibiotics for both initial and recurrent CDI in most situations due to the reduced risk of recurrence, despite higher upfront cost (46).

While data on the cost of recurrence is more limited compared to initial infection, evidence from two articles suggests that recurrent CDI costs more to treat than initial infection, likely due to higher severity and longer lengths of hospital stay (46, 47). For example, a 2018 study using data from 45 patients from the UK indicated that length of stay for patients with recurrent infection was 33 days, significantly longer than the 17 days for those with initial infections (47). Intensive care unit stays were also found to be longer for patients with recurrent infections compared to initial infections in this study (2.5 vs. 0.7 days, respectively) (47). Treatment, pathology tests, sterile services, linen, medical pay and overheads have also been found to cost more in recurrent CDI compared to initial infection (47). FMT is generally considered to be cost-effective for treating recurrent CDI (46, 48), but there is a need for further research on how wider healthcare systems factors such as setting up and maintaining stool banks may impact on cost effectiveness.

Cost can be a barrier not only to optimizing treatment, but also to optimal diagnostic test use and may contributes to some of the variation seen in CDI guidelines across countries (Int2–3, 5–6, expert workshops).

In some countries (e.g., Canada), reimbursement for treatment varies across provinces which impacts on efforts to standardize practices at a national level and results in subsequent variation in treatment regimens (expert workshops).

Litigation costs and hospitalization costs can also present financial challenges (expert workshops) (49).



3.3.4. Education and awareness raising for patients and clinicians

Patient-related issues such as stigma, disgust and embarrassment or low awareness and understanding of CDI symptoms can be a barrier to timely diagnosis. This can lead to patients delaying seeking help from a healthcare professional or not providing all the information about their symptoms (e.g., appearance of bowel movements) (Int2, 4, 6, 8, expert workshops). A scarcity of public health campaigns (national and regional) about CDI symptoms and the importance of seeking care can also impact on access to the right care at the right time and place (expert workshops). It can also impact on resorting to treatments for which sufficient evidence may be lacking, such as probiotics (expert workshops).

There is limited evidence on the impact of CDI from the patient or care-giver perspectives, and this is an area that requires further research. One Canadian study explored the impact on patient’s quality of life (QoL) as a result of CDI by conducting a survey of 167 people with CDI and their carers (29). QoL was ranked from 1 (patient is unable to care for self and requires hospital care) to 6 (patient can undertake normal day-to-day activities without support). The results indicate that those patients who report a lower QoL before CDI experience a larger impact on their QoL when they have the infection. Moreover, carers reported that patients had lower QoL scores than the patients reported about themselves (median QoL of 3 compared to 4, respectively).

Clinician awareness and knowledge of C. difficile diagnostic, treatment and referral processes can also be relatively low, especially in primary care and amongst some specialist clinicians such as surgeons across the case example countries (expert workshops). This is partly due to CDI not having prominence in the medical curriculum (or having not been there in the past) and lack of awareness of guideline updates (Int3, 5–8, expert workshops). The extent to which healthcare providers discuss bowel movements with patients in a way conducive to identifying a potential case of CDI can also influence whether or not a patient is tested for CDI (Int4, 6, expert workshops). There can also be risks from clinicians not interpreting test results correctly and treating a patient in cases where C. difficile has been detected but is not toxigenic (expert workshops).



3.3.5. Impact of COVID-19 on the CDI care pathway

Unforeseen events such as the COVID-19 pandemic can have an impact on access to care and care quality. In some contexts (e.g., the UK), data suggests that cases of CDI (particularly hospital acquired infection) rose during the pandemic and the 30-day case fatality rate for CDI also increased, and this has been associated with COVID-19 (8, 50). Although evidence of the impact of COVID-19 on the care of patients with CDI is currently scarce and inconclusive, consultations with experts noted that in some case example countries, the prioritization of dealing with COVID-19 increased risks related to timely diagnosis and treatment of patients with CDI symptoms (expert workshops, Int4–6) and that patients may have avoided seeking healthcare due to fears of contracting COVID-19 (Int8). In the UK and France FMT services were stopped by regulatory agencies during the early stages of the pandemic.




3.4. Priorities for improving the care of patients with CDI

Based on insights into the CDI care pathway and associated challenges outlined previously and as informed by the narrative review and stakeholder consultations, a survey was developed to explore priority areas where taking action could help improve patient care. Respondents across case example countries were asked to select which improvement opportunities they thought were most important within the following categories derived through thematic analysis of literature, interview and workshop data: (1) diagnosis and treatment, (2) access and organization of service delivery and quality of care, (3) guidelines and regulations, (4) education and awareness raising for clinicians, (5) education and awareness raising for patients. (In addition to selecting the most important opportunities-i.e., top priorities, respondents also rated opportunities. To avoid repetitiveness and in light of consistent messaging, our analysis focuses on the selection of the most important opportunities rather than rating data). The survey also explored evidence gaps that need addressing. Respondents were asked to select the top third threshold in terms of importance, amongst a list of actions in each thematic area (so that in a list of ten items, for example, they were able to select up to three, if there was a list of six, they could select up to two). Throughout, where presenting the findings, we highlight the actions where 50% or more respondents reported it as a priority area for improvement (as a threshold for strong agreement), but we also reflect on the wider sentiment across survey respondents (i.e., commenting on areas where 30% of more of survey respondents felt an action was a priority).


3.4.1. Diagnosis and treatment

Amongst a list of ten improvement actions related to diagnosis and treatment, there was strong agreement across all surveyed countries that innovative products for preventing recurrence of CDI was a key priority (see Figure 1). This option was selected by 92% of respondents from Canada, 69% from Australia, 68% from the UK, 55% from Italy, and 50% from France, although due to low response numbers, this equated only two respondents for France.
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FIGURE 1
The improvement actions related to diagnosis and treatment of CDI that are the most important (bars represent the percentage of respondents that rated each improvement action as one of the most important by country).


Developing innovative, more effective treatments for treating recurrent CDI was also seen as a key priority by respondents in three countries (75% Canada, 69% Australia, and 61% Italy). Although this option was seen as a top priority by some respondents from the UK and France as well (28% of UK and 25% of respondents from France), the relative strength of sentiment about its importance was lower across respondents in these countries.

When looking at country-level insights, some key findings are captured in Table 4.


TABLE 4    Country-level insights relating to diagnosis and treatment priorities.
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3.4.2. Access and organization of service delivery and quality of care

As there were six improvement actions to select from in the theme of access and organization of service delivery and quality of care, respondents were asked to select up to two (top third threshold) improvement actions they thought were the most important, and thus represent priorities (Figure 2).
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FIGURE 2
The improvement actions related to access and organization of service delivery and quality of care for CDI that are the most important (bars represent the percentage of respondents that rated each improvement action as one of the most important by country).


When looking across countries, there are both some similarities, but also notable differences and a variety of views on key areas in need of improvement as they relate to this theme. For example, addressing variation in access to FMT at local, regional and national levels was seen as a priority area for improvement by over half of all respondents from Canada and Australia (75 and 56%, respectively), but this was not the case for the UK (44%), Italy (32%), or France (0%). Half or more of respondents from Australia (63%) and France (50% – although this is only 2 respondents) saw improving timeliness of diagnosis as a top priority, and Italy was close (47%), but this was not the case for the UK (40%), or Canada (25%). Improving access to effective antibiotics for treating CDI was seen as a top priority for over half of respondents from Canada and France (58 and 50%, respectively), but this was not the case for Italy (37%), Australia (25%), or the UK (12%). Facilitating more multi-disciplinary care delivery in the management of patients with CDI was selected within the top improvement actions by half or more of respondents from the UK, Australia, and France (68, 50, and 50%), nearly half in Italy (47%), but much less in Canada (8%).

When looking at country level data, there are both similarities and differences in views about improvement priorities related to access and organization of services and quality of care. Although speculative and meriting further research, these may have to do with some differences in the way healthcare systems are organized in terms of provision of care to patients with CDI and unique challenges. See Table 5.


TABLE 5    Country-level insights relating to access and organization of service delivery, and quality of care priorities.
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3.4.3. Guidelines and regulations

Amongst a list of nine improvement actions related to the theme of guidelines and regulation, respondents were then asked to select up to three (top third) they saw as most important (Figure 3).
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FIGURE 3
The improvement actions related to guidelines and regulation for CDI treatments that are the most important (bars represent the percentage of respondents that rated each improvement action as one of the most important by country).


When looking across the participating countries, it is notable that more than half of respondents from most surveyed countries saw updating diagnosis and treatment guidelines more regularly as a top priority (69% for Australia, 67% for Canada, and 60% for the UK) and nearly half for Italy (47%), but this was not the case for France (25%, 1 respondent). More than half of respondents from Italy (63%) also felt that standardizing diagnosis guidelines within countries is of key importance, but this was not the case for other surveyed countries (44% Australia, 36% UK, 33% Canada, and 0% France). More than 50% of respondents from Australia (69%) felt that guidelines to help with standardization of FMT practice would be very important as well, but this was not the case for other countries (42% Canada, 40% UK, 25% France, and 5% Italy). Over half of respondents from France and the UK (75 and 56%) respectively felt that improving guideline clarity was a priority, but significantly fewer from Canada, Australia and Italy selected this as a top priority (33, 25, and 24%, respectively).

Considering country level data, some notable findings are presented in Table 6.


TABLE 6    Country-level insights relating to guideline and regulation priorities.

[image: Table 6]



3.4.4. Education and awareness raising for patients

As there were seven improvement actions to select from in the theme of education and awareness raising for patients, respondents were asked to select up to two (top third) improvement actions they thought were the most important (Figure 4).
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FIGURE 4
The 2 improvement actions related to education and awareness raising for patients that are the most important (bars represent the percentage of respondents that rated each improvement action as one of the most important by country).


When looking at the responses across countries, a number of similarities emerge, but also some unique perspectives. For example, half or more respondents from all countries saw educating patients with CDI on the appropriate use of antibiotics as a top improvement action (68% Italy, 56% UK, and 50% for Australia, Canada, and France). Half of respondents from France and Canada, and nearly half of respondents from the UK (48%) and Italy (47%) also felt that educating patients with CDI about the management of the illness and the potential future impact on their lives was a priority area for improvement, but this was not the case for Australia (31%). Improving patient choice in relation to FMT was selected as a priority action by 50% of respondents from Australia, but by fewer than half of respondents from other countries (42% Canada, 40% UK, 11% Italy, and 0% France).

When zooming into country level data, some notable findings are presented in Table 7.


TABLE 7    Country-level insights relating to education and awareness raising for patients priorities.
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3.4.5. Education and awareness raising for clinicians

As there were seven improvement actions to select from in the theme of education and awareness raising of clinicians, respondents were asked to select up to two (top third threshold) improvement actions they thought were the most important (Figure 5).
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FIGURE 5
The 2 improvement actions related to education and awareness raising for clinicians that are the most important (bars represent the percentage of respondents that rated each improvement action as one of the most important by country).


There was clear agreement on the top two priority actions. In most countries, educating and supporting healthcare professionals in primary care was seen a top priority improvement action (68% of respondents from Italy, 68% from UK, 58% from Canada, and 50% from Australia), but this was not the case for France (25%, 1 respondent). Half or more of respondents from Italy (76%), Australia (69%) and France (50%, 2 respondents), and nearly half of respondents from the UK (48%) saw educating and supporting healthcare professionals in secondary care who are not experts regularly dealing with patients with CDI as a top priority, but this was not the case for Canada (25% selected as most important).

When zooming into country level data, some notable findings are indicating relatively strong alignment between views from different countries (Table 8).


TABLE 8    Country-level insights relating to education and awareness raising of clinician’s priorities.
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3.4.6. Evidence gaps

Respondents were asked to select areas where there are particularly important gaps in evidence that need to be addressed to support evidence-based practice and high-quality care for CDI. As there were ten evidence gaps to select from, respondents were asked to select up to three (top third threshold) improvement actions they thought were the most important (Figure 6).
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FIGURE 6
The 3 evidence gaps in relation to CDI that are the most important to address by country.


Better evidence on optimal treatment regimens in managing patients with specific profiles was the most selected evidence gap across all countries (94% Australia, 83% Canada, 74% Italy, 68% UK, and 50% France saw it as a top priority). Half of respondents from Australia and Canada saw a need to address gaps and improve evidence on the efficacy and safety of emerging preventatives as a priority, but this was not the case for the Italy (37%), UK (36%), or France (0%). Half of respondents from France, and nearly half from Italy (45%) also identified a need for better evidence on risk factors associated with recurrence as a top evidence gap to address whereas this was not the case for other countries (44% Australia, 32% UK, and 17% Canada).

When zooming into country level data, some notable findings are presented in Table 9.


TABLE 9    Country-level insights relating to evidence gaps priorities.
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3.4.7. Other improvement opportunities and evidence gaps

In the survey, respondents were also provided the opportunity to share views on any additional improvement activities and evidence gaps that had not been included in the survey already. For improvement opportunities, many responses focused on infection prevention and control (which is out of scope for this study). Some stressed evidence gaps or improvement actions that had already been included in the survey questions. Additional improvement actions that were identified included: improving diagnosis of C. difficile carriers where the patient has active chronic inflammation of the bowel (e.g., IBD), improving the exclusion of other (non-CDI) causes of diarrhea (e.g., other infections and laxatives) to improve antibiotic stewardship, improving methods for collecting data on stool frequency and consistency, and general improvements to antibiotic prescribing.

Respondents also shared views on some additional evidence gaps related to infection prevention and control or reinforced evidence gaps that had already been covered in the survey. Additional evidence gaps that were mentioned included: better evidence on particular treatment regimes (e.g., for the first CDI episode to prevent recurrences), co-managing CDI and IBD, making a reliable diagnosis (e.g., interpreting test results and identifying cure), documenting the biological mechanisms of CDI, providing treatment in cases of positive test results but no clinical symptoms, involvement of community pharmacists alongside primary care, FMT (e.g., for first episode CDI and using synthetic material), and research into the prevention of recurrences.





4. Discussion


4.1. Reflecting on improvement priorities and future research needs

This paper contributes to understanding key challenges and areas of need of improvement in the care of patients with CDI, as they relate to the clinical care pathway and the wider healthcare system which frames its operations. In doing so it contributes to the knowledge base on how patient care could be optimized, considering similarities and differences in a sample of high-income country contexts (i.e., case example countries), and in light of the wider literature that covers a broader set of geographies and contexts.

When examining the findings, it is striking that there are both similarities and differences in priority areas for improvement in different contexts. However, what is recognized across the different examined geographies is the need for improvement actions targeting both innovation for clinical care directly (e.g., developing innovative treatments) and those targeting the way healthcare systems enable high quality care (e.g., through keeping guidelines up to date, education and awareness raising efforts, and health system organization).

In the following, we discuss lessons learned from the stakeholder survey and how they relate to broader ideas about challenges from the literature, expert interviews and workshops.

In doing so we focus on areas of agreement but recognize that there are also improvement actions where there was less consensus, but which are still important to segments of the populations involved in patient care.

When considering survey insights on improvement needs related to the clinical care pathway, we observed high levels of agreement on the need to develop innovative products for preventing recurrence across all surveyed countries and, in most case example countries, developing innovative and more effective treatments for recurrent CDI was also seen as a priority (Italy, Australia, Canada and, for prevention only, the UK). This resonates with insights from the literature (as reported on earlier in this paper) flagging higher demands on healthcare services in terms of managing and dealing with recurrence. In addition, in the UK there was strong agreement on the need for developing new treatments for initial CDI. This may be due to the UK having had performance management in place for decades for the management of CDI (e.g., targets and objectives) and so experts may be sensitized to the need to improve treatment options. In light of wider treatment challenges for initial CDI identified in the analyzed literature and stakeholder consultation, further research is needed to understand whether key improvements are needed in clinical effectiveness, cost-effectiveness or reduction of side-effects.

When exploring insights related to patient monitoring, the reviewed literature and stakeholder consultation identified challenges with knowing when a patient is cured, which could have implications on patient treatment decisions and healthcare resource utilization. This did not come up as an area of priority in terms of improvement in the survey data, but evidence suggests a need for further research on how to assess ‘cure’ (for example how long symptoms need to be absent before a patient is considered cured and how to accurately test if a patient is cured).

In terms of access and organization of service delivery and quality of care, areas where agreement on the need to improve was the strongest included actions to address variation in access to FMT at local, regional and national levels (Canada and Australia) and actions to facilitate more multi-disciplinary patient care (UK, Australia, and France). Improving access to FMT also resonates with findings from the conducted literature review, workshops and interviews. In addition, respondents from some countries identified improvement priorities related to access to effective antibiotics for treating CDI (Canada and France) and timeliness of diagnosis (Australia and France). Views on priorities in terms of improving organization of service delivery and quality of care were particularly diverse within Italy where there was no strong agreement on any one area being most important, but with five areas being seen as priorities by a third or more of survey respondents: improving timeliness of diagnosis, facilitating more multi-disciplinary care delivery, improving patient access to antibiotics, improving access to monoclonal antibody therapy and addressing variation in access to FMT. In general, the observed similarities and variety across surveyed countries is likely to derive from specificities of healthcare system organization, capacity and infrastructure.

Our research also points to the impact of guidelines and regulation on care quality, and to the scope to improve guideline contents and the wider support that healthcare systems can provide to improve adherence. There was strong agreement amongst respondents from the majority of surveyed countries on the importance of updating diagnosis and treatment guidelines in light of new knowledge, with over half of respondents in Australia, Canada, and UK seeing this as a top priority, and nearly half in Italy. This resonates with insights obtained through international interviews and literature on European practices, which highlight outdated guidelines being a challenge to optimizing patient care. Although warranting further research, outdated guidelines may also be linked to challenges in adherence to guidelines identified in the literature and discussed earlier. Here, it is important to note that The European Society of Clinical Microbiology and Infectious Diseases guidelines for treating CDI were updated in late 2021, but progress with the implementation of the new guidelines remains to be seen. Other factors such as economic resource constraints were also identified in the literature and in stakeholder consultation as impacting on the feasibility of adhering to some guidelines. Clinician preferences and lack of audit– as discussed in the literature and reported on earlier- may also play a role in guideline adherence. In Italy, but not other surveyed countries, there was strong agreement that standardizing diagnosis guidelines was important, perhaps due to diverse practices in terms of diagnostic testing in different parts of the country. In Australia standardization was seen as important in the context of FMT practice in particular. In the UK and France, improving guideline clarity was also seen as a priority by half or more of respondents.

Our research flagged that engaging with patients with CDI around education and awareness raising on the appropriate use of antibiotics is also important for healthcare systems to consider as part of efforts to improve patient outcomes. There was strong agreement on this across respondents in all surveyed countries. Other related priority actions where there was strong agreement amongst respondents within some countries included educating patients about the management of CDI and the potential impact of the disease on their lives, (Canada and France) and improving patient choice with respect to FMT (Australia). Importantly, the survey targeted clinical and scientific experts, and did not flag combating stigma or embarrassment as a key priority, but this is a challenge identified in other stakeholder consultation (e.g., interviews and workshops), particularly from patient representatives, and merits future consideration.

Finally, information and knowledge gaps were also identified as an area for attention in terms of future actions within healthcare systems. In most case example countries (Italy, UK, Canada, and Australia) survey respondents saw as top priority the need to educate and support primary care professionals on identifying CDI symptoms, when and how to test and diagnose patients with CDI (or refer for testing and treatment to a specialist) and how to manage patients who are being treated. Educating and supporting healthcare professionals in secondary care who are not experts regularly dealing with patients with CDI was also identified as needing attention and being a priority in some countries (Italy, Australia, and France). This resonates with the challenges identified in the analysis of the literature and stakeholder consultation, especially in the context of risks of underdiagnosis and misdiagnosis and potential challenges associated with time to diagnosis, as discussed earlier in this paper.

Our analysis also identified diverse evidence gaps which would need to be addressed to support optimal patient care. In reflecting on the insights gained, it is clear that tackling any future research agenda calls for both basic science, social science and health systems research approaches and perspectives, as both clinical and behavioral evidence gaps exist in the current knowledge base. Ambitions to improve patient care will therefore depend on the ability to orchestrate clinical practice interventions and wider behavioral and systems-level actions. It would also be important to evaluate the impact of any interventions over time, both in terms of impacts on patient health and quality of life, but also on wider society and any economic implications.

Reflecting on insights from the stakeholder survey, the need for further research on optimal treatment regimens for patients with different profiles stood out as an area where there was strong agreement on this being a priority for a future research agenda. Given the survey respondents largely represent clinical experts, this is not surprising, but it also resonates with findings from the literature review, particularly in the context of challenges with treating patients who may be elderly, frail, with complex needs or comorbidities. Research into optimal treatment regimens would need to consider both clinical and cost-effectiveness, and patient experience. In some countries, survey respondents also placed particular emphasis on improving the evidence base on preventing recurrence – such as evidence on the safety and efficacy of emerging preventatives/treatments (Australia, Canada), and in France (though only a small absolute number of respondents), better evidence on risk factors associated with recurrence and better evidence on treatment cost-effectiveness were also seen as key areas meriting more research.

However, when reflecting on the overall insights gained from the literature, interviews and workshops, it is clear that improving patient care calls for advances in research in a number of other areas as well. For example, the analysis and triangulation of the stakeholder consultation data from multiple sources (e.g., interviews, workshops, and survey) and literature suggests needs to also conduct additional research on how CDI affects patient quality of life and also the experience of carers; on how potential stigma and disgust in discussing bowel problems impacts on patients accessing care, and research into the nature of interactions between patients and healthcare professionals.

We also explored variations in practice, and these too point to avenues of relevance for a future research agenda. For example, we noted diversity in referral behaviors both within and across countries (e.g., whether a patient who presents to a community care setting is referred to gastroenterologists or infectious disease specialists, or elsewhere in the system); diversity as to where diagnostic testing takes place (e.g., in public or private labs); in the combination and order of use for diverse tests used to diagnose patients, in the choice and combination of antibiotic options used to treat patients, and in the degree of multidisciplinary care involved in monitoring patients. Some of this variation in practice may be warranted in light of patient symptoms and healthcare system organization, while other areas of variation may be more subject to personal preferences and experiences of healthcare professionals or resource and capacity constraints. Further research is needed to explore where variation may or may not be warranted. For example, our evidence suggests that the frequent use of multiple diagnostic tests has both time and cost implications and there may be scope to optimize practices through further research on optimal diagnostic algorithms for patients with different profiles (given that the use of diverse algorithms was identified as a challenge).

Finally, whereas this research is unique in adopting a multidisciplinary, clinical practice and health services research perspective on the care of patients with CDI, and in combining a narrative review covering diverse high income country contexts with in-depth case examples of five countries, further primary research is needed to complement the findings identified through the case examples with data from other countries. We hope the insights we have shared in this paper help inform future research agendas, as well as shed new light on the diverse and complementary ways in which the care of patients with C. difficile infection can be improved in the future.



4.2. Limitations

This study examines the CDI patient care pathway and discusses key challenges to optimizing patient care across the pathway- from diagnosis, to initial treatment, patient monitoring and management of recurrence. It also examines key priorities in the context of areas where improvement is needed and explores variation in views across and within countries. It is also novel in that is covers multi-disciplinary factors, bringing together clinical and healthcare service and systems perspectives and drawing on diverse evidence sources – narrative review, interviews, workshops and a survey.

There are, however, some limitations to note. Firstly, the narrative review did not include all possible articles on the topic of the CDI patient pathway. It was intended to be a focused review of key relevant evidence to identify key challenges and improvement opportunities, not a full systematic review, but following many core principles of a systematic review approach. While the consultations engaged key experts in the five country examples, a limited number of individuals were consulted through interviews (eight in total), but this was mitigated with wider survey-based consultation. Variation in clinical practice and service delivery across provinces and states of larger countries (e.g., Australia and Canada) was possibly not all captured through the interviews and there may be some challenges or improvement opportunities related to other regions that were not identified (or that do not apply as strongly to other regions). However, the survey with a much larger number of respondents should help mitigate this, especially as there were options for respondents to present additional improvement actions and evidence gaps, and coupled with insights from the literature. Finally, while the survey involved 95 participants from across the five example countries and captured a diversity of perspectives, engagement from participants from France in particular was low (four respondents) limiting the extent to which we could generalize findings in that context.
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Objectives: Diarrhea is a major public health problem in low- and middle-income countries, including Bangladesh. Of the different spectrums of diarrheal diseases, cholera occurs every year, causing outbreaks and epidemics following a biannual seasonal pattern. Due to the COVID-19 pandemic, hospitalization for diarrheal diseases decreased in 2020 compared to the previous years. However, in 2021, massive outbreaks occurred in different geographical locations of the country. We described that an outbreak of diarrheal diseases causes mortality in different geographical locations in Bangladesh.

Method: In this study, we present a report of diarrhea outbreaks that were reported in 2018–2021 in different parts of Bangladesh, and data have been captured from different sources such as print and electronic media as well as from a nationwide surveillance system.

Results: Among these locations, districts of Barisal Division, Kishorganj, Noakhali, Gopalganj, Bandarban, and Chattogram were the major hotspots of the outbreaks where high morbidity due to acute watery diarrhea and even mortality, which is usually low in Bangladesh, were recorded.

Conclusion: Early detection and prevention and strengthening of the surveillance system are needed to combat the diarrheal upsurge, take immediate control, and adopt preventive strategies.

KEYWORDS
  Bangladesh, cholera, diarrhea, outbreak, COVID-19


Introduction

Diarrhea is a disease of the gastrointestinal tract characterized by frequent, loose, and watery bowel movements. The etiology of the disease may be bacterial (Vibrio cholerae, ETEC, Shigella, and Salmonella spp.), viral (most commonly rotavirus), protozoa, and parasitic organisms, which can be spread by contaminated water (1). Diarrheal diseases have been considered a major public health problem and are estimated as the eighth leading cause of mortality globally (2). Most burden estimations have been focused on children due to their high prevalence in under five children (1.7 billion episodes annually among under five children) even though a substantial burden is seen in adults (2, 3). Overall deaths due to diarrhea have been reduced after the invention of oral rehydration solution (ORS), but morbidity has remained relatively constant (4). In Bangladesh, diarrheal diseases are the most common cause for seeking hospital-level care (5, 6). Along with over 210 countries globally, Bangladesh is also facing a large outbreak of COVID-19 at present. The World Health Organization (WHO) has declared it a pandemic emergency, and the first-ever COVID-19 case was detected in Bangladesh on 8 March 2020 (7). Due to the COVID-19 pandemic, hospitalization for diarrheal diseases decreased in 2020 compared to that in previous years. However, in 2021, massive outbreaks occurred in different geographical locations of the country. Epidemics and outbreaks are common in the region where there is a shortage of clean water for drinking, cooking, and cleaning and also among people with a lack of knowledge on basic hygiene and sanitation. Most importantly, water contaminated with feces from municipal sewage, septic tanks, and latrines is the cause of disease outbreaks. However, water scarcity, increased salinity of water, and climate change are the predisposing factors for increased diarrheal disease outbreaks. Monitoring outbreaks can help us learn more about the causes of outbreaks, sources, and the groups of people who become ill. This knowledge can be used to control the outbreak and prevent the further spread or recurrence of the infection in future. Diarrheal diseases including cholera outbreaks occurred in Bangladesh many times, including during floods (1988, 1998, and 2004) and due to behavioral factors such as using contaminated sources of water and poor hygiene practices (8, 9). Cholera is an extremely virulent disease that can cause severe acute watery diarrhea, and the WHO has launched an aim to end cholera by 2030, with the major target being to eliminate cholera from 20 countries out of 47 cholera-endemic countries by 2030 (10). To align with this target, burden estimation, following the disease trends, integrated disease surveillance, and rapid outbreak investigation are crucial. The reason behind this may have been the fear of seeking treatment in hospitals, maintaining good hand-washing practices, and avoiding street food due to the COVID-19 pandemic. However, from April 2021, the country experienced sporadic outbreaks of diarrheal diseases in different districts, causing a huge number of cases and deaths. In this report, a brief update on this upsurge/outbreak of diarrheal diseases including cholera is described based on reports from different media.



Method/data source

Information on diarrheal outbreaks was collected from different print and electronic media as well as personal communication with different hospitals and institutes around the country. We adopted various electronic data sources for this report, which include newspaper and television news broadcasts. Very limited data on the microbiological cause of outbreaks were available. However, nationwide sentinel cholera surveillance has been continuing in 16 sites in Bangladesh in collaboration between icddr,b and the Institute of Epidemiology Disease Control and Research (IEDCR) (11). In this surveillance, participants with acute watery diarrhea have been enrolled, and also a rapid diagnostic test (RDT) and microbiological culture have been carried out for collected samples. We have also used the data from this surveillance network for this outbreak report.



Result and discussion

Barisal Division, located in south-central Bangladesh, has been affected by diarrheal diseases since the beginning of this year. According to one report by a local newspaper, over 50,000 patients received treatment for diarrheal diseases in health facilities between 1st January and 10th May 2021. According to government records, 19 patients have died whereas non-government sources have recorded 36 deaths (12). Between 1st April and 23rd April, a total of 38,046 cases and 10 deaths were reported, with the highest number of cases in Bhola and the highest number of deaths in the Barisal district in Bangladesh's Barisal division (Table 1). In addition, an average of more than 1,000 people was admitted to hospitals each day in mid-April 2021. Considering this critical situation, a national ‘outbreak response' from the Institute of Epidemiology Disease Control and Research (IEDCR) was carried out. The groups worked in these areas to investigate the burden and etiology of these upsurges. After laboratory testing, Vibrio cholerae O1, E. coli, and other bacteria were found in the stool sample of the affected patients. It was assumed that contaminated water and other environmental factors, such as scarcity and increased salinity of water, were the sources of infection. Usually, the people in these areas used tube well for drinking water but for other household purposes such as cooking and washing, they used water from natural sources (rivers and ponds). Furthermore, people are used to eating “Panta” (cooked rice soaked in water overnight or longer), and for this preparation, they use water from natural sources. Government officials have warned the public that the magnitude of diarrhea and deaths caused by AWD diarrhea in Barisal has surpassed previous two-decade records (13, 14). The Ministry of Health and Family Welfare (MOH&FW) took immediate action to combat this epidemic by ensuring medicines and saline and by taking some action of awareness. The nationwide sentinel surveillance covers three outbreak areas (Barisal, Patuakhali, and Pirojpur). During the outbreak in April 2021, a total of 147 samples were collected from these areas. Among the tested sample, 28% (n = 41) was RDT positive, and also 16% (n = 23) of the culture-confirmed organism has been isolated from stool samples for Vibrio cholerae O1.


TABLE 1 Number of cases and deaths due to diarrheal disease outbreaks in different districts/upazila in Bangladesh, 2021.

[image: Table 1]

In addition to Barisal, the upsurges were sporadically reported from other eight divisions of Bangladesh including Dhaka and Chattogram. A diarrheal outbreak occurred in early May 2021 in Mithamoin upazila of Kishoreganj District in northern Bangladesh, located in the Mymensingh Division, and more than a hundred children and adults were affected by diarrhea and four individuals died as a result of severe dehydration. In Gopalganj in the Dhaka division, the diarrheal upsurge was recorded from April onward. Increased salinity and pollution of the surrounding river “Modhumoti” in the area were considered major sources of infection (15). Noakhali, a district of Chattogram Division faced a similar outbreak in April–May 2021, where 15 deaths due to diarrheal diseases were notified in 20 days. Around 10,000 people were affected by the disease at that time and a majority of the cases were children and the elderly (16). In early June 2021, diarrhea cases also rose in Alikadam Upazila of Bandarban, and six deaths due to AWD were notified within 4 days from the affected area. The health authority of the Bandarban area and the Military patrol team worked together to control the epidemics by ensuring adequate drinking water, water purification tablets, saline, and other essential medicines (17). The Forcibly Displaced Myanmar Nationals (FDMNs) who fled to Bangladesh in 2017 due to the internal conflict in Myanmar resided in Cox's Bazar. In December 2021, approximately 20,000 FDMNs were shifted to Bhasan Char, an isolated island in Hatiya under the Noakhali district. A diarrheal epidemic was also observed in that area, where 1,500 people were infected along with four deaths. The local health authorities confirm that they were able to control the situation in Bhasan Char (18). We also provide a geographical distribution of the 2021 diarrhea outbreak in Bangladesh (Figure 1A). We have searched different reports to find out the morbidity and mortality due to diarrheal diseases across the country for the period between 2018 and 2021. The death counts and hospitalization rates were higher in 2021 in comparison to other years (19–34) (Figure 1B). Rotavirus, adenovirus, and Vibrio cholerae were the most common diarrheagenic microorganisms in Bangladesh, regardless of age or location. It is critical to speed up the introduction of rotavirus and cholera vaccines into the national vaccination program, as these vaccines have the potential to considerably lower the burden (35). The intensity of diarrhea is usually noticed more in places adjacent to coastal environments, particularly in Bangladesh's southern coastal areas and north-eastern regions. The northeastern territory is particularly vulnerable owing to the annual occurrence of severe flooding during the rainy season.


[image: Figure 1]
FIGURE 1
 (A) The number of cases and death due to diarrhoeal discase outbreaks in different districts/upazila in Bangladesh, 2021. Map source: Banglapedia Bangladesh map digitize and data updated by icddr,b. (B) The number of cases and deaths dur to diarrhoeal disease outbreaks in different districts/upazlia in Bangladesh, 2018–2021; Data source from the print and electronic media.


The recent cholera epidemics that occurred in South America (36), Asia (37), and sub-Saharan Africa (38) affected millions of people and had a high mortality rate. The World Health Organization (WHO) documented annual cholera incidences globally (39). Although these are mainly focused on official incidents that the affected countries have documented. These reports are believed to be underestimated due to limitations or lack of adequate surveillance systems. In addition, the actual global number of cholera cases may be estimated to be higher than officially reported (40). Because outbreaks are frequently not reported to avoid the risk of travel and trade embargoes against the affected country. In recent diarrheal outbreaks in Bangladesh, analysis of acute diarrhea cases showed V. cholerae to be the most commonly identified causative agent (41).

Primary data were not used in this study, so that was one of the primary limitations. One of the strengths was that the combined data presentation did highlight the 2021 diarrhea outbreak, including mortality, so this will create awareness about future outbreaks of diarrhea in Bangladesh.



Conclusion

Diarrheal diseases occur every year in Bangladesh, but in 2021, the cases and fatality rates exceeded previous reports in some places. Vibrio cholerae is usually a cause of diarrheal epidemics and outbreaks in Bangladesh (11); however, due to the lack of microbiological data, we are unable to determine the cause. The establishment of a national surveillance network with enhanced laboratory capacity for early detection and immediate action is key for combating the disease. However, to achieve the target of cholera ending by 2030, different intervention strategies such as improvement of water sanitation and hygiene facilities, immunization including cholera vaccine in the hotspot, household water treatment, and preventive treatment for household contact can play a major role in preventing diarrheal disease. In conclusion, enhanced awareness and alert systems, sustainable surveillance, and epidemiological studies can track trends in diarrheal disease incidence and mortality along with future projections, which will lead to evaluations of different prevention and control strategies.
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Objective: Salmonella infection is a common cause of bacterial foodborne diseases (FBDs) globally. In this study, we aimed to explore the epidemiological and etiological characteristics of Salmonella infection from 2012–2021 in Zhejiang Province, China.

Methods: Descriptive statistical methods were used to analyze the data reported by the Centers for Disease Control and Prevention at all levels in Zhejiang Province through the China National Foodborne Diseases Surveillance Network from 2012–2021.

Results: A total of 11,269 Salmonella cases were reported, with an average positive rate of 3.65%, including 1,614 hospitalizations. A significant seasonal trend was observed for Salmonella cases, with the highest rate over the summer period, peaking from May to October, accounting for 77.96%. The results indicated a higher positive rate among respondents aged 0–4 years, especially for the scattered children (P < 0.05). The highest number of Salmonella infections were caused due to contaminated fruit and fruit products. Households (54.69%) had the most common exposure settings. Serotypes analysis revealed that Salmonella typhimurium (36.07%), Salmonella enteritidis (15.17%), and Salmonella london (6.05%) were the dominant strains among the 173 serotypes. Diarrhea, abdominal pain, fever, nausea, and vomiting were the main symptoms of these serotypes.

Conclusions: FBDs caused by Salmonella are important issues for public health in Zhejiang Province, and there is a need to focus on the epidemiological and etiological characteristics to control Salmonella infections.

KEYWORDS
 epidemiology, public health, foodborne disease (FBD), surveillance system, Salmonella


1. Introduction

Foodborne diseases (FBDs) represent global public health issues that result in considerable morbidity and mortality in all age groups and are a hurdle to socioeconomic development. The World Health Organization (WHO) estimated that there were ~600 million (almost 1 in 10) cases caused by contaminated food, resulting in 33 million disability-adjusted life years (DALYs) in 2010 (1, 2). Generally, FBDs occur due to specific pathogens, such as the bacteria, viruses, parasites, fungi, and mycotoxins, and prions, environmental factors like contamination during the production, processing, transport, and storage phases, as well as the conditions of the host's immune system (3, 4). The most frequent causes of FBDs worldwide are bacterial pathogens, the most important being Salmonella, Vibrio parahaemolyticus, Listeria monocytogenes, Staphylococcus aureus, and some other pathogens (4–8).

Salmonella, a vital microorganism responsible for FBDs, mainly exists in foods of animal origin, especially raw poultry, raw meat, eggs, and their products (9, 10). Annually, Salmonella causes ~200 million to over 1 billion infections worldwide, with 93 million cases of gastroenteritis and 155,000 deaths, and 85% of illnesses which are food-linked (11–13). Due to cross-contamination in the production process, the bacteria may get transferred onto these products (14). Meat and poultry products were a good environment for the growth of Salmonella because of rich content of nutrients and water (15). Besides, fruit and vegetable products contaminated by animal fecal flora could act as a breeding ground for Salmonella (16). Moreoover, in 2017, 10,000 cases of Salmonella infections were registered in Poland, and the incidence rate per 100 thousand population was 26.0% (17). Human challenge studies have demonstrated that patients can develop food poisoning after ingesting Salmonella, which has influenza-like symptoms including nausea, vomiting, abdominal pain, and diarrhea (18). At present, Salmonella has more than 2,500 serotypes worldwide, and more than 200 serotypes have been identified in China. During 1996–2014, S. typhimurium, S. enteritidis, and S. newport were the three most common serotypes reported by the Foodborne Diseases Active Surveillance Network (FoodNet) sites of the Centers for Diseases Control and Prevention (CDC) in the US (19).

FBDs surveillance aims to monitor food contamination and harmful factors, and reduce the burden of illness due to contaminated food. There are several different types of FBD surveillance systems, including event-based surveillance, indicator-based surveillance, and integrated food chain surveillance (20). Since 2011, China has successively established a web based FBD surveillance platform, which includes the Foodborne Disease Outbreaks Surveillance System (FDOSS), Foodborne Disease Surveillance and Reporting System (FDSRS), National Molecular Traceability Network for Foodborne Diseases (TraNet), and other surveillance systems (21). The FDSRS system is applied for collecting information about foodborne disease patients visiting medical institutions at all levels, including self-reported suspicious food exposure and pathogen detection results. Zhejiang Province, on the southeast coast of China, is located at 27°02'N to 31°11'N and 118°01'E to 123°10'E, has 35,100 health institutions (including village clinics), with 1,486 hospitals and 103 CDCs (22). In this study, the national FBDs surveillance data collected over 10 years were used to describe the epidemiological characteristics, food vehicles, and setting distribution of foodborne gastroenteritis caused due to Salmonella infections in Zhejiang Province.



2. Methods


2.1. Diagnostic criteria for Salmonella FBDs

The diagnostic criteria were mainly based on the clinical symptoms and microbiological evidence. Suspected cases were considered to have an acute gastrointestinal illness (AGI) if they met one or both of the following clinical symptoms: (1) diarrhea, defined as three or more loose stools within 24 h, accompanied by abnormal fecal characteristics, and (2) vomiting (accompanied by content). Microbiological evidence was obtained when Salmonella was isolated from suspected food items, equipment, utensils, or when a simultaneous serotype of Salmonella was detected in the vomit or feces of multiple patients.



2.2. Data collection

The Zhejiang Provincial CDC (ZJCDC) has been collecting FBD- relevant data through the China National Foodborne Diseases Surveillance Network (NFDSN) since 2012. One hundred and one hospitals were asked to detect Salmonella pathogens and their corresponding subtypes for all suspected foodborne disease cases, and reported illnesses through NFDSN since 2012. In this study, cases reported by 101 hospitals in Zhejiang Province between 2012 and 2021 were included. Epidemiologists from the health departments first conducted an investigation to ascertain the full extent of the foodborne illness, and the information collected for each case includes the reporting region, date of occurrence, setting, etiology, food categories, number of illnesses/hospitalizations, and other details. Unknown etiology refers to foodborne disease cases in which the confirmed etiology has not been identified. Settings were classified into eight categories. Food items were identified as sources of disease through epidemiological or laboratory methods and were classified into 14 categories. Food that could not be determined was classified as “Unknown.” The GIS map data of Zhejiang Province was downloaded from the national basic geographic information center of China (http://bzdt.ch.mnr.gov.cn/).



2.3. Standard laboratory protocol for Salmonella

Fresh stool specimens or anal swabs were collected from cases. The best specimens were a fecal specimen, anal swab was used only when the patient had no stool specimen. Specimens collected were tested as soon as possible. Specimens placed in the culture-Blair medium were tested within 24 h of refrigeration. Fresh fecal samples were placed in clean, dry containers without soap or disinfectant residue, and sent for examination within 8 h of refrigeration.

Isolation and identification of Salmonella were performed as described in the Operation Procedure for Salmonella Inspection in the Foodborne Disease Surveillance Work Manual of the National Center for Food Safety Risk Assessment. In brief, the above specimens were placed in SBG augmenting solution and cultured at 36°C for 18 to 24 h. Furthermore, after gently shaking the expanding liquid tube we applied 1 ring line to the Salmonella chromogenic medium or XLD AGAR plate and incubated it at 36 ± 1°C for 18 to 24 h. We picked three to five suspected colonies, inoculated in TSI AGAR, lysine decarboxylase, and nutrient AGAR plates, at 36 ± 1°C for 18 to 24 h. A single colony was scraped from a nutrient AGAR plate for systematic biochemical identification. Either of biochemical identification kit or automatic microbial biochemical identification system can be selected for identification.

The Salmonella serovar was identified with specific O and H antiserum samples according to the Kauffmann–White scheme as described in the instructions provided by the manufacturer of the antiserum samples (Statens Serum Institute, SSI).



2.4. Data analysis

All the data was analyzed using IBM SPSS Statistics for Windows, version 22.0 (IBM Crop., Armonk, NY, USA). Open-source software QGIS (Quantum GIS version 3.22.9) was used to map the spatial distribution of cases with positive detection rates caused by Salmonella between 2012 and 2021.

The total positive detection and hospitalization rates were calculated for Salmonella, and a linear trend test was used to detect the change in the positive detection and hospitalization rates annually. Chi-square tests were used to compare the relationship between demographic characteristics and the positive rate, including sex, age, annual distribution, season, and area. Fisher's exact test was used if the conditions were not met in the chi-square test. A post-hoc test was used for pairwise comparisons. The seasons were classified as winter (December to February), spring (March to May), summer (June to August), and autumn (September to November). P < 0.05 was considered as significant.




3. Results


3.1. General epidemiological characteristics

Between 2012 and 2021, 420,736 suspected FBD cases were reported in medical institutions at all levels in 11 cities in Zhejiang Province, and 308,326 stool samples were collected for Salmonella testing. The total positive rate was 3.65% (11,269/3,08,326). The positive detection rate for Salmonella increased from 1.69 to 6.61% during 2012–2021 (Table 1, Figure 1), and the number of reported confirmed cases increased, especially in 2020 (6.80%) and 2021 (6.61%) (Table 1). A significant increase in the hospitalization rate was observed during the study period (Table 1, Figure 1).


TABLE 1 Demographic characteristics and Salmonella positive rate in Zhejiang Province from 2012 to 2021.
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FIGURE 1
 The change of number of cases, positive rate, and hospitalization rate of Salmonella during 2012–2021.


The regional distribution of cases with positive Salmonella infection among 11 cities is shown in Figure 2. City of Taizhou, Quzhou, and Lishui cities had a positive rate of 6.57% (1,907 cases), 4.54% (820 cases), and 4.39% (1,173 cases), respectively (Table 1, Figure 2). Whereas, city of Jinhua, Quzhou, and Lishui cities had the highest hospitalization rates with 17.22, 16.17, and 14.13%, respectively.


[image: Figure 2]
FIGURE 2
 Spatial distribution of 11,269 Salmonella cases during 2012–2021 in 11 cities of Zhejiang Province.




3.2. Trend and seasonality

In terms of temporal distribution, Salmonella infection mainly occurred seasonally from May to October, during which 8,754 cases occurred, accounting for 77.69% of the total cases. These months are the hottest in Zhejiang, with average temperature ranging between 20.7 and 28.2°C (Figure 3) (23). Moreover, the highest positive rate (5.21%) was observed in summer (June to August) (P < 0.001) (Table 1).


[image: Figure 3]
FIGURE 3
 Temporal distribution and number of Salmonella cases, by month of occurrence, 2012–2021.




3.3. Age, gender, and occupational difference

The average age of 11,269 patients (6,155 males and 5,114 females) was 33.63 years. A slight difference was observed between the different sex groups (P = 0.012), as shown in Table 1. As for age distribution, the majority of reported Salmonella cases affected children aged 0–4 years (4,060 cases, 36.02%), and older adults aged >60 years (2,109 cases, 18.72%), with positive rates of 8.79 and 4.34%, and hospitalization rates of 48.14 and 27.70%, respectively. A significant occupational difference was observed between the occupational groups (P < 0.001). The positive infection rate was the highest in scattered children (3,136 cases, 13.02%), with a hospitalization rate of 37.73%.



3.4. Implicated foods and settings

Among the 11,269 Salmonella cases, 1,434 (12.73%) were attributed to fruits and fruit products (Table 2). Aquatic products (1,370 cases, 12.16%), meat and meat products (1,337 cases, 11.86%), cereals and grain products (1,054 cases, 9.35%), milk and dairy products (705 cases, 6.26%), vegetables and vegetable products (657 cases, 5.83%), eggs and egg products (493 cases, 4.37%), beverages and frozen drinks (273 cases, 2.42%), infant foods (226 cases, 2.01%), and beans and soy products (186 cases, 1.65%), these were the most commonly reported food items. Approximately 6.85% (772/11,269) of the cases were associated with mixed dishes, 6.05% (682/11,269) with multiple foods, and 12.66% (1,427/11,269) with unknown food. In addition, 653 (5.79%) cases were relevant to other food products containing liquor products, fungi, nuts, sweets, and water. Among single food category, fruit and fruit products (186 hospitalizations, 11.52%) were responsible for most hospitalizations, followed by meat and meat products (168 hospitalizations, 10.41%) and cereals and grain products (156 hospitalizations, 9.67%).


TABLE 2 Food and Setting distribution of Salmonella positive cases in Zhejiang Province from 2012 to 2021.
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The distribution of cases according to the setting is shown in Table 2. Salmonella FBDs occurred most frequently in household settings (6,163 cases, 54.69%), followed by restaurants (479 cases, 4.25%), retail (182 cases, 1.61%), collective canteen (142 cases, 1.26%), schools (30 cases, 0.27%), rural banquets (28, 0.25%), and other settings (4,245 cases, 37.67%), including unknown settings (1,312 cases, chophouses, street stalls, and delivering meals). Salmonella FBDs in households (772 hospitalizations, 47.83%), retail (36 hospitalizations, 2.23%), and restaurants (33 hospitalizations, 2.04%) resulted in a relatively high numbers of hospitalizations.



3.5. Serotypes and symptoms

In this study, 173 Salmonella serotypes were identified. Salmonella typhimurium was the most common serotype, accounting for 36.07% (4,065/11,269), and Salmonella enteritidis was the second, accounting for 15.17% (1,710/11,269), followed by Salmonella london, accounting for 6.05% (682/11,269). Among the 11,269 Salmonella cases, 99.41% had diarrhea, 47.22% had abdominal pain, 27.03% had fever, 20.05% had nausea, and 18.46% had vomiting. Symptoms varied greatly according to serotype. Diarrhea was the most common symptom among the serotypes (Table 3).


TABLE 3 Reported signs and symptoms of Salmonella cases in different serotypes.
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4. Discussion

Salmonella infection is a vital public health concern in the Zhejiang Province. In this study, we for the first time described the epidemiological and etiological characteristics of the Salmonella infection in the Zhejiang Province between 2012 and 2021. During the years, 11,269 cases with 1,614 (14.32%) hospitalizations were reported, corresponding to an average positive rate of 3.65% for the whole province. The average age of patients infected with Salmonella was 33.63 years. In all settings and food categories, Salmonella cases occurred most commonly in household settings (6,163 cases, 54.69%) due to fruit and fruit products (1,434 cases, 12.73%).

The positive rate of Salmonella infection increased during 2012–2021 and remained particularly high between 2020 and 2021. Considering the gradual improvement of the surveillance system at all levels of CDCs and hospitals, more attention has been paid to FBDs and cases have been reported in detail (24). Compared to the rates abroad, the CDC estimated that Salmonella enterica caused 1.2 million infections, 24,000 hospitalizations, and 450 deaths in the United States (25). According to the European Food Safety Authority (EFSA) and European CDC (ECDC) reports, 88,715 confirmed cases of Salmonella infection and an EU notification rate of 23.4 cases per 100,000 population were recorded (26). South East Asia, with 11 different countries, ranks third as the super region for the global burden of Salmonella-induced gastroenteritis (27). Some epidemiological studies have revealed the prevalence, characterization, genetic investigation, serovar distribution, and antibiotic resistance in China, however, the results remain ambiguous (28–30). Therefore, it is reasonable to assume that FBD caused due to Salmonella infection is a growing public health issue in the Zhejiang Province.

Salmonella infection showed an obvious pattern according to age, and young children and older adults were especially vulnerable. Following are some plausible explanations as to why young children and older adults are more susceptible to Salmonella infection. Primarily, immunocompromised children and older adults and those with underlying conditions are particularly vulnerable to invasive diseases (31, 32). Due to their immature immune systems and permeable gastrointestinal tracts, infants and young children are more susceptible to infection by foodborne pathogenic bacteria than other age groups (33). Older adults exhibit dysregulated immune responses to pathogens. In addition, consumption of infant formula contaminated with Salmonella may result in serious illness. In terms of community risks, powdered infant formula contamination and its associated hazards may not be fully recognized (34, 35). Moreover, parents pay high attention to Salmonella infection, and they tend to seek medical advice (36).

Regional differences in the distribution of Salmonella were observed in the present study. Considering the location of the Zhejiang Province, the annual mean temperature ranges from 15.0 to 18.0°C and the province experience a subtropical humid climate. Taizhou was deemed to have the highest rate of Salmonella positivity, with a population of more than six million and 73.0% mountainous area. Hangzhou, with the most cases of Salmonella infection, has the lowest percentage of hospitalizations. To the best of our knowledge, in many locations with limited resources, food safety methods for prevention are rarely the main focus, and the lack of food safety knowledge is a vital reason for FBDs (37). With the diverse species of Salmonella serotypes, there are differences in the biofilm lifestyles, long-term persistence outside, and immune responses (38). Recent studies have revealed that climate and seasonality may play important roles in the prevalence of Salmonella (39). In this study, Salmonella infection showed a significantly increased positive rates in the warm seasons, especially in summer. Stronger research evidence indicated that Salmonella infections are elevated in warm climates (40, 41). Owing to high temperatures, people prefer raw and cold foods. Frozen, raw, and cold foods, such as meat, milk and milk products, have been identified as risk factors for Salmonella infection (42). Furthermore, warm and suitable temperatures are more suitable for the growth of Salmonella. Therefore, refrigerating foods is necessary for the prevention and control of bacterial FBDs.

Interestingly, more than half of the Salmonella positive cases occurred in household setting (6,163 case, 54.69%) in our study. According to a survey of six European countries, approximately 40% of foodborne infections are acquired at home because of cross-contamination and food preferences (43). The food category results demonstrated that fruits and fruit products (1,434 cases, 12.73%), aquatic products (1,370 cases, 12.16%), and meat and meat products (1,337 cases, 11.86%) acquired the top three positions among all food categories in Zhejiang Province that caused Salmonella infections. The main sources of Salmonella infection in humans are meat products, including the consumption of contaminated poultry meat at the global level (44). A systematic review and meta-analysis had evaluated that the prevalence level differed from high to low among raw poultry meat, including chicken, pigeon, duck, and other poultry meat (9). However, an increasing number of reports have linked Salmonella contaminated raw vegetables and fruits with food poisoning (45). Salmonella uses multiple strategies to manipulate the host defense system while in contact with fruits and vegetables, including affecting the genetic variation, controlling the heterogenous expression of flagellin, and suppressing the dual expression of effector proteins (46).

Serotyping results demonstrated that most Salmonella FBDs were caused by multiple serotypes, including S. typhimurium, S. enteritidis, and S. london, which is consistent with previous studies (47, 48). In the past two decades, S. typhimurium and S. enteritidis have become the most common Salmonella serotypes responsible for human infections in different regions (49). An epidemiological investigation showed that high levels of Salmonella contamination were detected in meat products, and multiple virulence-associated genes were isolated in Southern China, Guangdong Province (50). Some valuable baseline data collected from other provincial regions also showed significant differences in Salmonella serotypes (51, 52). It is noteworthy that S. derby, S. risoson, S. stanley, S. dublin, S. gold coast, S. paratyphi, S. rosenticus, S. infantis, and S. sick cattle were also considerable serovars, accounting for 1.86, 1.32, 1.30, 1.29, 1.22, 1.19, 1.14, 1.10, and 1.04% of the total serotypes, respectively. Moreover, S. stanley, S. dublin, and S. sick bovine were higher in the city of Jinhua, Quzhou, and Zhoushan, respectively, which indicated that there were some differences in the distribution of the dominant serotypes. These differences may be associated with geographical location, eating habits, climatic conditions, and food preferences. Therefore, it is essential to systematically monitor the Salmonella serotype distribution through a proper sampling layout.

In terms of clinical symptoms, our results showed that most serotypes could cause AGI symptoms, including diarrhea, abdominal pain, fever, nausea, and vomiting. The twelve main serotypes caused diarrhea in more than 90% of cases. The proportion of abdominal pain was the highest in S. dublin (60.69%) and lowest in S. stanley (39.04%). Remarkably, S. dublin (46.21%) was responsible for the highest fever proportion, whereas it was lowest in S. rosenticus (13.28%). Nevertheless, fever caused by Salmonella infection may be difficult to distinguish from other febrile diseases; therefore, etiological examination is essential (18). The highest proportions of nausea and vomiting were caused by S. dublin. S. dublin mainly colonizes cattle; however, upon infection, it might lead to invasive illness in humans (53).

This study had some limitations. First of all, the case data were collected through the NFDSN, which is a passive surveillance system and some information was either missing or incomplete, such as food categories, settings and etc., so the conclusions might not be representative of unknown classification. Second, although our surveillance system has improved significantly since 2012 in all province, the data quality is still related to regional distribution, local economic level, detection capacity, and coordination degree. Additionally, food information was self-reported by patients, so there was great uncertainty regarding epidemiological tracing. Further case surveillance should focus on the etiology and food, and also training investigators to make efforts to obtain the exact causes of FBDs and accurate characteristics.



5. Conclusion

We have demonstrated for the first time of epidemiological characteristics for foodborne diseases caused by Salmonella in China over the past 10 years. Since Salmonella infections continues to be a severe public health concern worldwide, we recommend that the data accuracy of food collection for suspected exposure should be optimized and compared with the actual contamination results in food items to provide support for supervision. To prevent and control future FBDs caused by Salmonella, it is necessary to carry out drug resistance analysis and whole genome sequencing of Salmonella cases, and further explore its biological mechanism. There is a need to carry out an overall assessment of Salmonella infection in residents by strengthening FBDs surveillance, source attribution and burden estimation, and more efforts should be directed toward conducting comprehensive assessments for specific public health policy formulation.
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Vibrio cholerae is the causative agent of cholera, a highly contagious diarrheal disease affecting millions worldwide each year. Cholera is a major public health problem, primarily in countries with poor sanitary conditions and regions affected by natural disasters, where access to safe drinking water is limited. In this narrative review, we aim to summarize the current understanding of the evolution of virulence and pathogenesis of V. cholerae as well as provide an overview of the immune response against this pathogen. We highlight that V. cholerae has a remarkable ability to adapt and evolve, which is a global concern because it increases the risk of cholera outbreaks and the spread of the disease to new regions, making its control even more challenging. Furthermore, we show that this pathogen expresses several virulence factors enabling it to efficiently colonize the human intestine and cause cholera. A cumulative body of work also shows that V. cholerae infection triggers an inflammatory response that influences the development of immune memory against cholera. Lastly, we reviewed the status of licensed cholera vaccines, those undergoing clinical evaluation, and recent progress in developing next-generation vaccines. This review offers a comprehensive view of V. cholerae and identifies knowledge gaps that must be addressed to develop more effective cholera vaccines.
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1. Introduction

Cholera is an acute, watery diarrheal disease caused by Vibrio cholerae, a curved, rod-shaped, motile, Gram-negative bacterium that lives in aquatic environments. Without prompt treatment, cholera can cause severe dehydration and death. Treatment involves administering saline oral rehydration solutions, intravenous fluids, or antibiotics, depending on the severity (1–3). V. cholerae is spread from person to person via the fecal-oral route or indirectly through contaminated food and water (3). Cholera is endemic in many regions of Africa and Asia, where seasonal or sporadic outbreaks occur (4–7), predominantly in countries with poor sanitary conditions, such as open defecation, unhygienic food handling, and limited access to safe drinking water (8).

Vibrio cholerae is of major public health concern due to its potential to cause pandemics. Since 1817, there have been seven cholera pandemics, with the seventh beginning in 1961 and continuing until today. In 2015, the estimated annual incidence of cholera was 1.3–4 million cases, resulting in 21,000–143,000 deaths (9). However, the notification of cholera cases to the WHO is not mandatory; therefore, it is an underreported disease in many countries (9). For several reasons, the true burden of cholera is underestimated. For instance, it is often difficult to differentiate cholera from other acute diarrheal diseases based on clinical observation. Additionally, diagnostic and epidemiological surveillance laboratories may be deficient or even absent in cholera-endemic areas, thereby limiting accurate etiological diagnosis. It is likely that many cholera-associated cases and deaths do not present to health facilities and are therefore not included in the reports. Added to this, in some countries, there might be disincentives to report cases due to the possible negative impact on tourism and the export industry (10). Recently, the SARS-CoV-2 pandemic has affected cholera surveillance in many regions (11, 12), and there were 65% fewer cases reported to the WHO in 2020 than in 2019 (13). At the same time, preventive measures implemented during the pandemic, such as handwashing, hygiene promotion, social distancing, and banning of large gatherings, likely reduced cholera transmission. The extent to which the SARS-CoV-2 pandemic affected cholera surveillance and epidemiology is currently unknown (14, 15). Thus, cholera remains a leading cause of morbidity and mortality in several developing and resource-poor countries (14).

Cholera is a preventable and treatable disease, and several strategies can be used to control it (Box 1). In 2017, the Global Task Force for Cholera Control proposed an ambitious plan to eliminate endemic cholera in 20 countries and reduce cholera deaths by 90% by 2030 (22). The plan, called “Ending Cholera: A Global Roadmap to 2030,” focuses on strengthening public health systems, improving surveillance for early detection of cholera outbreaks, improving drinking water, sanitation, and hygiene conditions, making oral rehydration treatments more accessible, and increasing vaccination coverage.



BOX 1 Cholera prevention and control strategies.


• Improved sanitation and access to drinking water: This disease is primarily spread through the consumption of contaminated water or food. Therefore, improving access to drinking water and sanitation facilities can contribute to reducing the risk of cholera transmission (16).

• Early detection and prompt treatment: Rapid detection of cholera cases and adequate treatment can reduce the spread of the disease and decrease the number of deaths. Rapid diagnostic tests are useful in this regard (17).

• Vaccination: Oral cholera vaccines (OCVs) have been shown to be effective in preventing cholera and should be used as part of a comprehensive cholera control strategy, especially in endemic areas or during outbreaks (18).

• Health education: Education campaigns can help to raise awareness about cholera and how to prevent it. These campaigns should include information on proper food storage and preparation, hand washing, and recognizing the signs and symptoms of cholera (19).

• Strengthening health systems: A strong health system is crucial for effective prevention, detection, and response to cholera. This requires trained health workers, laboratory capacity, and adequate supplies of vaccines, antibiotics, and oral rehydration solutions (20).

• Antimicrobial resistance (AMR) surveillance: Severe cholera is treated with antibiotics, but the emergence of antibiotic-resistant strains can make treatment more difficult. AMR surveillance is essential to ensure appropriate antibiotic use and prevent the spread of resistant strains (21).

• International cooperation: Cholera is a global health problem and requires a coordinated global effort. The WHO, along with non-governmental organizations (NGOs) and other international organizations, plays a key role in coordinating efforts to control cholera.

While these strategies can help to control the burden of cholera and prevent large outbreaks, it is important to note that V. cholerae will likely never be completely eradicated, as this bacterium is ubiquitous in aquatic environments.
 

Antibiotic prophylaxis can theoretically prevent both human-to-human and environment-to-human cholera transmissions. Also, some field trials have suggested that chemoprophylaxis has a protective effect among household contacts of people with cholera (23, 24). However, due to the risk of resistance selection, antibiotic prophylaxis for close contacts, as well as for travelers arriving in or departing from cholera-affected areas, is not usually recommended (25).

Efforts and research directed toward the development of cholera vaccines date back more than a century. The first cholera vaccine, a live whole-cell injectable formulation, was developed in 1885 (26). A few years later, killed and attenuated cholera vaccines were reported in 1888 and 1892, respectively (27). Other injectables cholera vaccines were developed throughout the first half of the 20th century. However, all these vaccines had low levels of protective efficacy (PE) and a concerning history of adverse effects (28).

The start of the seventh cholera pandemic in the 1960s and the spread of this disease throughout Asia and Africa led to increased international interest and funding for cholera research, resulting in the development of the first oral cholera vaccine (OCV). It should be noted that current OCVs exhibit variable PE in human populations for several reasons, including the presence of different V. cholerae strains in endemic areas, immunization coverage, malnutrition, co-infections, and variations in the gut microbiome (29, 30). Thus, a cholera vaccine that provides broad and long-lasting protection remains elusive.

In this review, we will discuss recent advances in understanding the V. cholerae pathogenesis and immunity against cholera, as well as the current status of approved cholera vaccines. Lastly, we discuss how all this knowledge gained could lead to the development of next-generation cholera vaccines.



2. Vibrio cholerae classification

Vibrio cholerae is divided into more than 200 serogroups determined by the structure of the O-antigen of lipopolysaccharide (LPS) (Figure 1A). Among them, a subset of strains belonging to serogroups O1 and O139 can cause cholera and epidemics due to their ability to produce cholera toxin (CTX). Serogroups that are not O1 and O139, collectively referred to as non-O1/non-O139, typically lack the CTX and cause small gastroenteritis outbreaks, sporadic cases of bacteremia, and wound infections, but they do not cause cholera (31–33). Unlike O1, more than 85% of non-O1 serogroups (including O139) have a capsule that is critical for virulence in extraintestinal infections (34).
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FIGURE 1
 Classification and evolution of V. cholerae. (A) V. cholerae is classified into serogroups based on the composition of the O antigen of LPS. Strains belonging to the O1 serogroup are further divided into three serotypes, namely Ogawa, Hikojima, and Inaba. The LPS of these three serotypes is schematically represented, showing the approximate percentage of methylation of the terminal perosamine. Serogroup O1 is also classified into the Classical and El Tor biotypes, based on phenotypic and genetic markers. Over the past two decades, there has been a growing number of reports on V. cholerae strains that possess genetic features from both the Classical and El Tor biotypes, leading to the emergence of hybrid or variant strains. These strains have been linked to several cholera outbreaks worldwide and have contributed significantly to the global burden of this disease. (B) Timeline of the history of cholera pandemics. (C) A schematic representation of the evolutionary process underlying the development of virulence in serogroup O1. This process is mainly driven by the acquisition of mobile genetic elements, including bacteriophages, genomic islands, integrative and conjugative elements, among others.


Furthermore, O1 strains are divided into three serotypes, designated Ogawa, Inaba, and Hikojima, which are grouped according to the methylation status of the terminal perosamine of the LPS. Ogawa strains are methylated, Inaba strains are unmethylated, and Hikojima strains express both methylated and unmethylated O-antigens. While the Ogawa and Inaba serotypes can co-circulate during epidemics and are capable of interconverting (35), the Hikojima serotype is rare, and evidence indicates that it is an unstable transitional form that results when a strain undergoes serotype switching from Ogawa to Inaba (36).

Biotype is another key classifier of V. cholerae O1 strains. Classical and El Tor biotypes can be distinguished according to a set of phenotypic and genetic markers (37, 38). Interestingly, there are some differences in the infection patterns between both biotypes. El Tor strains are more efficient at host-to-host transmission, survive better in the environment and the human gut, and have a higher occurrence of asymptomatic than symptomatic carriers, compared to the Classical strains (39).



3. Cholera epidemics and pandemics

It seems that the first five cholera pandemics were caused by Classical biotype strains (1817–1896) (Figure 1B) (40). After this, the sixth cholera pandemic (1899–1923) was caused by the Classical biotype. The Classical biotype was prevalent until the 1960s, but during the pre-seventh-pandemic period (1923–1961), some sporadic outbreaks associated with the El Tor biotype were reported. The ongoing seventh pandemic (1961 to date) is caused by the El Tor biotype (41). Notably, after the emergence of the El Tor biotype, the Classical biotype declined and disappeared by the 1980s, and it is now considered extinct (42).

Eight distinct phylogenetic lineages have been identified based on whole-genome sequencing and genomic analyses of different pandemic strains. The L1 and L3-L6 lineages include Classical strains from the first six pandemics. The L2 lineage includes the El Tor strains of the seventh pandemic (7PET) and is subdivided into three clades (waves 1–3) that represent independent waves of transmission (43). Subsequent analysis reported subclades within individual waves and several transmission events, namely, T1-T12 from African countries, LAT-1 to LAT-3 from Latin America, and T13 from East Africa and Yemen (43–45).

Wave 1 strains were prevalent between 1961 and the early 1990s. During the 1990s, serogroup O139 emerged and caused cholera epidemics in Southeast Asia, but its incidence declined a few years later, and it is now rarely isolated. At the same time, Wave 2 and early Wave 3 strains emerged and replaced Wave 1 strains. Interestingly, many Wave 2 and Wave 3 strains display a mix of phenotypic and genotypic traits of Classical and El Tor biotypes, suggesting that they are genetic hybrids (37). These hybrid strains include the Matlab variants from Bangladesh, the Mozambique variants, the Haitian variants, and the altered El Tor biotype from various parts of the world (46). While Wave 2 strains have waned since the 2000s, Wave 3 strains are now the dominant cause of cholera globally (47).



4. Genome and evolution of virulence of Vibrio cholerae

The genus Vibrio commonly harbors two nonhomologous circular chromosomes, Chr1 and Chr2 (48). The first complete genome sequence of a V. cholerae strain was announced for the clinical isolate O1 El Tor Inaba N16961 (49). Genomic analysis of this strain revealed that Chr1 has 2.96 Mb with a 47.7% G + C content, while Chr2 has 1.07 Mb with a 46.9% G + C content. Chr1 contains a large number of genes for essential cellular functions, such as DNA replication, transcription, translation, and cell-wall biosynthesis, as well as virulence genes encoding toxins, adhesins, and surface antigens. By contrast, the Chr2 has fewer such genes and contains a very large integron comprising genes with diverse functions. Comprehensive analysis of both chromosomes revealed the presence of a suite of mobile genetic elements (MGEs), including prophages, genomic islands (GIs), and integrative and conjugative elements (ICEs) (49). Table 1 describes a select list of MGEs that are important in pandemic V. cholerae strains.



TABLE 1 Main mobile genetic elements harbored by pandemic V. cholerae strains.
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The genomic plasticity of V. cholerae and its ability to exchange genes through natural transformation, conjugation, and transduction are hallmarks of this bacterium. Its evolution is continuous due to the acquisition or loss of genomic segments (58, 59). The acquisition of MGEs is known to be the major driver for the evolution of V. cholerae virulence and a determinant of genetic divergence between environmental and pandemic strains (60, 61). In this respect, understanding the evolutionary events that lead to the emergence of pandemic clones of V. cholerae might provide new approaches for controlling this pathogen.

Chun et al. (62) proposed a hypothetical evolutionary pathway for the emergence of the seventh pandemic V. cholerae strains (Figure 1C). According to this model, the diversification of a common ancestral strain occurred through the sequential acquisition of MGEs, likely driven by environmental factors. After acquiring the O1 antigen, an O1 progenitor strain probably acquired the Vibrio pathogenicity island-1 (VPI-1) and Vibrio pathogenicity island-2 (VPI-2), which are ubiquitous among strains from the sixth (Classical biotype) and seventh (El Tor biotype) pandemics (63). VPI-1 encodes the toxin-coregulated pilus (TCP), which is the receptor for bacteriophage CTXΦ. Thus, transduction by the CTXΦ must have been preceded by the acquisition of VPI-1. The divergence between the Classical and El Tor biotypes was due to the acquisition of distinct bacteriophages CTXΦ and the Vibrio seventh pandemic islands (VSP-1 and VSP-2). Several lines of evidence support this. For example, comparative nucleotide sequence analyses have revealed that the CTXΦ from Classical and El Tor biotypes comprise two distinct lineages, indicating that they were acquired in independent events (64–66). In addition, VSP-1 and VSP-2 are consistently found in the O1 El Tor and O139 strains but are predominantly absent in the O1 Classical strains isolated between 1817 and 1923 (40, 59).

Horizontal gene transfer events have also occurred among strains from the seventh pandemic. Unlike Wave 1 strains, Wave 2 and Wave 3 strains contain a self-transmissible integrative conjugative element that carries multiple antibiotic-resistance genes (SXT ICE). The acquisition of SXT ICE likely influenced the population shift from the Wave 1 to Wave 2/3 strains (43). Interestingly, O139 strains that emerged in the 1990s also harbor the SXT ICE (56). In addition, Wave 2 and Wave 3 strains have undergone multiple CTXΦ substitutions and replacements, leading to the emergence of El Tor variant strains (47, 67).



5. Pathogenesis of Vibrio cholerae

In this section, we will review the current understanding of the pathogenesis of toxigenic V. cholerae strains, particularly the O1 serogroup. Much of this information has been obtained from in vitro assays and challenge experiments in animal models, although some findings have been subsequently confirmed in human infections. Table 2 provides a summary of the main virulence factors of V. cholerae that are expressed during infection, and Figure 2A depicts some of these virulence factors.



TABLE 2 Selected virulence factors of V. cholerae expressed during human infection.
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FIGURE 2
 Pathogenesis of toxigenic V. cholerae. (A) Toxigenic V. cholerae produces several virulence factors that contribute to its pathogenesis. The precise pathogenic mechanism is not yet fully understood, but it is widely accepted that it involves the combination of these virulence factors and the ability to colonize and persist in the small intestine. (B) Upon ingestion, V. cholerae survives the low pH of the stomach via an acid tolerance response. In the small intestine, V. cholerae uses its flagellum to propel through the mucus layer and reach the epithelial surface. Meanwhile, V. cholerae must overcome host immunity and the colonization resistance mechanisms of the gut microbiota. To colonize the small intestine, it expresses virulence factors such as toxin-coregulated pilus (TCP) and cholera toxin (CTX). During infection, other factors such as HapA, GbpA, and NanH are also expressed. For more details on the roles of these virulence factors, please refer to the text. This figure was created using BioRender.com.


The incubation period of cholera can range from 12 h to 5 days (106, 107). Once ingested, V. cholerae must rapidly adapt to the human digestive system (Figure 2B). To accomplish this, the bacterium uses a complex signal transduction network that regulates gene expression in response to different environments and stimuli throughout the gastrointestinal tract.

Vibrio cholerae is highly sensitive to low pH, and during passage through the stomach, the vibrios undergo an acid tolerance response (ATR) to both inorganic and organic acid. ATR involves several proteins, including the porin OmpU and the transcriptional regulators CadC and HepA, among others (108–110). Despite the ATR, the number of vibrios reaching the small intestine is reduced. In fact, a high infectious dose (108 bacteria) is required to cause severe cholera in healthy volunteers, while a lower dose (105 bacteria) is sufficient when given with antacids to neutralize stomach acid (28, 111).

Upon reaching the small intestine, the main site of colonization, adaptation to antimicrobial agents, such as bile salts and antimicrobial peptides, is crucial. To achieve this, the bacterium modulates its outer membrane protein (OMP) profile through the activation of a tightly regulated signaling pathway known as the ToxR Regulon (112). In the presence of bile salts, ToxR upregulates the expression of OmpU and downregulates the expression of OmpT, two of the most abundant OMPs of V. cholerae (113). The change of the OMP composition also involves removal of OmpT by outer membrane vesicle (OMV) production (114). OmpU and OmpT have distinct channel properties: OmpU is more cation-selective than OmpT, and the bile salt deoxycholic acid blocks OmpT porin activity but not that of OmpU (115, 116). Therefore, OmpU confers resistance to bile salts and antimicrobial peptides, playing a crucial role in the colonization and survival of V. cholerae in the small intestine (87, 88). Other intestinal environmental signals, such as bicarbonate, mucin, and osmolarity, also modulate the expression of virulence factors in V. cholerae (117–120).

To successfully colonize the small intestine, V. cholerae must penetrate a highly viscous mucus layer that is approximately 100–400 μm thick (121), or roughly 30–130 times the size of the bacterium. For this, the vibrios use their flagellum to propel through the mucus layer and reach the epithelial surface (122). It is worth noting that nonmotile vibrios are significantly less efficient at colonization or even avirulent (84). Additionally, the penetration of the mucus layer is facilitated by the hydrolysis of mucins by a group of enzymes, such as HapA, TagA, among others (91, 93–95, 123). Vibrios that fail to penetrate the mucus layer do not colonize the intestinal mucosa and are shed in the feces due to the continuous production and replenishment of mucus (124).

Meanwhile, V. cholerae needs to overcome host immunity (see next section) and the colonization resistance mechanisms of the gut microbiota (125). In this respect, mucin activates the V. cholerae type VI secretion system (T6SS), which operates as a molecular syringe that kills bacterial competitors through the contact-dependent translocation of toxic effectors (104, 126). In mice, V. cholerae T6SS has been shown to attack members of the host commensal microbiota, facilitating intestinal colonization (105). Moreover, T6SS has been suggested as a key mechanism conferring enhanced fitness to pandemic V. cholerae strains (127). However, secondary bile acids generated by gut microbiota can inhibit the assembly of the T6SS apparatus (126). Recently, differences in the gut microbiota among individuals have been suggested as a possible explanation for the susceptibility or resistance to cholera (125, 128).

The initial attachment of V. cholerae to intestinal epithelial cells (IECs) is likely mediated by the GbpA protein. GbpA is regulated by quorum sensing and is expressed at low cell density (129). Additionally, GbpA stimulates mucin secretion by IECs, which in turn enhances GbpA expression (130). GbpA has been shown to bind mucin, and deletion of its encoding gene decreases intestinal colonization in the infant mouse model (100, 101, 130). Other adhesive factors that could play a role in attachment to the intestinal epithelium are the OmpU and FrhA proteins (90, 102, 131).

After attachment to the intestinal epithelium, V. cholerae decreases its motility, proliferates, and forms microcolonies, mostly originating from single vibrio cells (95). Colonizing vibrios express CTX and toxin-coregulated pilus (TCP), which are their main virulence factors. CTX is responsible for the secretory diarrhea characteristic of cholera, while TCP mediates adherence and microcolony formation. Both acidic bile and bicarbonate have been shown to induce CTX and TCP expression via the ToxR regulon (112, 119, 132). Importantly, TCP-deficient mutant strains are unable to colonize animal models and the human intestine (133–135).

CTX is secreted into the extracellular milieu through the type II secretion system (T2SS) (69). Then, the cellular uptake of CTX occurs via endocytosis, mediated by the binding of CTX-B pentamer to GM1 ganglioside receptors located on the surface of IECs (Figure 3). Of note, NanH cleaves sialic acid from high order gangliosides to release sialic acid and expose the GM1 ganglioside (96, 97). Therefore, NanH promotes the internalization of CTX and its toxigenic effects (139). Although GM1 is considered the primary receptor of CTX, recent studies suggest that CTX-B also binds histo-blood group antigens (HBGAs) at a secondary binding site (140). Additionally, CTX can be released as cargo inside OMVs, which protects the toxin from degradation by intestinal proteases, potentially preserving its toxic effects for longer periods of time (70–72). In particular, CTX-containing OMVs have been shown to be internalized by caveolin-mediated endocytosis in a GM1-independent mechanism that appears to require the presence of OmpU on the vesicle surface (71). After CTX is internalized, cAMP signaling in the IECs is impaired, resulting in a massive release of electrolytes and water into the intestinal lumen, leading to diarrhea (137). The mechanism of action of CTX is described in detail in Figure 3C. Furthermore, other accessory toxins produced by this pathogen can contribute to impaired epithelial barrier function and the development of diarrhea (141). Although 90–95% of infected individuals remain asymptomatic or experience mild symptoms, the remaining 10% develop severe cholera, characterized by profuse watery diarrhea (25). This diarrhea is often described as “rice-water stool” due to its pale, milky appearance (28).
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FIGURE 3
 Mechanism of action of cholera toxin. (A) The crystal structure of CTX (PDB accession number 1XTC) was determined by Zhang et al. (136). CTX is composed of a heterodimeric CTX-A subunit, which consists of two polypeptide chains, CTX-A1 (22 kDa) and CTX-A2 (5 kDa), linked by a single disulfide bond. The CTX-A2 helical peptide links the CTX-A1 chain to the pentameric CTX-B subunit, which is composed of five identical polypeptide chains (11.6 kDa). (B) The CTX-B pentamer specifically binds to GM1 gangliosides (primary receptor) or histo-blood group antigens (HBGAs; secondary binding site) present on the apical side of intestinal epithelial cells, promoting the endocytosis of the toxin. (C) The internalization of CTX may occur through clathrin-dependent as well as caveolae- and clathrin-independent endocytosis. Regardless of the mechanism of endocytosis, the CTX is internalized to the early endosomal compartment, trafficked to the Golgi, and then onto the endoplasmic reticulum (ER), where it dissociates into a CTX-A1 and a CTX-A2/CTX-B complex. Next, the CTX-A1 is exported out of the ER to the cytosol, where it is activated by ADP ribosylation factor 6 (ARF6). The ARF6-bound, activated CT-A1 subunit, in turn, activates adenylyl cyclase (AC) by catalyzing ADP ribosylation of a G protein-coupled receptor (GPCR). The AC then catalyzes the conversion of ATP to cyclic adenosine monophosphate (cAMP), increasing the intracellular cAMP concentration. This leads to the activation of protein kinase A (PKA), which phosphorylates the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel proteins, ultimately resulting in the release of electrolytes (Cl−, HCO3−, Na+, K+) and water into the intestinal lumen, causing the secretory diarrhea characteristic of cholera (137, 138). The figure was created with BioRender.com.


In the late phase of infection, microcolonies of vibrios reach a high cell density, and the nutrients in the intestine decrease. Consequently, vibrios switch from rapid replication to bacteriostasis and downregulate the expression of major virulence factors. Some of them become motile and detach from the epithelial surface moving into the luminal fluid. This process, known as the “mucosal escape response,” is dependent on the general stress response regulator RpoS and the quorum sensing regulator HapR (142–145). Moreover, detachment of vibrios from the intestinal cells is facilitated by the HapA protease, which degrades the GbpA adhesin (129).

Lastly, individuals without effective antibiotic treatment may shed vibrios in their feces for up to 10 days after infection, releasing the bacteria into the environment and increasing the risk of further infections (25). Interestingly, vibrios shed in rice water stool are in a hyperinfectious state (146). These hyperinfectious vibrios are flagellated and highly motile, but most known virulence genes, including those for CTX and TCP, as well as those associated with chemotaxis, are downregulated (147). The exact mechanism for the regulation of the hyperinfectious state remains unknown. In any case, hyperinfectivity is a transient state and is maintained only for a few hours after shedding from the patients (148). Thus, the hyperinfectious state could play a role in the spread of cholera when transmission to another person occurs in a relatively short period of time (149). It is also worth noting that asymptomatic individuals (healthy carriers) are mostly short-term carriers and short-term shedders of vibrios but play an important role in the persistence and transmission of the disease (150).



6. Immune response to cholera

Numerous experimental and epidemiological studies have documented that V. cholerae infection induces protection against reinfection for at least 3 years in most patients who recover. In this respect, cholera confers greater protection than a subclinical infection (151). However, several factors can affect the immune response against V. cholerae and the consequent establishment of immunological memory, including age, nutritional status, blood group, endemicity, co-infections, microbiota, and others (152).

Although the exact mechanism behind protective immunity against cholera remains largely unknown, our current understanding of V. cholerae pathogenesis offers some insight into how this bacterium interacts with the intestinal mucosa and triggers multiple arms of the immune system (Figure 4).
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FIGURE 4
 Immune response against cholerae infection. Intestinal epithelial cells (IECs) serve as a physical barrier that limits bacteria to the intestinal lumen. They detect PAMPs such as LPS, flagellin, CTX and OmpU, triggering the secretion of proinflammatory cytokines that recruit innate immune cells such as macrophages, dendritic cells (DCs), and neutrophils. Activated neutrophils increase the inflammation of the intestinal lumen through metabolites such as lactoferrin (LF), myeloperoxidase (MPO), and nitric oxide (NO). M cells take up and transport vibrios from the intestinal lumen to the subepithelial dome (SED) region in Peyer’s patches, where DCs engulf them. Activated DCs migrate to mesenteric lymph nodes, where they produce Th17 or Th1-driving cytokines. Macrophages can also contribute to Th17 or Th1 differentiation through the secretion of IL-23 and IL-6 or IFNγ, respectively. Th1, Th17, and Tfh cells induce B-cell differentiation and expansion. Mucosal-associated invariant T (MAIT) cells are present and highly activated in the lamina propria of the duodenum of cholera patients, but their exact role in the protection against cholera remains to be determined. Secretory antibodies (sIgA and sIgM) prevent vibrios from attaching to the epithelium, blocking their access to the epithelial surface and facilitating their removal through peristaltic activities. Some IgG antibodies could enter the intestinal lumen via passive leakage through a damaged and leaky epithelium. The figure was created with BioRender.com.



6.1. Innate immune response

Cholera has traditionally been considered a noninflammatory diarrheal disease; however, this concept has been re-evaluated, and now it is known that some inflammation occurs during the acute phase of the infection, which is followed by a non-inflammatory convalescent phase (153, 154). In fact, patients with cholera in the acute phase exhibit ultrastructural changes in the duodenal mucosa, such as the widening of the intracellular spaces and alterations of the apical junctional complexes. Moreover, these changes correlate with clinical severity and are characterized by the infiltration of innate immune cells, strongly suggesting an inflammatory response at the site of infection (155).

In the small intestine, IECs play a fundamental role in the defense against enteric pathogens. First, IECs constitute a physical barrier that restricts bacteria to the intestinal lumen. Second, they act as sensors to detect pathogen-associated molecular patterns (PAMPs) and release cytokines that recruit immune cells to the site of infection (156). Mechanistically, during the onset of V. cholerae infection, several immunogenic components of this pathogen, such as LPS, flagellins, CTX, and OmpU, can act as PAMPs and be recognized by extracellular and intracellular pattern recognition receptors (PRRs). This triggers the activation of central innate immune pathways, including the myeloid differentiation primary response gene 88 (MyD88), mitogen-activated protein kinase (MAPK), and nuclear factor kappa light-chain enhancer of activated B cells (NF-κB), which in turn activate the secretion of several proinflammatory cytokines (154, 157–162).

For example, V. cholerae flagellins induce the expression of IL-1β and IL-8 in IECs by interacting with Toll-like receptor 5 (TLR5) and activating NF-kB and MAPK pathways (159, 161). Likewise, OmpU induces the expression of IL-6, IL-8, and MCP-1 (CCL2) in IECs (163, 164). Moreover, CTX increases intracellular cAMP, leading to IL-6 secretion in IECs (165, 166). These studies were further supported by a transcriptomic analysis of IECs from patients with cholera in the acute phase, where an upregulation of several genes associated with innate immunity was observed (160). Remarkably, activation of the MAPK and NF-κB pathways persisted even 30 days after infection. Furthermore, multiple TLRs, including cell surface TLRs 1, 2, 4, 5, and 6, as well as the endosomal TLRs, including TLR3, TLR7, and TLR8 were upregulated (160).

Among the cytokines mentioned, IL-8 is a potent chemoattractant that recruits polymorphonuclear leukocytes and T cells to the infection site, and stimulates neutrophil degranulation and phagocytosis (167, 168). In addition, the CCL2 chemokine induces the migration of monocytes, dendritic cells, and memory T-cells (169, 170), while IL-6 secretion by IECs activates neutrophil degranulation in the intestinal lumen (166). As a result, innate immune cells, particularly neutrophils, are recruited to the site of infection during the acute phase of cholera (153, 155, 171). Furthermore, a recent study showed that mucosal-associated invariant T (MAIT) cells, an innate-like lymphocyte known to provide immediate effector functions in response to infections, are present and highly activated in the lamina propria of the duodenum of cholera patients (172). Recent evidence suggests that MAIT cells can also provide B cell help and support antibody production at the mucosa level (173); however, further investigation is needed to determine the exact role of MAIT cells in the protection against cholera.

Once neutrophils arrive at the infection site, they express metabolites such as lactoferrin (LF), myeloperoxidase (MPO), and nitric oxide (NO) (153, 174, 175). This may explain the detection of elevated levels of LF and MPO in stools and NO metabolites (NO2−/NO3−) in serum of patients with cholera during the acute phase (174, 175). Of note, V. cholerae is highly susceptible to the bactericidal action of LF (176, 177). By contrast, in the convalescence phase (~ up to 30 days post infection), an increase of mast cells and eosinophils and their respective effector molecules chymase and IL-3 have been reported (153). Consequently, the activation of proinflammatory signaling pathways, the recruitment of innate immune cells, and their effector functions are fundamental in the initial defense against V. cholerae.

Despite the above, V. cholerae has some strategies to evade the innate immune response of the host (178). A recent study demonstrated that the accessory MARTX (multifunctional-autoprocessing repeats-in-toxin) toxins secreted by some V. cholerae strains can block the MAPK signaling pathway in T84 cells grown in vitro. Suppression of MAPK signaling in IECs prevented the recruitment of innate immune cells, and thus this mechanism could protect colonizing vibrios from neutrophil-mediated clearance (74). Importantly, the immunomodulatory effect of these toxins may contribute to the differences in inflammation observed between various V. cholerae strains (158). In fact, the current predominant circulating altered El Tor strains lack the MARTX toxins due to a stop codon (179), which could explain in part why these hybrid strains cause a more severe diarrhea and increased intestinal inflammation (158). This raises the question: are innate immune responses in cholera beneficial or detrimental to the host? It is likely that adequate tuning of the innate immune system and a subsequent moderate inflammatory response can be protective against severe cholera.

The gut-associated lymphoid tissues (GALT) play a vital role in developing immunity following natural exposure to enteric pathogens (180). GALT is divided into inductive sites, such as the Peyer’s patches (PP) and mesenteric lymph nodes (MLNs), and effector sites, such as the lamina propria and the intraepithelial lymphocyte compartment (181). Consequently, upon exposure to V. cholerae, protective immunity against this pathogen is expected to largely depend on cellular processes that occur in GALT. In fact, in the rabbit ileal loop model, M cells take up and transport vibrios from the intestinal lumen to the subepithelial dome (SED) region in the PP (182). Thus, it is likely that resident DCs and macrophages in the SED become activated and then phagocytose these vibrios during infection in humans.

CTX induces an increase in intracellular cAMP in innate immune cells, leading to the production of IL-1β, TNF-α, and IL-6 (183). In particular, it has been shown that CTX has an immunomodulatory effect on DCs by stimulating their maturation, as well as the expression of MHC class II and costimulatory molecules (184, 185). CTX activates DCs to produce Th17-driving cytokines, including IL-6, which promotes the differentiation of Th17 cells (186, 187). Significantly, CTX also induces the migration of DCs from the SED region to B and T cell zones, where antigen presentation occurs (188). Therefore, the DCs activated by CTX can induce strong humoral and cellular immunity.

Some insights into the role of macrophages against cholera infection have been obtained using the THP-1 human monocyte-like cell line. THP-1 cells exposed to live toxigenic V. cholerae upregulate IL-23 expression (189). In another study, THP-1 cells stimulated with V. cholerae LPS exhibited increased expression of TNF-α, IL-1β, and MIP-3α through interaction with TLR4 and subsequent activation of the MyD88 pathway (190). It is important to note that both IL-23 and IL-1β are essential for the differentiation of Th17 cells (191, 192).



6.2. Adaptive immune response

The subsequent adaptive immune response is complex and involves both humoral and cellular mechanisms. In the acute stage of cholera, studies have shown that lamina propria lymphocytes (LPLs) in the duodenum express significant amounts of IL-6, IL-8, IL-12β, and IL-17 cytokines (162, 193). Later, at day 7 post-infection, cholera induces cellular immune responses in blood compatible with Th1 (IFN-γ) and Th17 (IL-17) profiles (193). Additionally, patients who recover from cholera display an increased percentage of gut-homing CD4+ T cells and gut-homing B cells that peak in the circulation 7 days after the infection. Th17 lineage and other IL-17-producing cells play a key role in host defense against bacteria at mucosal surfaces (191), making the Th17 response to V. cholerae highly significant. By contrast, the level of gut-homing CD8+ T cells reaches its peak in circulation on day 21 (194, 195).

Cholera also triggers follicular helper T (Tfh) cells, which are essential for germinal center formation, affinity maturation, and the development of most high-affinity antibodies and memory B cells (196). A recent study demonstrated that cholera infection in the acute phase induces a significant increase in circulating Tfh cells, which impacts the development of antigen-specific B cells and consequent immunoglobulin production (197).

Considering the pathogenesis of V. cholerae, a humoral response capable of neutralizing the CTX, blocking bacterial adherence to the mucosa, and opsonizing the bacteria to mediate their clearance is expected. Consistently, patients who recover from cholera develop systemic IgM, IgG, and IgA antibodies, as well as secretory IgA (sIgA) antibodies, which target several antigens, including CTX-A and CTX-B subunits, LPS, O-specific polysaccharide (OSP), LPS, NanH, flagellins (FlaB, FlaC, and FlaD), TcpA, and HlyA (139, 198–204). Nevertheless, while CTX-specific antibodies confer short-term immunity, the antibacterial (vibriocidal) antibodies are associated with protection against colonization and long-term protective immunity (205).

The best-characterized correlate of protection against cholera is the vibriocidal antibody titer (VAT), which measures the minimum concentration of serum required for antibody-dependent complement-mediated bacterial killing (206). However, VAT is not a comprehensive predictor of long-term immunity. For instance, a specific VAT threshold for absolute protection has not been identified; infection still occurs in a few individuals with very high titers (207). Moreover, there is a lack of mechanistic connection between levels of circulating VAT and prevention of V. cholerae colonization at the intestinal mucosal surface level. At the same time, anti-body-dependent complement-mediated bacterial killing is relevant for immunity against systemic infections, it appears to be less important at the intestinal mucosa due to low complement levels at this site (206, 208).

The mechanism by which IgG enters the intestinal lumen is unclear, but it may occur via passive leakage through a damaged and leaky epithelium or through FcRn-mediated epithelial transport (209, 210). Notably, recent studies have demonstrated that IgG anti-OSP contributes to protection against cholera by inhibiting the motility of V. cholerae, potentially limiting its access to the apical surface of the intestine (211). It is also possible that anti-OSP sIgA may contribute to protection by inhibiting motility and trapping the bacteria at the mucosal surface (1, 212). Even in the absence of circulating anti-OSP antibodies, OSP-specific memory B cells may maintain protective immunity by rapidly expanding and differentiating into plasmablasts upon antigen exposure (213). Furthermore, a recent study showed that patients with cholera develop IgG, IgA, and IgM antibodies against NanH, and that plasma responses targeting this antigen correlate with protection (214). The protective role of other antibacterial antibodies against cholera is currently unknown.

Thus, this body of studies demonstrates that cholera infection stimulates innate cells at the site of infection, primarily neutrophils and their corresponding effector molecules. The subsequent adaptive response is characterized by Th1, Th17, and Tfh CD4+ cells, which shape the antibody production targeting the CTX and various surface-exposed antigens. However, there are currently many knowledge gaps in understanding how these immunological processes occur. In this regard, to develop a highly effective cholera vaccine, it may be necessary to mimic these immune responses. As such, progress should be made in understanding the differences between the immune response triggered by V. cholerae infection and that induced by vaccination. This could pave the way for the development of the next generation of cholera vaccines.




7. Current vaccines licensed worldwide or with restricted license

The knowledge gained on immunity against V. cholerae has not only facilitated the development of current cholera vaccines, but also highlighted the possibility of developing novel vaccines that provide broader and longer-lasting protection. In this section, we will briefly review licensed cholera vaccines, while subsequent sections will focus on candidate vaccines currently undergoing clinical and preclinical evaluation.

In the 1960s, several large field studies conducted in Asian countries showed that injectable killed whole-cell cholera vaccines had modest efficacy and a high rate of adverse reactions, such as fever, local pain and swelling (215). Subsequently, interest shifted to exploring the potential of oral vaccination, which led to the development of the OCVs. Oral vaccines mainly interact with the immune system through the Waldeyer’s tonsillar ring in the oral cavity or via the PP in the small intestine. Compared to vaccines administered by parenteral routes, oral vaccines have been found to induce stronger immune responses at the intestinal mucosa level, partly via antigen-specific sIgA (216). However, oral vaccines face some challenges, including the potential degradation of acid-labile antigens in the stomach, the lack of licensed oral adjuvants for human use, and the difficulty of their release at mucosal immune inductive sites (217).

At present, four OCVs based on killed whole cell vibrios are prequalified by the WHO (meaning that they can be purchased by United Nations agencies): Dukoral®, Shanchol™, Euvichol, and Euvichol-Plus (Table 3 and Box 2) (217).



TABLE 3 Licensed cholera vaccines.
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BOX 2 Advantages and limitations of killed OCVs.Killed OCVs possess several characteristics that make them effective in combating cholera:

• Safety: These vaccines have been proven safe, with only minor side effects reported.

• Easy administration: They can be easily administered in mass vaccination campaigns and in settings where injection-based vaccines may be logistically difficult to implement.

• Cost-effectiveness: Killed OCVs are relatively inexpensive, making them accessible to populations in resource-limited areas where cholera is prevalent.

• Herd immunity: OCVs not only protect the individuals who receive them but also create herd immunity, which can help to decrease transmission of the disease in the community (218, 219).

While killed OCVs offer several benefits as a tool for controlling cholera, they also have some limitations:

• Limited effectiveness: Their effectiveness can vary depending on the vaccinated population and the level of cholera transmission in the area. The protection provided by OCVs is short-term and decreases over time.

• Limited immune response: These vaccines do not contain live bacteria; thus, the immune response elicited may differ from that triggered by a natural cholera infection. This difference may result in a different pattern of immune response and antibody production, which can affect the duration and quality of the immunity provided.

• Cold chain requirements: They must be stored at a specific temperature range (typically between 2 and 8°C) to preserve their immunogenic properties, which can be challenging in areas with limited infrastructure.

• Requirement for multiple doses: They require at least two doses to provide adequate protection, which can be a barrier to achieving high coverage in some settings.

• Limited role in outbreaks: They do not provide immediate protection against cholera and are not intended to replace other control measures.
 

Dukoral® was licensed in 1991 and since then has been distributed in over 60 countries. It is a monovalent vaccine composed of a mixture of three heat- or formalin-inactivated V. cholerae O1 strains (Classical Inaba strain Cairo 48, Classical Ogawa strain Cairo 50, and El Tor Inaba strain Phil 6973) along with the recombinant CTX-B (rCTX-B) subunit. The vaccine is free of the CTX-A subunit due to its toxicity. A sodium bicarbonate buffer is also added to the formulation to prevent the degradation of rCTX-B by gastric acid. This vaccine can be administered to individuals over 2 years of age and requires at least two doses for optimal efficacy. The protective efficacy (PE) of this vaccine has been demonstrated in several field trials in different countries, achieving over 80% protection in the first 6 months and gradually decreasing thereafter, ultimately providing negligible protection after 2 years. No significant severe adverse effects were attributed to this vaccine (220–222). Further analyses of volunteers vaccinated with Dukoral® revealed that this formulation induces high levels of specific sIgA antibodies and IFN-γ production in the duodenal mucosa (223). Notably, Dukoral® also provides significant protection for 3–9 months (PE: 67%) against diarrhea caused by enterotoxigenic E. coli (ETEC) producing heat-labile toxin (LT). This cross-protection is due to the cross-reactivity between the CTX-B subunit and LT (224).

In the late 1980s, the technology for manufacturing Dukoral® was transferred from Sweden to Vietnam for local production. This vaccine contained the same Dukoral strain composition, but the rCTX-B subunit was removed to simplify manufacturing, reduce costs, and improve stability. In 1992, the O139 epidemic in India and Bangladesh led to the addition of a killed O139 strain. This formulation was initially licensed in Vietnam as ORC-Vax™ and later after its modification as mORC-Vax™. It should be noted that the incorporation of the O139 component did not affect the responses to the original Dukoral components; instead, anti-O1 and anti-O139 antibodies were induced in serum and the intestinal mucosa (225, 226). However, the National Regulatory Agency (NRA) of Vietnam at that time did not have WHO approval, which limited the international use and WHO prequalification of this Vietnamese OCV. To make the vaccine available for international use, the manufacturing technology was transferred from Vietnam to Shantha Biotechnics in India, which had a WHO-approved NRA (195, 227). The PE of this vaccine was evaluated in a trial conducted in Kolkata, demonstrating that a two-dose immunization schedule provides an overall 65% protection over a five-year observation period. In 2009, this vaccine was licensed in India as Shanchol™, and WHO prequalified it in 2011 (228, 229).

The manufacturing technology of Shanchol™ was later transferred to Eubiologics in Seoul, Republic of Korea, resulting in the production of Euvichol®, which has an identical composition to Shanchol™. Studies in different countries have shown that Euvichol® and Shanchol™ elicit similar vibriocidal antibody responses and have comparable safety profiles. Euvichol® received licensure and WHO prequalification in 2015. Euvichol-Plus® is an improved vaccine that utilizes plastic tubes instead of conventional glass vials, providing better conditions for storage, transportation, and administration. This change has facilitated the delivery of this vaccine in emergency situations or humanitarian campaigns. Euvichol-Plus® received WHO prequalification in 2017 (230).

Two killed OCVs are licensed in some countries but are not WHO-prequalified. OraVacs™ is a dry formulation enteric-coated capsule vaccine containing a composition similar to Dukoral®. It is licensed in China and the Philippines (231). Cholvax™ is licensed in Bangladesh for use in the national cholera control program and has demonstrated safety and immunogenicity comparable to Shanchol™ (232).

The OCVs have achieved an important milestone in public health by providing herd immunity in vaccinated communities, thereby reducing person-to-person transmission (218, 219). In addition, the accumulation of evidence regarding the safety and efficacy of these vaccines has led the WHO to recommend their mass use as a preventive strategy in cholera-endemic areas, as well as a response measure during cholera outbreaks. Consequently, the WHO established the global OCV stockpile in 2011, which received support from the Global Alliance for Vaccines and Immunizations (Gavi Alliance) in 2014 (233). The main objectives of the OCV stockpile are to store and provide cholera vaccines during outbreaks and humanitarian campaigns, among other measures to control this disease. Presently, the OCV stockpile primarily uses Euvichol-Plus as its main formulation.

Despite their importance and usefulness, killed OCVs have several limitations. First, the PE of these vaccines is low (~42%) in children under the age of five, who are most vulnerable to the long-term effects and higher mortality associated with cholera (228). Second, they require multiple doses to achieve a high level of protection, which increases economic costs and the time required to elicit immunity. In fact, with a single dose, PE is only 8% for those under the age of five and 57.5% for those over the age of five (234, 235). Third, PE is short-term since it begins to decrease after 6 months and practically disappears after 3 or 5 years. In some sense, these limitations may be intrinsically related to the nature of killed vaccines. For instance, the in vitro cultures used to grow the vibrios included in these formulations do not reproduce host conditions and some important antigens may not be expressed. This is the case of the TcpA antigen, which is absent in the killed OCVs (236). Moreover, the formalin and heat treatment used to kill the bacteria may destroy or alter epitopes (237). Ultimately, killed vaccines are unable to mimic natural infection, so immune stimulation may be different from what is needed to achieve long-lasting protection.

Live attenuated OCVs have the potential to overcome many of the intrinsic limitations of killed OCVs. For instance, live attenuated vibrios closely mimic natural infection, and thus, they may trigger immune responses in the GALT, with the potential to target antigens which are only expressed in vivo during infection (199). Moreover, live attenuated OCVs may require a single dose, reducing the time required to achieve significant PE; this is particularly advantageous for individuals requiring travel at short notice to areas where an outbreak is occurring or where cholera is endemic (238).

Currently, only one live attenuated OCV is available, named Vaxchora™, which is approved in the United States and Europe for travelers visiting regions where cholera is endemic (238). The approval of Vaxchora™ in other markets is pending. This vaccine is based on the V. cholerae strain CVD 103-HgR, serogroup O1, serotype Inaba, classical biotype, which is derived from the strain 569B. The CVD 103-HgR strain is genetically modified and contains a deletion of the ctxA gene and an insertion of the Hg++ resistance gene to enable differentiation of the vaccine strain from the wild type (239). Although the CVD 103-HgR strain cannot produce active CTX, it can synthesize the CTX-B subunit and the TcpA antigen, and colonize the small intestine transiently (199). The initial CVD 103-HgR formulation was introduced in 1993, and since then, it has been manufactured by various companies and known by other trade names such as Orochol®, Mutacol®, and Orochol-E®.

The effectiveness of the CVD 103-HgR vaccine was initially evaluated in four experimental challenge studies between 1987 and 1999, where the PE against severe diarrhea was 92.7, 95.4, 79.0, and 67.6% (239). Moreover, this vaccine can elicit a significant VAT 10 days after immunization, but the duration of protection has not been fully determined (240, 241). However, conflicting results were obtained in two field studies conducted in North Jakarta, Indonesia, between 1993 and 1997 (242), and on the island of Pohnpei, Micronesia, during an outbreak in 2001 (243). The PE obtained in the Indonesian study was only 14%, whereas in the Micronesian study, it was 79.2%. The poor performance of this vaccine in the Indonesian study was attributed to a lower-than-expected cholera incidence (242). Thus, the effectiveness of Vaxchora™ in cholera-endemic areas remains unclear.

Additionally, several factors have limited the use of the CVD 103-HgR vaccine beyond the traveler’s market, including possible toxigenic reversal, high cost, and the requirement of a cold chain (−25 to −15°C) (244). For further details beyond what is provided here on the CVD 103-HgR vaccine and the history of its development, the reader is referred to recent comprehensive reviews (238, 239, 244).



8. Vaccines candidates in clinical development

Much work has been done in recent years to improve the manufacturing process of killed OVCs, to enhance their stability, and to further reduce costs. An example of this is Hillchol® (245), which was developed by Bharat Biotech International in India. Hillchol® is based on the formalin-killed V. cholerae O1 Hikojima strain MS1568 (Table 4). The MS1568 strain is a derivative of Phil 6973 strain, which is a component of Shanchol™. It has a partially inactivating mutation in the wbeT gene that is responsible for LPS methylation, which differentiates the Ogawa and Inaba serotypes; thus, this strain expresses ~50% of both LPS. As a result, Hillchol® requires a single-strain manufacturing process that is less expensive than other killed OCVs but still maintains a mixed O1 antigen composition (36). Hillchol® completed a phase I/II study evaluating its safety, tolerability and immunogenicity. The study demonstrated that it is not inferior to Shanchol™ in individuals of different age groups residing in a cholera-endemic region (246). In August 2022, Hillchol® began a phase III study (Clinical Trial NCT 05507229).



TABLE 4 Cholera vaccine candidates under clinical evaluation.
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Over the past three decades, several live attenuated OCV candidates have been developed. However, only four of them have progressed to clinical trials. The oldest among them, CholeraGarde® (Peru-15), was reported in 1995. It is based on a V. cholerae O1 El Tor Inaba strain derived from the C6709 strain, which was isolated in Peru in 1991. The Peru-15 strain is attenuated due to a deletion of the CTXΦ prophage and a spontaneous mutation that affects motility. It also has an insertion of the ctxB gene in the recA gene for the constitutive expression of the CTX-B subunit. Since the recA gene is required for homologous recombination, the Peru-15 strain has a reduced capacity for horizontal gene transfer (247, 248). CholeraGarde® was shown to be safe and immunogenic in phase I/II studies conducted in the United States, Bangladesh and Thailand (249–252). In challenge studies, a single dose of this formulation demonstrated a PE of 100% against moderate and severe diarrhea. Additionally, only a small percentage of individuals (7%) developed mild diarrhea after challenge (253). The last clinical trial of this vaccine candidate was reported in 2015, and it is unclear whether it will be evaluated in a phase III study.

Another live attenuated OCV candidate, Vax-COLER® (Cuban 638), was reported in 1999. It is based on the V. cholerae El Tor Ogawa strain 638, which is derived from the C7258 strain isolated in Peru in 1991. The 638 strain is attenuated due to the deletion of the CTXΦ prophage and an insertion of the Clostridium thermocellum endoglucanase A (celA) gene into the hemagglutinin/protease (hapA) gene (254). Vax-COLER® has been shown to be safe and immunogenic in phase I/II studies conducted in Cuba and in a cholera endemic area in Maputo, Mozambique (254–256). It has also been found to provide protection against a challenge with the V. cholerae O1 El Tor strain 3,008 (257). However, there is currently no available information on whether this vaccine candidate will be evaluated in a phase III study.

A third live attenuated OCV candidate is VA1.4, which was initially reported in 1999 as VA1.3 (258). The VA1.3 is a non-toxigenic V. cholerae O1 El Tor Inaba strain with an insertion of the ctxB gene (under the control of the ctx promoter) into the hlyA gene. This strain naturally lacked the CTXΦ prophage and has proven to be non-reactogenic in a rabbit ileal loop assay. In 2009, a phase I/II study conducted in a cholera-endemic area in Kolkata, India, showed that the VA1.3 strain is safe and immunogenic (259). A later version of this vaccine candidate is the VA1.4 strain, which is identical to VA1.3, except for the absence of an ampicillin resistance gene. In 2014, a phase I/II study conducted in Kolkata, India, showed that VA1.4 is also safe and immunogenic (260). This vaccine candidate was evaluated with a two-dose schedule of 1.9 × 109 CFU, but no additional benefit was observed after the second dose. Currently, there is no information available regarding a phase III study for this formulation.

The fourth and most recent live attenuated OCV candidate is PanChol (HaitiV), which was developed in 2018 in the USA (261). HaitiV is derived from a variant O1 El Tor Ogawa strain isolated during the 2010 Haiti outbreak. The HaitiV strain has several genetic modifications that make it avirulent and resistant to reversion, but it maintains the ability to colonize the intestine and induce immune responses. These genetic modifications include deletions of: (i) the entire CTXΦ and its boundaries encoding the MARTX toxin (rtxABCDE) genes; (ii) the hupB gene required for episomal maintenance of CTXΦ; (iii) five flagellin subunits (flaA-E) genes; (iv) a region of DNA containing resistance genes for the antibiotics trimethoprim (dfrA), sulfamethoxazole (sul2), streptomycin (strAB), and chloramphenicol (floR); and (v) the recA gene involved in gene acquisition by homologous recombination. In addition, HaitiV has an insertion of the ctxB gene (under the control of the htpG promoter) in the neutral locus N900_11550. To prevent toxigenic reversion, the HaitiV strain also encodes a CRISPR/Cas9 system targeting the ctxA gene.

It should be noted that oral administration of HaitiV in animal models has demonstrated a protective effect within 24 h post-vaccination against a lethal dose of the parent V. cholerae strain HaitiWT (261, 262). This rapid protection was achieved before the induction of any adaptive immune response, suggesting that HaitiV exhibits a probiotic-like activity. However, it is unclear whether this “probiotic” effect is specific to HaitiV or also present in other live attenuated OVCs. Moreover, immunization of mice with this vaccine candidate was well-tolerated and immunogenic, triggering humoral responses consisting of anti-OSP and anti-CTX-B IgM, IgG, and IgA antibodies. In December 2022, PanChol began a phase I study for safety, tolerability, and immunogenicity in healthy volunteers (Clinical Trial NCT05657782).

As previously mentioned, protection against cholera is mainly serogroup-specific. Furthermore, the generation of anti-OSP antibodies is a common immune response elicited by various cholera vaccines, and these antibodies have been associated with protection in both animal models and in humans. This has been the rationale for the use of LPS and the O-antigen as a target for the development of cholera vaccines. In this regard, vaccine candidates based on the O-antigen conjugated with protein carriers are an interesting alternative to OCVs.

One of the first cholera conjugate vaccine candidates was prepared by binding the detoxified (deacylated) LPS (DeA-LPS) with the CTX (263). Subsequent evaluation of the DeA-LPS-CTX conjugate in a phase I study in adult volunteers showed that it was immunogenic by eliciting vibriocidal (anti-LPS) antibodies and IgG anti-CTX antibodies (264). However, this vaccine candidate was not further evaluated.

More recently, cholera conjugate vaccine candidates were developed by binding the Inaba or Ogawa OSP with the recombinant tetanus toxoid heavy chain fragment (rTThc). Preclinical evaluation of the OSP: rTTHc conjugates has shown that they are immunogenic and protective in mice (265, 266). Interestingly, a combined vaccination approach which includes an oral priming with Vaxchora™ followed by a parenteral boost with the OSP: rTTHc conjugate resulted in increased immune responses in mice (267). In 2021, the OSP: rTTHc conjugate candidate was produced in a scalable manner, and the addition of aluminum phosphate adjuvant increased the OSP-specific immune responses in mice (268). In September 2022, the OSP: rTTHc conjugate vaccine began a phase I study primarily to determine the safety of the dose range with or without aluminum phosphate adjuvant, and secondarily to assess humoral immune responses in the nonendemic population, which will guide the selection of future doses (Clinical Trial NCT 05559983).

Plant-based vaccines represent a step toward new vaccinology technologies and oral vaccination. These innovative vaccines have some advantages over classical vaccines, including the long-term preservation of antigenic proteins without the need for a cold chain, resistance to digestion in the stomach, lower cost, increased safety, and scalability (269). Potato, tomato, and rice are attractive antigen-expressing plants that have been used as a platform for the development of candidate vaccines against some infectious diseases in animals and humans (269–271). Notably, the expression of CTX-B subunit oligomers has been reported in transgenic potato (272), tomato (273, 274), and rice plants (275, 276). Additionally, the TcpA antigen has also been expressed in transgenic tomato plants (277). However, transgenic rice expressing the CTX-B subunit has been by far the most studied.

In 2007, MucoRice-CTB, a transgenic rice-based vaccine expressing the CTX-B subunit, was developed. This platform produced an average of 30 μg of recombinant CTX-B per transgenic rice seed, which was stored in protein bodies (PBs), a type of storage organelle in rice. The in vitro assays with pepsin showed that the CTX-B was not degraded, suggesting that the PBs may act as a natural capsule for oral administration of the vaccine. Preclinical studies in mice and pigs orally immunized with the seed powder showed that MucoRice-CTB induced CTX-B-specific serum IgG and intestinal sIgA antibodies (275, 278–281). In the intestinal loop assay, the sIgA antibodies that were generated were found to confer protection against V. cholerae and LT-ETEC challenges (278). However, this formulation was not evaluated in an animal challenge assay to test whether it conferred protection against colonization by V. cholerae. This is probably because CTX-B-specific antibodies do not have vibriocidal activity. As a step toward the use of MucoRice-CTB in humans, this vaccine candidate was evaluated in non-human primates (Macaca fascicularis), inducing CTX-B-specific antibodies without adverse effects (279). Recently, a phase I study conducted in Japan showed that MucoRice-CTB increased CTB-specific serum IgG and IgA antibody levels without inducing serious adverse events. A similar phase 1 study is planned with individuals of other ethnicities (282).



9. Vaccine candidates in preclinical development

Some live OCVs were developed and evaluated in animal models several years ago, including IEM108 (283, 284), TLP01 (285), and VCUSM2 (286). However, no further related studies have been published since then. Although mentioned for historical reasons, interested readers are recommended to refer to earlier reviews where these vaccine candidates have already been discussed (287, 288).

Recent technological advances in vaccine design and manufacture have led to promising cholerae vaccine candidates, such as DuoChol™. This killed OCV is a lyophilized mixture of formalin-killed isogenic El Tor Ogawa and Inaba strains and rCTB in an enterocoated capsule. This formulation improves thermostability and could facilitate its integration into standard immunization programs in cholera-endemic areas. DuoChol™ is currently in preclinical development at the University of Gothenburg, Sweden (215, 227).

OMVs have emerged as a promising strategy for developing vaccines against Gram-negative bacterial pathogens, including V. cholerae. V. cholerae OMVs contain important virulence factors such as CTX, TcpA, OmpU, NanH, LPS, and others (70–72, 289, 290). Several preparations of OMVs derived from WT or mutant V. cholerae strains have been administered to mice through different routes, resulting in strong humoral responses against a variety of OMV-associated antigens. Immunization with OMVs protects against V. cholerae colonization regardless of the route of administration (291). In particular, intranasal immunization with OMVs induces O-specific antibodies, particularly IgG, which inhibit V. cholerae motility (292, 293). In another study, Leitner et al. (290) developed a combined formulation of OMVs derived from V. cholerae and ETEC. Interestingly, this OMV mixture conferred protection in mice against both pathogens, suggesting the potential for developing a broadly protective OMV-based vaccine against several Gram-negative pathogens by combining OMVs.

Virus-like particles (VLPs) are multi-protein structures that mimic the organization and conformation of native viruses, but lack the viral genome, making them a safe template for vaccine development (294). Over the past three decades, VLPs have served as a successful platform for developing vaccines against various viral diseases (295). However, their potential use against non-viral pathogens has scarcely been explored. A recent study reported the coupling of VLPs from the bacteriophage Qβ to the V. cholerae OSP antigen, which was immunogenic in mice, eliciting IgG antibodies with vibriocidal activity (296).

The development of chimeric proteins is a growing trend in the design of next-generation vaccines. The biotechnological revolution, particularly the improvements in gene synthesis, has opened new doors for the rational design of protein-based vaccines (297). Chimeric proteins carrying selected epitopes from several strains or different pathogens can enhance the immunogenicity of the recombinant antigen, eliciting a broader immune response (298). Chimeric protein-based vaccines against cholera have focused on known antigenic proteins, including the CTX-A and CTX-B subunits, flagellins, OmpW, OmpU, TcpA, TcpF, and NanH. Two vaccine candidates, TcpF-CTA2-CT-B and TcpA-CTA2-CT-B, are chimeric proteins (299, 300). Both chimeras were immunogenic in mice and triggered specific antibodies that conferred protection in passively immunized infant mice. However, no further studies have been published regarding these vaccine candidates. Similar results were obtained by the OTC chimera (OmpW, TcpA, and CTX-B), which elicited specific IgG antibodies that were protective in the ileal loop assay and in passively immunized infant mice (301).

An interesting recent study describes the polyvalent cholera MEFA protein, which contains antigenic domains of TcpA, CTX, NanH, HlyA, flagellins, and peptides mimicking the OSP on a flagellin B backbone (302). Mice and rabbits immunized intramuscularly with the MEFA protein developed antibodies to all the virulence factors targeted by the immunogen, except LPS. The antibodies generated neutralized CTX, bacterial motility, and in vitro adherence of V. cholerae O1, O139, and non-O1/non-O139 strains. Moreover, this vaccine provided cross-protective against V. cholerae O1, O139, and non-O1/non-O139 strains in adult and infant rabbit colonization models.

Despite promising results, protein-based vaccines have several limitations. For instance, they are often poorly immunogenic and require multiple doses and adjuvants to achieve protective immunity. In addition, they are generally administered parenterally to avoid enzymatic degradation in the stomach, inducing strong humoral responses at the systemic level but not at the intestinal mucosa level. Although this type of vaccine represents a potential alternative to OCVs, none of them have been tested in human trials. More importantly, they must compete in a market that demands cholera vaccines that are cost-effective and administered in a single-dose regimen.



10. Concluding remarks and prospects

Over the last few decades, much knowledge has been gained about the pathogenesis and immune response of V. cholerae infection, which has resulted in the development of treatments and vaccines. However, progress toward a highly effective cholera vaccine has been hindered by several limitations. These include the lack of a well-defined correlate of long-term protective immunity as well as an animal model that fully recapitulates the disease (303). In addition, it is largely unknown how the microbiota confers resistance or susceptibility to cholera and how it affects the immune response generated by vaccines against this disease (125). In this respect, human microbiota-associated mice could be a valuable animal model to consider (30).

Further studies are needed to investigate how immune responses are produced during V. cholerae infection. In particular, it is important to understand the innate immune pathways that are modulated during the natural course of infection, and whether these responses are beneficial or detrimental to the host. Additionally, it is crucial to clarify how long-term immune memory is generated in patients recovering from cholera. This information is essential because a highly effective cholera vaccine must recapitulate or mimic these immune responses.

OCVs have been shown to be safe, and although they confer short-term protection, their usefulness in cholera control has been reliably demonstrated. It is likely that new oral adjuvants, such as nanocarriers (304), lipid-based adjuvants (305), among other (306–308), could increase the efficacy of these vaccines.

The OMV-based vaccines, plant-based vaccines, and chimeric antigens are emerging and promising approaches in vaccine development. Moreover, mRNA vaccines against SARS-CoV-2 have been rapidly developed and have proven to be highly efficacious and adaptable as required. Recent studies have demonstrated the potential of mRNA vaccines against bacterial pathogens (309–311). Therefore, new cholera vaccine candidates based on these platforms are expected to appear in the coming years.

Another strategy to improve cholera vaccines could be the development of multivalent vaccines that protect against various enteric pathogens. Finally, in the human-pathogen arms race, the development of new vaccine technologies is likely the key factor in winning the battle and, ideally, in finding a highly long-lasting protective cholera vaccine.
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Australia

o Half of respondents saw educating patients with CDI on the appropriate use of antibiotics and improving patient choice in relation to FMT as priority actions.
o In addition, 38% selected raising awareness of CDI among the public and 31% educating patients on management of CDI and potential future impacts as most
important.

o All other actions were seen as most important by fewer than 30%, and none selected improving dissemination of existing educational resources to patients as a

top priority.

Canada

o Half of survey respondents saw two improvement areas as standing out in terms of importance, the one being educating patients with CDI on the appropriate
use of antibiotics and the other educating patients with CDI about the management of the illness.

e In addition, 42% saw improving patient choice in relation to FMT as a priority action.

o All other actions were selected as most important by fewer than 30% of respondents from Canada. None selected educating patients on probiotics or creating

CDI-specific patient organizations as top priorities.

Ttaly

o For Italy, more than half of respondents selected educating patients on appropriate use of antibiotics as the top priority (68%).
o Nearly half (47%) selected educating patients with CDI about the management of the illness as a top priority.
o All other actions were selected as most important by fewer than 30% of respondents.

UK

e More than half of respondents saw the need for educating patients on appropriate use antibiotics as the top priority (56%).

e Some other priorities, though not with strong agreement across respondents were educating patients with CDI about the management of the illness (48%),
improving patient choice in relation to FMT (40%) and raising awareness of CDI among the public (32%) as top priorities.

o All other actions were selected as most important by fewer than 30%.

France

e The same proportion of respondents saw two actions as most important (50% for both, 2 respondents): educating patients with CDI on the appropriate use of
antibiotics and educating patients with CDI about the management of the illness.

o Half of respondents selected ‘none of the above.”

e No respondents from France selected that any of the other improvement actions were most important.
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Australia o There was clear consensus on the top two priorities, selected by at least half of respondents. These were educating non-expert secondary care providers on
dealing with CDI (69% selected as most important) and educating and supporting healthcare professionals in primary care (50%).

e In addition, 38% saw improving healthcare provider FMT knowledge and training as most important, and 31% saw educating pharmacists on good
antimicrobial stewardship as most important.

o All other actions were selected by fewer than 30% of respondents, and no respondents from Australia saw setting up networks of experts providing
information and educational support for healthcare professionals on how to effectively and confidently engage with patients as priority actions.

Canada e Only one action was selected as most important by more than half of respondents: educating and supporting healthcare professionals in primary care (58%).
e In addition, 33% saw educating pharmacists on good antimicrobial stewardship as most important.
o All other actions were selected by fewer than 30% of respondents.

Ttaly o There was clear consensus on the top two priorities, selected by over half of respondents. These were educating non-expert secondary care providers on
dealing with CDI (76%) and educating and supporting healthcare professionals in primary care (68%).

o All other actions were selected as most important by fewer than 30% of respondents.

UK e Over half of respondents (68%) saw educating and supporting healthcare professionals in primary care as most important.
o This was followed by 48% selecting educating non-expert secondary care providers on dealing with CDI as most important.

o All other actions were selected as most important by fewer than 30%.

France e For France, half of respondents (2 respondents) selected educating non-expert secondary care providers on dealing with CDI as most important.
o In addition, 50% also selected ‘none of the above.’

o All other actions were selected as most important by fewer than 30%, with no respondents selecting four of the options as important.
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Australia

e One evidence gap was selected by nearly all respondents (94%): better evidence on optimal treatment regimens in managing patients with specific profiles.

o There was also strong agreement on another: 50% saw better evidence on efficacy and safety of emerging CDI preventatives/treatments as most important to
address.

o In addition, 44% of respondents from Australia thought both better evidence on the threat of AMR in the treatment of CDI and better evidence on risk factors
associated with recurrence were most important.

o All other evidence gaps were selected by fewer than 30% of respondents. No respondents from Australia saw better evidence on the patient perspective of CDI

as most important to address.

Canada

o The majority of respondents (83%) saw better evidence on optimal treatment regimens in managing patients with specific profiles as the most important
evidence gap.

o Half saw better evidence on efficacy and safety of emerging CDI preventatives/treatments as most important and 42% saw better evidence on long-term
effectiveness/safety of treatments key to address.

o All other evidence gaps were selected by fewer than 30% of respondents. No respondents from Canada saw better evidence on variation in professional

adherence to guidelines as most important to address.

Ttaly

o Nearly three-quarters of respondents (74%) felt that better evidence on optimal treatment regimens in managing patients with specific profiles was the most
important evidence gap to tackle.

o In addition, 45% selected better evidence on risk factors associated with recurrence and 39% selected both better evidence on long-term effectiveness/safety of
treatments and better evidence on the threat of AMR as most important.

o All other evidence gaps were selected by fewer than 30% of respondents.

UK

© 68% of respondents better evidence on optimal treatment regimens in managing patients with specific profiles as the most important evidence gap.

o In addition, 36% selected better evidence on efficacy and safety of emerging CDI preventatives/treatments as most important. Nearly one-third (32%) selected
three evidence gaps as most important: better evidence on risk factors associated with recurrence, on the patient perspective of CDI and on variation in
professional adherence to guidelines.

o All other evidence gaps were selected by fewer than 30% of respondents.

France

o The same proportion of respondents selected three gaps as most important (50% for all, however, this only represents 2 respondents): better evidence on
optimal treatment regimens in managing patients with specific profiles, on the cost-effectiveness of treatments in diverse geographical settings and risk factors
associated with recurrence.

o All other evidence gaps were selected by fewer than 30% of respondents. No respondents from France selected better evidence on efficacy and safety of
emerging CDI preventatives/treatments, on monoclonal antibody therapy as a CDI treatment, patient perspective on CDI or variation in professional adherence

to guidelines as most important.
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Australia

e Half or more of survey respondents saw improving timeliness of diagnosis (63%), addressing variation in access to FMT (56%) and improving
multi-disciplinarity of care delivery (50%) as top priorities - signaling strong agreement on these issues.

e No other option had more than 30% of survey respondents seeing it as a top priority.

e No respondents from Australia saw improving mental health support for CDI patients as a priority.

Canada

o Addressing variation in access to FMT and improving access to effective antibiotics were seen as key proprieties (selected by 75 and 58% of respondents,
respectively).
o No other option received a top priority status from 30% or more of respondents.

Ttaly

e The same proportion of respondents selected two actions as most important (47%): improve timeliness of diagnosis and facilitate more multi-disciplinary care
delivery.

e However, there was no strong agreement as no single area was chosen as a top priority by over half of the respondents and this was an illustration of a
heterogeneity of views.

o Other options selected as a priority by fewer respondents included improving patient access to antibiotics (37%) and to monoclonal antibody therapy (34%)
and addressing variation in access to FMT (32%).

e No respondents from Italy saw improving mental health support for CDI patients as a priority.

UK

o There was a strong agreement on improving multi-disciplinary care delivery as a top priority (68%) but a variety of views on other priorities, with 44% of
respondents seeing addressing variation in FMT as top priority and 40% seeing improving the timeliness of diagnosis as top priority.
e No other option had 30% or more of respondents selecting it as a top priority.

France

e The same proportion of respondents selected two actions as most important (50% for both, although this is only 2 respondents): improving access to effective
antibiotics and more multi-disciplinary care delivery.
o In addition, 25% of respondents (1 respondent) selected improved timeliness of diagnosis as most important. One felt that none of the listed actions were

priorities.
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Australia

o Strong agreement on the importance of updating diagnosis and treatment guidelines more regularly in light of new research and also saw guidelines to reduce

unwarranted variation through standardization of FMT practice as a priority (69%).
o However, there was a variety of views on priority areas, with 44% of respondents also noting standardizing diagnosis practices within the country as a top priority
and standardizing treatment guidelines within countries was seen as a priority by 31% of respondents.

e Other improvement options were seen as important by fewer than 30% of respondents.

Canada

e Strong agreement on only one option — updating diagnosis and treatment guidelines regularly in light of new research (67% selected this as a top priority).

o There was a variety of views on other priority areas, with 42% seeing reducing unwarranted variation through standardization of FMT practice and incorporating
information on cost effectiveness into guidelines as most important areas where improvement is needed. 33% saw standardizing diagnosis guidelines within
countries and improving clarity of guidelines as most important.

o Other improvement options were seen as important by less than 30% of respondents.

Ttaly

o Strong agreement about the importance of standardizing diagnosis guidelines within countries (63% of survey respondents selected this to be an important option).
o However, there is a variety of views on the importance of other improvement opportunities. For example, 47% of respondents from Italy saw updating guidelines
regularly as a top priority, 39% saw standardizing treatment guidelines as key and 34% saw ensuring local hospital committees have clear policies as most important.

Other options were seen as important by less 30% of participants.

UK

o Strong agreement about the importance of updating guidelines in light of new research (60% of respondents) and improving clarity of guidelines (56%).
o No other area was seen as a top priority by half or more of survey respondents, but 40% saw reducing unwarranted variation through standardization of FMT
practice as a top priority. Less frequently selected as key was standardizing diagnostic guidelines (36%).

o Other improvement options were seen as a top priority by less than 30% of respondents, but do illustrate the heterogeneity of views.

France

o Three-quarters of respondents selected improving clarity of guidelines as a top priority.
o Other improvement options were seen as a top priority by less than 30% of respondents and no respondents from France selected the other options.
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Year 20122 147 14,176 908.138 P <005
2018° 326 9,715
2014° 545 33,250
2015¢ 883 12,322
2016° 513 34,179
2017° 4,784 129,986
2018° 3,108 122,171
Month 120 391 17,783 925.107 P <005
2 1,458 37,600
¥ 2,268 59,199
49 772 23,968
5 263 17,663
6 155 11,286
7
8
@ 494 20,324
10¢ 909 30,539
110 1,961 79,623
120 1,635 87,814
Seasons Spring? 3,308 100,830 237.62 P <005
Summer® 155 11,286
Autumn® 3,364 130,486
Winter® 3,484 143,197
City Changzhou® 2,679 87,170 1,468,876 P <005
Huai'an®® 94 6,727
Lianyungang®@eah. 49 1,555
Nanjing"*9 1,080 44,012
Nantong®#impa 80 2,844
Suzhou! 987 19,906
Taizhou® 414 29,444
Wuxiohimoa 2,563 111,413
Sugjan’ 58 13,004
Xuzhous 246 6,804
Yancheng® 334 16,926
Yangzhou® 1,334 28,114
Zhenjiang®!" 388 16,980
Region North of Jiangsu® 7,697 279,481 193.783 P <005
Middle of Jiangsu® 1,828 60,402
South of Jiangsu® 781 45916
Rural and Urban Rural® 2,492 61,506 502.826 P <005
Uroan® 7814 324,203
Categories of places Non-school places® 320 3,477 1,565.869 P <005
Kindergarten® 767 12,661
Primary school® 4958 202,153
Middle school® 2,706 76,743
Common Colleges and Secondary 1,112 65,204
vocational school®
9-year school and 12-year school® 443 25,561
Population 0-999° 1,929 32,670 22.19 P <005
1,000-1,999° 3,580 106,354
2,000-2,999° 2,890 106,526
23,0004 1,907 140,349
Route of transmission Water or food to person® 627 28,182 2,206.419 P <005
Person to person? 9,679 357,617
Virus group ar 353 27,758 220681 P <005
alP 6,921 245,709
Virus genotype a2 P16 5,082 160,556 677.818 P <005
GIL17 [P17ppese 835 37,256
GIL3 [P12)e 402 20,094
GlL4 [P31) 295 19,690
aleeed 106 5914
GlL8 [P7]?9 % 2,487
a2 133 4,579
Gl.2 [Ppedel 66 3,675
GI.3 [P13poodets 18 620
GL6 P11 30 12,970
[CRR 45 1,856
GIL13 [P16]? 17 2,438
Gll.14 [P7]bedos 33 959
GII.2 [PgJebodels 13 373

The same letter of the mark indicates that there is o difference between the two groups of data, and the different letter indicates that the difference is statistically significant.
For example, the mean TAR in spring was statistically different from all other seasons; the mean TAR in summer was statisticaly diferent from all other seasons; the mean TAR in autumn
was statistically different from spring and summer only, but not from winter; and the mean TAR in winter was statistically different from spring and summer only, but not from autumn.
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Parameter  Description Unit Value Method

B Person-to-person contact rate km?.individuals~"-day~" - Curve fitting
Bu Reservoir- to-person contact rate mL3.cells™!.day - Curve fitting
K Relative transmissibilty rate of asymptomatic to symptomatic individuals 1 - Curve fitting
2 Relative incubation rate® day~" 1 (33,34)

o Relative latency rate* day™! 1 (35)

P Asymptomatic infection ratio 1 03 (35,41, 42)
r Recovery rate of the infected 03333 (36-40)

¥ Recovery rate of the asymptomatic 003846 (35)

? Pathogen lfetime relative rate day~' 0.1 (44-52)

? Person-to-reservoir contact rate (“shedding” by Infectious) cells:mL=3.day~ " -kmZ.individuals™" - o/ (43)

w Person-to-reservoir contact rate (“shedding” by Asymptomatic) cells:mL~3.day~ " km?.individuals-1 - o/p (43)

c Shedding rate of the asymptomatic comparing to the infectious 1 - Curve fitting

*Incubation period is the time elapsed between infected and symptoms are first apparent, and latent period means the time from infected to infectiousness, in this table, incubation
period = 1/w, latent period = /4.
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Influence factors
Year

2012

2013

2014

2015

2016

2017

2018

Month

Seasons

Spring

Summer

Autumn

Winter

City

Changzhou

Huai'an

Lianyungang

Nanjing

Nantong

Suzhou

Taizhou

Wuxi

Sugian

Xuzhou

Yancheng

Yangzhou

Zhenjiang

Region

South of Jiangsu
Midde of Jiangsu
North of Jiangsu
Rural and Urban
Rural

Urban

Categories of places
Non-school places
Kindergarten

Primary school
Middle school
Common Colleges and
Secondary vocational school
Nine-year school and
Twelve-year school

Population
0-999

1000-1999

2000-2999

23000

Route of transmission
Water or food to person
Person to person

Virus group

al

al

Virus genotype

Gll2 P16]

GII7 [P17)

GIl3 [P12)

Gll4 P31]

ale

GIL6 [P7)

Gl

Gl2[P2)

GI3[P13)

GL6 [P11]

i1

GIL13[P16)

Gll14 [P7)

Gll2[P2)

*RdRp Genotype not detected.

208

15
22
14
78
67

59

7
70

46

20

17
13
65

155
35
16

46
160

10
26
108
39
14

61
70
45
30

198

132

87

T

TAR (%)

Mean

26

32
16

15
35
25

22
37
37
3.1
15
14
NA
NA
24
29
24
18

32
1.4
25
24

14
31
24
ar
a7
1.4
22
0.4
35
19
45
22

27
29
1.7

39
24

8.4
5.7
24
3.4
1.7

56
33
26
13

22
26

13
%7

341
8

15
18
38
28
18
28
0.2
24
4.6
33
3.4

95%Cl

09-1.2
29-36
1517
1922
14-16
35-36
24-26

19-24
35-39
35-38
2933
13-16
1.1-16
NA
NA
22-26
2.7-31
23-25
1.7-19

3.1-83
1.1-16
2.4-26
23-25

2.9-31
1.4-1.7
22-39
23-25
2.1-33
4.4-5
13-15
2223
0.3-05
3.1-39
T2
43-48
2-25

26-27
2.8-31
1.6-18

75-93
5.3-6.1
23-25
3.3-35
1.6-18

15-1.9

53-5.8
3.2-34
25-27
13-1.4

2-23
2627

1114
27-28

3-32
2-23
18-22
1.3-1.6
1.4-2.1
3.1-4.6
2333
13-22
NA
NA
NA
NA
NA
NA

145

16
11
57
44

20
32

o oo mn s~

o

26

47

45
51

37

15

1

47

13
19
13

25
120

16
73
32
1

39
53
35
18

98

>

(SIS RN

NA

Runc

Mean

12.2

11.3
12.3
104
127
11.9
126
1.9

8.1
179
104
12.6
78
10.4

Al

124
128
1.6

10.7
104
121
137

105
106
127
17.3
285
17.4
137
10.8
8.1

920
86
1.0
16.2

123
134
9.3

11.4
12.4

7.6
16.1
135
106
6.5

13.4
128
1.2
97

14.0
121

103
128

133
108
17.4
8.0
6.6
15.6
16.7
9.3
NA
T2
145
3.4
45
NA

95%Cl

10.7-13.6

12-21.4
4.5-20.1
5.9-15
76-17.7
7.3-16.4
9.9-15.4
9.6-143

0.4-15.8
11.7-24.2
7.2-135
7.9-17.4
4.4-112
0-39.7
NA
NA
1.7-125
9.2-156
9.5-16.2
8.6-146

8.3-13
0-39.7
99-14.2
10.8-16.7

8.2-12.8
0-26.2
NA
12.0-225
0-81.7
8.0-26.7
0-33.5
8.5-13
1.9-143
NA
0-18.4
6.6-15.5
0-47.4

10.6-14
88-18.1
59-126

9.3-18.3
103-13.3

29-123
10.8-21.4
11.4-15.5
7.8-133
3.0-10

0-28.9

10.3-16.5
10.4-15.1
82-14.1

5.9-136

53-22.7
10.6-13.6

4.1-16.6
11.0-14.8

10.9-15.7
7.6-14.1
6.1-28.7
0-16.2
0-21.7
9-22.1
0-114.7
0-61.8
NA
NA
NA
NA
NA
NA
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Variable Hospitalizations® Positive rate (%)

n %

Annual distribution 0.103 <0.001
2012 69 061 0 0.00 1.69

2013 324 288 51 316 230

2014 502 445 100 620 146

2015 615 5.46 112 6.94 144

2016 1,109 9.84 159 9.85 254

2017 1,078 957 193 11.96 336

2018 1,296 1150 199 1233 401

2019 1,502 1333 162 10.04 445

2020 2234 19.82 289 17.91 6.80

2021 2,540 2254 349 21.62 661

Area 0.065 <0.001
Hangzhou 1,306 1159 40 248 278

Ningbo 1,181 1048 150 9.29 374

Wenzhou 1,050 9.32 108 6.69 248

Jiaxing 788 699 77 477 335

Huzhou 357 317 94 5.82 168

Shaoxing 899 7.98 136 8.43 429

Jinhua 1,252 1L11 278 17.22 3.80

Quzhou 820 7.28 261 16.17 454

Zhoushan 536 476 85 527 3.57

Taizhou 1,907 1692 157 9.73 657

Lishui 1,173 1041 228 14.13 439

Season 0079 <0.001
Spring 2,052 1821 310 1921 332

Summer 5,660 50.23 799 49.50 521

Autumn 3,094 27.46 432 26.77 3.66

Winter 1463 411 73 4.52 087

Sex 6275 0012
Male 6,155 54.62 928 57.50 374

Female 5114 4538 686 4250 357

Age (year) 0.005 <0.001
0-4 4,060 36.02 777 48.14 8.79

5-14 607 539 109 675 325

15-24 729 647 12 2.60 1.80

25-44 1,999 17.74 84 520 203

45-59 1,765 15.66 155 9.60 322

>60 2,109 1872 447 27.70 434

Occupation 0.007 <0.001
Farmer 3,008 26.69 435 26.95 344

Scattered kids 3,136 27.83 609 37.73 13.02

Worker 684 607 40 248 3.08

Student 701 622 77 477 239

Official staff 408 362 18 112 162

Unemployed 560 497 66 4.09 253

Kids in kindergarten 1,106 9.81 223 13.82 447

Retirees 367 326 73 452 3.01

Others 1,089 9.66 58 359 1.98

Unknown 210 1.86 15 093 209

*Hospitalization of cases with positive detection results.
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Variables Hospitalizations

n
Food
Fruits and fruit 1,434 12.73 186 11.52
products
Aquatic products 1,370 12.16 126 7.81
Meat and meat 1,337 11.86 168 10.41
products
Cereals and grain 1,054 9.35 156 9.67
products
Milk and dairy 705 6.26 118 7.31
products
Vegetables and 657 5.83 86 5.33
vegetable
products
Eggs and egg 493 437 30 4.96
products
Beverages and 273 242 18 112
frozen drinks
Infant foods 226 2.01 36 2.23
Beans and soy 186 1.65 26 1.61
products
Mixed dishes 772 6.85 97 6.01
Multiple foods 682 6.05 124 7.68
Unknown 1,427 12.66 282 17.47
Others 653 579 111 6.88
Setting
Household 6,163 54.69 772 47.83
Restaurant 479 425 33 2.04
Retail 182 1.62 36 2.23
Collective 142 1.26 7 0.43
canteens
School 30 027 8 0.50
Rural banquet 28 025 2 0.12
Unknown 1,525 13.53 309 19.14
Others 2,720 24.14 490 30.36
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Variables Typhimurium Enteritidis  London Derby Risson Stanley Dublin Gold Paratyphi Rosenticus Infantis Sick

(N =4,065) (N= (N=682) (N=210) (N=149) (N=146) (N=145) Coast (N=134) (N=128) (N=124) cattle
1,710) (N=137) (N=117)

Diarrhea 4,012 (98.70) 1,688 (98.71) | 674 (98.83) 210 (100.00) 146 (97.99) 145 (99.32) 145 (100.00) 136 (99.27) 133 (99.25) 126 (98.44) 123 (99.19) 111 (94.87)
Abdominal pain 1,784 (43.89) 944 (55.20) 381 (55.87) 82(39.05) 76 (51.01) 57 (39.04) 88 (60.69) 81(59.12) 64 (47.76) 54 (42.19) 56 (45.16) 57 (48.72)
Fever (237.5°C) 1,204 (29.62) 458 (26.78) 136 (19.94) 38 (18.10) 36 (24.16) 37 (25.34) 67 (46.21) 31(22.63) 21(15.67) 17 (13.28) 34(27.42) 21(17.95)
Vomiting 688 (16.92) 408 (23.86) 116 (17.01) 42 (20.00) 22(14.77) 28 (19.18) 48 (33.10) 19(13.87) 22(16.42) 24 (18.75) 19 (15.32) 17 (14.53)
Nausea 675 (16.61) 427 (24.97) 156 (22.87) 46 (21.90) 33 (22.15) 27 (18.49) 42(28.97) 27(19.71) 21 (15.67) 26 (20.31) 25(20.16) 16 (13.68)
Debilitation 269 (6.62) 157 (9.18) 55 (8.06) 16 (7.62) 14 (9.40) 12(8.22) 11(7.59) 11(8.03) 13 (9.70) 7(547) 13 (10.48) 7(5.98)
Thirsty 115 (2.83) 77 (450) 20 (2.93) 6(2.86) 5(3.36) 7(4.79) 3(2.07) 4(292) 8(597) 3(2.34) 3(242) 5(4.27)
Hypourocrinia 113 (2.78) 51(2.98) 22(3.23) 8(381) 2(134) 4(2.74) 6 (4.14) 4(292) 7(522) 1(0.78) 3(242) 4(3.42)
Dehydration 94 (231) 26 (1.52) 11(1.61) 3(1.43) 2(134) 5(3.42) 2(138) 2(1.46) 2(149) 1(0.78) 3(242) 1(0.85)
Tenesmus 51(1.25) 17 (0.99) 6(0.88) 2(0.95) 1(0.67) 3(2.05) 3(207) 3(219) 1(0.75) 2(1.56) 4(323) 0(0.00)
Shiver 28 (0.69) 15 (0.88) 5(0.73) 0(0.00) 6(4.03) 3(2.05) 2(1.38) 0(0.00) 0(0.00) 1(0.78) 1(0.81) 2(171)
Flushed face 26 (0.64) 16 (0.94) 3(0.44) 1(048) 1(0.67) 2(137) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 1(0.85)
Pale 25(0.62) 8(047) 2(0.29) 3(1.43) 1(0.67) 2(137) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00)
Headache 18 (0.44) 17 (0.99) 4(0.59) 1(048) 0(0.00) 0(0.00) 2(138) 0(0.00) 0(0.00) 1(0.78) 2(1.61) 0(0.00)
Weight loss 15(0.37) 6(0.35) 2(029) 1(048) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00)
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Characteristics Group A GroupB P-value

(=179 (n=169)

Age, mean  SD, years 46681285  4581£11.46 0308
Sex, % of female 45.7% 49.1% 0536
Endoscopic findings, n (%)

Non-atrophic gastrtis 47 (26.3%) 40 (28.7%) 0577
Atrophic gastritis 21 (11.7%) 27 (16.0%) 0.251
Utcer 32(17.9%) 33(19.5%) 0693

Rural/urban, % of rural 704% 68.0% 0636
Pre-treatment symptoms, n (%) 127 (76.1%)  126(704%) 0321

Epigastric pain 63 (37.3%) 54(302%) 0.161

Epigastric distending 66(30.1%) 66 (36.9%) 0676

Regurgitation/heartburn 34(20.1%) 43(25.4%) 0382

Frequent belching 29(17.2%) 20(11.2%) 0.109

Nausea/vomiting 19(11.2%) 15 (8.4%) 0.370
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Model Group A

OR (95% Cl)

Incidence of overall AE

Crude model  1.000 (ref.)
Model 1 1.000 (ref.)
Model 2 1.000 (ef.)

Incidence of diarrhea
Crude model ~ 1.000 (ref))
Model 1 1.000 (ref))
Model 2 1.000 (ref.)

Group B
OR (95% Cl)

0.614 (0.391-0.965)
0.643 (0.399-1.006)
0378 (0.117-0.807)

0.470 (0.259-0.854)
0.486 (0.265-0.893)
0359 (0.148-0.872)

P-value

0.034*
0.063
0.012%

0.013*
0.020%
0.024*

Statisitical analyses are based on a mulivariable logistic regression model AE,
adverse events. Model 1 was adusted for age and sex. Model 2 was additionally
adjusted for rural/urban, endoscopic features, and different medical centers. "p < 0.05,

significant difference.
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Therapeutic effect Group A GroupB  P-value

Eradication rate

T 148/179 (82.7%)145/169 (85.8%) 0.426
PP 148/165 (89.7%)145/154 (94.29) 0.146
3-month symptom complete relief rate 74/127 (58.3%) 98/126 (78.6%) <0.001***
Epigastric pain 53/63 (81.5%) 50/54 (75.8%) 0.162
Abdominal distension 35/66 (53.0%) 49/66 (89.4%) 0.011*
REGURGITATION/heartburn 26/34 (16.5%) 35/43 (81.4%) 0.603
Frequent belching 21/29 (72.4%) 16/20(80.0%) 0.122
Nausea/vomiting 14119 (74.7%) 13/15(86.7%) 0368

ITT, intention-to-treat analysis; PP, per-protocol analysis. *p < 0.08, significant difference,
*p < 0.001.
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Adverse events Group A

Overall adverse events, n (%) 69 (38.5%)
Vormiting 20(11.2%)
Diarrhea 38(21.2%)
Duration of diarthea  SEM, days 7.7 (0.7)
Watery stools 18(10.1%)
Mushy stools 20(11.2%)
Alergy 3(1.7%)
Constipation 6(3.4%)

Group B

47 27.8%)
27 (15.9%)
19 (11.2%)
50(0.8)
8(4.7%)
11 (6.5%)
1(06%)
5(3.0%)

P-value

0.034°
0.190
0.012%
0.032%
0.040%

0.623
0.834

SEM, standard error of mean; AEs, adverse events. *p < 0.05, significant difference.
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TNFa Not different 36422 0.004

Subtype 2 IL-4 Not different ~19.849 0.999
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1L-6 Not different 35.677 0.580
TNFa Not different 22576 0.994

Subtype 3 IL-4 Not different —19578 0.908
1L-10 Down Regulate —68.967 <0.0001
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TNFa Not different 23.287 0.998
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Australia

o Strong agreement that developing more effective treatments for treating recurrent CDI and developing innovative products for preventing recurrent of CDI
were top priorities (69% of respondents for both), mirroring findings from the survey overall.

e Some other areas were also seen to be a priority, but by fewer than half of all respondents. For example, 44% of respondents from Australia saw developing
algorithms to more accurately predict the risk of CDI recurrences as a top priority. Just under a third (31%) saw improving the accuracy of diagnostic methods
and developing more effective treatments for recurrent CDI as top priorities.

o Other options were selected more rarely (less than 30% of respondents).

Canada

e Two options stood out as key priorities (aligned with overall survey findings) with very strong agreement across survey respondents. Developing products to
prevent recurrence was seen as a top priority by 92% of respondents. Three quarters (75%) saw developing new treatments for recurrent CDI as a key priority.
e Improving diagnostic accuracy was seen as less of a priority, although it was still selected by one-third (33%) of respondents.

o Other improvement areas were selected as priorities more rarely (less than 30% of respondents).

e No respondents from Canada felt that there is a need for consensus related to classifications of CDI nor for improved methods to distinguish recurrence from

new infection (unlike in other countries).

Ttaly

e Over half of respondents saw developing new treatments for recurrent CDI (61%) and products to prevent recurrence (55%) as key indicating strong
agreement on these priorities (in agreement with views from Australia and Canada).

e However, there was a variety of views, with all other improvement actions also seen as a top priority by at least some respondents and to varying degrees. For
example, 42% saw developing algorithms to predict risk of recurrence as a top priority and 34% felt improving the speed of diagnosis is a key priority.

o Other options were selected as priority more rarely (less than 30% of respondents).

UK

o There was strong agreement on the importance of two improvement areas (68% of UK respondents selected them as a top priority), these being developing
more effective treatments for treating initial CDI and develop innovative products for preventing recurrence of CDI.

o Interestingly, unlike in Australia, Canada and Italy, developing new treatments for recurrent CDI did not emerge as a top priority in the UK (selected by 28%
of respondents).

o Significantly fewer respondents saw other options as a top priority. While improving the accuracy of diagnostic methods was seen as a top priority by 32% of

respondents, no other option was seen as a priority by 30% more of the UK respondents.

France

o There is no strong agreement on what the top improvement priorities within the diagnosis and treatment space are (this may partly relate to a low number of
survey responses).
e Six actions made it into the top third threshold in terms of priority actions.

e Methods to define and test for cure was selected as a key priority by 50% (two out of the four) respondents from France.
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Country Which tests are conducted, | Who conducts tests? Who pays for How long does it take to
and in what order? diagnostic tests? receive a diagnosis?
UK Glutamate dehydrogenase (GDH) [or Hospital lab. Centrally funded. Outpatient: 1-2 days, depending on
polymerase chain reaction (PCR) test sample transport time.
for toxin gene] screening test plus toxin Inpatient: 4-12 h, depending on lab
test. If GDH or PCR is negative, no processing.
toxin test is needed. If GDH or PCR is
positive and toxin test is positive, this
indicates CDI. Some labs may add a
PCR test if GDH positive, but toxin test
negative to provide infection control
information.
France Culturing to confirm if C. difficile is Outpatients: private labs. 65% of cost is centrally funded; | Outpatient: around 5 days.
present. If this is positive GDH and EIA | Inpatients: hospital or private labs. rest to be paid by patient Inpatient: 2 days.
for toxin. A positive diagnosis can be depends on their situation
confirmed if GDH and toxin tests are (long disease/other chronic
positive. If results are ambiguous, direct conditions can be 100%
toxin by PCR can be conducted. reimbursed).
Ttaly In many laboratories the confirmatory Hospital and private labs (no Inpatients: centrally funded. Outpatient: up to 5 days (usually
test is EIA. difference between outpatient and Outpatients: some out of 2 days).
Some labs use NAAT for molecular inpatient). pocket expenses for patient Inpatient: 5 days (usually 2 days).
detection of C. difficile toxin genes. with the remainder covered by
the national health service.
Private tests paid for by
patients.
Canada PCR alone or PCR and toxin testing (in | Usually private labs, but can be Centrally funded. Outpatient: 1-2 days (depending on
any order). hospital labs. how quickly patient seeks care. The
more severe cases presenting to
emergency departments get diagnosed
immediately).
Inpatient: within 1 day.
Australia Dependent on lab - some use PCR, Dependent on where patient Usually funded publicly or paid | 1-2 days for both inpatients and

followed by toxin tests if required,
others still use antigen testing alone and
others PCR alone.

presents - public hospital system
has public lab, private hospitals use

a range of private labs.

for by health insurers.

outpatients.
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Country

How quickly
does
treatment
commence?

How is treatment
initiated and by
whom?

Patient
involvement
in treatment

decision-
making

Treatment

course for

initial, mild
infection

Treatment course for
initial, severe infection

How long does
treatment
typically last?

Who pays for
treatment?

How are patients

monitored?

How are
patients
assessed
for cure (if
at all)?

UK Same day as Larger hospitals: specialists Little involvement in | Metronidazole (or | Vancomycin (or fidaxomicin for 10 days. Centrally funded. Outpatient: little-no Symptom
diagnosis. determine treatment regime initial infection. vancomycin). high recurrence risks). monitoring. resolution.
(infectious disease specialists, | Greater involvement Alternatives are: high dose Inpatient: regular monitoring
gastroenterologists). for recurrences vancomycin (with/without IV of stool, bowel movements
Smaller hospitals: primary (particularly FMT). metronidazole), rifampicin or IV and lab tests. Involves
physician. immunoglobulin. microbiologists, infectious
Outpatient: primary care Life threatening infection treated disease specialists, infection
(possibly with advice from with nasogastric/rectal prevention/control staff and
microbiologists based on test vancomycin, with/without IV the primary physician.
results). metronidazole.
France Same day as Generalist or practitioner. Yes, always. Fidaxomicin. Vancomycin or fidaxomicin. 10 days. 65% covered for all Mainly resolution of Symptom
diagnosis patients; rest to be paid diarrhea. resolution.
(sometimes before according to patient
confirmation of situation.
diagnosis).
Ttaly Same day as Primary physician (with GIor | Little involvement in | Vancomycin or, less | Vancomycin (increasing use of 10 days. Centrally funded. Outpatient: little-no Symptom
diagnosis infectious disease specialist both initial and commonly, fidaxomicin following updated monitoring. resolution.
support if non-specialists) for in | recurrent infection. fidaxomicin. ESCMID guidelines). Inpatient: monitored by
and outpatients. ID/gastroenterologists (e.g.,
bowel movements, blood
tests).

Canada Same day as Outpatient: primary care. Little involvement in | Vancomycin (can | Vancomycin (or fidaxomicin if | 10-14 days (typically Outpatient: Outpatient: little-no Symptom
diagnosis (for Inpatient: primary physician initial infection. be metronidazole available). 10 days for the first | out-of-pocket payment monitoring. resolution.
inpatient and (with input from pharmacist or, | Greater involvement | or fidaxomicinif | Severe and complicated infection episode). for vancomycin and | Inpatient: regular monitoring
outpatients). in fulminant/failure to respond for recurrences available). primarily treated with fidaxomicin, butnot | of stool, bowel movements

cases, specialists). (particularly FMT). vancomycin with IV metronidazole and lab tests. Fulminant cases
metronidazole. (although this varies by |  involve infectious disease
province). specialists,
Inpatient: centrally gastroenterologists and/or
funded. surgical staff.
Australia Inpatient: same day | Primary physician (with GI input | Little involvement in | Metronidazole (or Vancomycin with IV 10-14 days Subsidized by Outpatient: little-no Symptom
as diagnosis. in severe cases) for both in and initial infection. vancomycin, metronidazole is first line, second Medicare. monitoring. resolution.
Outpatient: outpatient. Greater involvement fidaxomicin). line is nasogastric vancomycin Inpatient: regular monitoring
3-5 days. for recurrences and IV metronidazole, of bowel movements and lab

(particularly FMT).

with/without rectal vancomycin.
FMT in refractory infection.

tests. Ideally involved

infectious disease specialists.
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Who pays for treatment for

Country What are the How are What is the What is the
approaches for recurrences | treatment course for | treatment course recurrences?
preventing diagnosed? initial recurrence? | for 2+ recurrences?
recurrences?
UK Fidaxomicin or Same as initial Fidaxomicin (or vancomycin if | Fidaxomicin (if not used for Centrally funded.
monoclonal antibody infection. cost is issue). initial infection);
therapy (although with tapered/pulsed vancomycin;
limited use due to cost). IV immunoglobulin; or FMT.

France Antibiotic stewardship and Same as initial Fidaxomicin. Vancomycin with tapering of Antibiotics: 65%+ of fidaxomicin is
specific selection of infection, but faster; doses or FMT. centrally funded depending on coverage.
antibiotics that will often with primary For FMT, there is a different legal

minimally alter the normal care physician (for framework; payment is taken care of but
anaerobic microbiota. outpatients). modalities differ center by center; the
assessment cost is paid for according to
the centers. Depending on the
commission of the
establishment/hospital.
Ttaly Fidaxomicin, taper/pulse Same as initial Generally vancomycin Tapered vancomycin, Centrally funded.
regime of antibiotics, infection. (increased trend of fidaxomicin fidaxomicin, monoclonal
monoclonal antibody if the initial treatment was done antibodies, and FMT if
therapy. with vancomycin). If the initial available.
treatment was done with
fidaxomicin, generally
bezlotoxumab is used for
preventing further recurrences.
Canada Tapered vancomycin can Same as initial Vancomycin (very high risk Tapered dose of vancomycin, Inpatient: hospital funding structure.
be used in high recurrence | infection or reliance on | patients may have tapered dose or FMT. Outpatient: the patient.
risks (although rarely for clinical presentation. of vancomycin).
first episodes).
Australia Ceasing use of contributing Same as initial Vancomycin. Vancomycin with/without Medications are funded through the

antimicrobials, taper
regime of vancomycin,
FMT.

infection.

taper, fidaxomicin, rifaximin
chaser or FMT.

pharmaceutical benefits scheme. For
inpatients, medication would be
centrally funded.
FMT conducted in public hospital will
be covered by public hospital funding

structure.
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Percentage of in-country respondents selecting an option as being top 2 most importrant
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No. Sample type Age (average)  Method Number of  Number of IBS patients References
patients healthy
Increase Decrease
1 Stool NP GPCR a7 30 Lactobacillus Bifidobacterium 75)
Ruminococcus Entrococeus
Veillonella
Bacteroides
Pseudomonas
Clostridium
2 Stool Adult (28-59) 165 rRNA gene 44 a7 Bacteroidetes Protecbacteria 78)
sequencing Firmicutes
3 Stool Adult (22-66) GPCR, Microarray 62 46 Streptococcus Biidobacteria ©9)
Analysis Clostridium Alistipes
Pepilibacter Bacteroicetes
Ruminococcus Odoribacter
Sporobacter Parabactercides.
Dialister Prevotella
Peptococcus Faccalbbacterium
Blautia
Butyrivibrio
Dorea
Roseburia
Lachnospira
4 Duodenal mucosa Adult 16S rRNA gene 74 20 Bacteroides - 79
and lumen, Rectal sequencing Prevotella
mucosa and Oscillospira
lumen
5 stool Adult (87-60) 165 ANA gene 20 18 Enterobacter Roseburia ©0)
sequencing Streptococcus Faecalbbacterium
Fusobacterium
Rothia
6 Stool Mucosal  Adults (18-65) 165 rRNA gene 110 39 Bacteroidetes Faecallbacterium 1)
Samples sequencing, GPCR Clostridiales Prevotella
Lachnospira Firmicutes
Ruminococcus Blautia
Coprococcus
7 Stool Aduit 165 rRNA gene 27 13 Bacteroidetes Firmicutes 73)
sequencing Fusobacteria Protecbacteria
Faecalbacter Lachnospira
Ruminococcus
Lactobacillus
8 Sstool Aduit 165 rRNA gene 30 30 Proteobacteria Firmicutes (76)
sequencing Enterobacter Fusobacteria
Bacteroidetes Actinobacteria
Streptococcus Clostridia
Lactobacillus Ruminococcus
Escherichia cofi Faccalbacterium
Proteobacteria B. pseudocatenulaturm
Enterobacter
9 Stool Adult Metagenomics 3 8 Dialister - @®1)
gene-targeted Faecalibacterium
approach Alcaligenaceae
10  Stool Adult (27-46) 16S rRNA gene 19 16 Ruminococcus - 82)
sequencing
11 Stool Adultchild 165 rRNA gene 74 21 Escherichia/Shigela  Actinobacteria ©3)
sequencing, GPCR Aeromonas Gitrobacter
Microvirgula
12 Steol, Sigmoid  Adulv/chid 454 pyrosequencing 4 20 Bacteroidetes Lachnospiraceae ©)
biopsy Prevotella incertae seds,
Coprococeus,
Clostridlum XI,
Odoribacter,
Butyricimonas,
Alistipes,
Blautia
13 Stool Adut 165 rRNA gene 16 21 Clostridiales Actinobacteria @)
sequencing Acidimicrobidae Rhodospiilales
Lachnospiraceae Burkholderiales
Clostridiales Cyanobacteria

Sphingomonadaceae
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Adult
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patients

16STRNA 40 (24 Blastocystis 57 (42 Blastocystis
positive and 14 positive and 15
Blastocystis  Blastocystis negative)

negative)

GPCR 165 56 56
RNA

165 rANA 35 23
GPCR

1BS patients Blastocystis-positive
IBS patients
Increase Decrease Increase Decrease

Actinobacteria,  Bacteroidetes,  Bacteroidetes,
Cyanobacteria,  Veilonella, Cyanobacteria,
Elusimicrobia, Dialister, Firmicutes,
Fimicutes, Catenibacter,  Fusobacteria
Fusobacteria,  Butyricimonas,

Proteobacteria, Olsenella

Methanobacteria,

Streptococcus,

Clostridia,

Lachnospiraceae,

Alphaproteobacteria,

Blautia

Bacteroidetes, - -
Firmicutes

Proteobacteria Firmicutes Actinobacteria,
Bacteroidetes Firmicutes
Tenericutes

Actinobacteria,
Elusimicrobia,
Proteobacteria,

Bifidobacteria,
Faecalibacter,
Lactobacillus
Bacteroidetes
Proteobacteria

Blastocystis-positive  References

control subjects

Increase  Decrease
- - 74
Lactobacilus ~ Bifidobacteria  (106)
Ruminococcus Firmicutes (108)
Actinobacteria

Bacteroidetes Bacteroidetes
Tenericutes  Proteobacteria
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Virus

Rotavirus (94.04%, 221/235)"  AlphaLISA
ICA

“Overall agre

ment rate among three assays.

1, confidence interval.

Positive agreement

96.00% (24/25)
84.00% (21/25)

RT-gPCR

Negative agreement

98.10% (206/210)
97.14% (204/210)

Total agreement

97.87% (230/235)
95.74% (225/235)

Kappa coefficient (95% CI)

0.894(0.802-0.986)
0.784(0.655-0.913)
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Vaccine

Hillchol®

CholeraGarde®
(Peru-15)

Vax-COLER® (Cuban
638)

VAL3/VA L4

Panchol (HaitiV)

OSP:rTTHe

MucoRice-CTB
(IMSUT-MR1501)

Manufacturer

Bharat Biotech International
Ltd,, India.

Vaccine Technologies Inc.,
USA.

Finlay Institute, Havana,
Cuba.

Shantha Biotech, India.

rsity, USA.

Eubiologics Ltd, South
Korea, and Harvard
University, USA.

of Tokyo, Japan.

Status

Completed phase I/phase
11 clinical safety and
immunogenicity study.
Phase I clinical study
underway (Clinical Trial
NCT 05507229).

Completed phase I/phase
I clinical safety and
immunogenicity studies,

last reported in 2015.

Completed phase I/phase
1 clinical safety and
immunogenicity study,

last reported in 2011,

Completed phase I/phase
1 clinical safety and

immunogencity study.

last reported in 2014,

Phase 1 dlinical study
underway (Clinical Trial
NCT 05657782).

Phase 1 clinical study
underway (Clinical Trial
NCT 05559983).

Completed phase 1
clinical study (UMIN
Clinical Trials Registry
UMIN000018001)

Composition

Monovalent vaccine
containing formalin-killed
whole cell of recombinant
V. cholerae O1 El Tor
Hikojima strain MS1568,
which expresses ~50%
each of Ogawa and Inaba
LPS,

Live, attenuated, non-
‘motile, V. cholerae O1 El
Tor Inaba strain C6709
(ACTX® ctxBzrecA).

Live, attenuated V. cholerae
O1 El Tor Ogawa 638
(ACTX® hapAzceld).

Live, attenuated, non-
toxigenic V. cholerac O1 EI
Tor Inaba (AhlyAzzctxB).

Live, attenuated V. cholerac
O1 El Tor Ogawa strain

HaitiV, with nine

genetically engineered

mutations.

Conjugated vaccine
candidate containing Inaba
or Ogawa OSP linked to
recombinant tetanus
toxoid heavy chain
fragment (T'Tho), with or
without aluminum

phosphate adjuvant.

Oral rice-based vaccine

expressing CTX-B subunit.

Immunization

schedule protection

Oral administration. For

individuals between 1 and
Notavailable.
45years of age. Two doses

(under study).

dose (Up to 1x 10° CFU) for
healthy adults, children
Not available.
above aged 9months, and in
HIV-positive adults (aged

18-45years).

Oral administration. Single
dose (2x 10’ CFU) for

Not available.
individuals between 18 and

50years of age.

Oral administration. Single
and double dose

(19%10° CFU) for

individuals between 18 and

Not available.

60years of age.

Oral administration. Single
dose. CFU concentrations

Notavailable.
under study: log10 values 6,

7,8,9and 10,

Immunization schedule
under study: two doses of 5,
10, and 25 pg, with or
without aluminum
Not available.
phosphate adjuvant,
administered
intramuscularly 4 weeks

apart.
Oral administration. 6g
once every 2weeks for

Notavailable.
8weeks (for a total of 4

doses).

Duration of
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Vaccine

Manufacturer

Status

Composition

Duration of
protection

Immunization
schedule

Dukoral®

MORC-Vax™

Shanchol™

Euvichol® /
Euvichol-Plus®

OraVaes™

Cholvax™

CVD 103-HgR

(Vaxchora™)

SBL vaccin, Sweden.

VaBiotech, Vietnam.

Sanofi-Shantha Biotechnics,

India.

Eubiologics, Republic of

Korea.

Shanghai United cell
Biotechnology, China.

Incepta, Bangladesh.

PaxVaxInc,, US.

Licensed in 1991 in
Sweden, and in more
than 60 countries since
then. WHO
prequalification in 2001

Licensed in 1997 in
Vietnam for local use
only. Not WHO
prequalified.

Licensed in 2009 in
India, and in 28
countries since then.
WHO prequalification:
2011

WHO prequalification
for Euvichol in 2015 and
Euvichol-Plus in 2017.

Licensed in China and
the Philippines. Not
WHO prequalified.

Licensed in 2020 in
Bangladesh. Not WHO
prequalified.

Licensed in 2016 in
USA, and in 2020 in
Europe. Not WHO
prequalified.

Monovalent vaccine
containing heat- or

formalin- killed strains of V.
cholerae O1 (Classical Inaba

strain Cairo 48, Classical

Ogawa strain Cairo 50, and
El Tor Inaba strain Phil
6973), along with 1 mg
rCTB.

Bivalent vaccine containing
heat- or formalin- killed

strains of V. cholerae O1

(Classical Inaba st
Cairo 48, Classical Ogawa
strain Cairo 50, and El Tor
Inaba strain Phil 6,973) and
the formalin-killed V.
cholerae 139 strain 42608,

Same composition as.
mORC-Vax™.

Same composition as in

Shanchol ™.

Dry formulation enteri

coated capsule vaceine

containing a composition

similar to Dukoral®.

Same composition as in

Shanchol™

Live, attenuated V. cholerae
01 Classical Inaba strain
CVD 103-HgR, a derivative
of 5695,

Oral administration. For
individuals aged 2years and
above. Children aged
2-5years require 3 doses
given 7-14days apart, with a
Offers protection for
booster recommended after
6months to 2years.
6months. Individuals aged
5years and older require 2
doses given 7-14days apart,
with a booster recommended

after 2years.

Oral administration. For
individuals aged 2 years and
above. Two doses given Offers protection for at
14days apart. There is no least 3years.
booster recommendation

from the manufacturer.

Oral administration. For
individuals aged 1 year and
above. Two doses given Offers protection for at
14days apart. There is no least 3-5 years.
booster recommendation

from the manufacturer.

Oral administration. For
individuals aged 1 year and
above. Two doses given
Not available.
14days apart. There is no
booster recommendation

from the manufacturer.

Oral administration. For
individuals aged 2 years and

Not available.
above. Three capsules taken

on days 0,7, and 28.

Oral administration. For
individuals aged 1 year and
above. Two doses given
Not available.
14days apart. There is no
booster recommendation

from the manufacturer.

Oral administration. For
individuals between 2and  Offers protection for
6dyears of age. Single dose  6months.

(4x10°10 2 10° CFU),
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Virulence fact Description

Main virulence factors

CTX i the main virulence factor in toxigenic V. cholerae strains. It belongs to the ABS family of toxins, which are
inding B subunit (CTX-B). These subunits
Cholera toxin (CTX) are encoded by the ctxA and ctxB genes located in the filamentous bacteriophage CTXg (68). CTX i responsible for the.

composed of the catalytic A subunit (CTX-A) and the pentameric receptor-

secretory diarthea characteristic of cholera. I is screted through the type Il secretion system (T2SS) and as cargo within

outer membrane vesicles (OMV) (69-

TCP isa type IV pilus with structural similarities to the T255. Bacterial aggregation in the form of microcolonies
through pilus-pilus interaction with TCP is required to colonize the human intestine. The expression of TCP is
that of CTX (73). Furthermore, TCP

non-toxigenic V. cholerae strains involves the sequential acquisition of VP! followed by CTX® (52).

Toxin-coregulated pilus (TCP)

coordinately upregulated the receptor for CTX®. Therefore, the evolution of

virulence
Accessory toxins

MARTX toxin s secreted through the type I secretion systems (T1SS). This toxin forms pores in the membranes of target

Multifunctional autoprocessing repeats-in-toxin  eukaryotic cells and translocates multiple functionally independent effector domains, each of which disrupts a key
(MARTX) toxin cellular process. This toxin disrupts the actin cytoskeleton, inhibits phagocytosis, and suppresses innate immune

signaling in intestinal epithelial cells (IECs), preventing neutrophil recruitment and bacterial clearance (74, 75).

HiyA, also known as Cytolysin (VCC),is a toxin that exhibits vacuolizing and pore-forming activity resulting in ion

leakage and eventual cellular death (76, 77). Itis secreted through the T25S as an inactive 79-kDa pro-hemolysin and

Hemolysin A (HlyA) undergoes post-translational N- terminal cleavage, mainly mediated by the HapA protease, to form an active 65-kDa

toxin (75, 79). HlyA is also secreted in association with OMVs (79). Deletion of the hiyA gene reduces virulence in infant

‘mice but has no impact on the rate of mild diarrhea in humans (80, 81).

Itaffects the structure of actin microfilaments, leading to increased permeability of epithelial tight junctions (TJ),
Zonula occludens toxin (Zot)
resulting in the passage of large molecules through a paracellular route (52).

Aceis an integral membrane protein that alters ion transport, causes accumulation in ligated rabbit ileal loops, and is
Accessory cholera enterotoxin (Ace) responsible for mild diarrhea. Ace may cause initial intestinal secretion before CTX acts by stimulating Ca®* — dependent

CI HCO3" symporters cau

ing extracellular Ca** influx (3).
Virulence factors associated with intestinal colonization

el V. cholerae has a single polar flagellum that s used to penetrate the mucin layer; non-motile (aflagellated) vibrios are
Flagella
significantly less efficient at adhesion and colonization or even avirulent (4-56).

OmpU confers resistance to bile salts and antimicrobial peptides, playing key role in the survival of V. cholerae in the
Outer membrane protein U (OmpU)
human intestine (7-59). Morcover, OmpU could play a role in adhesion to the intestinal epithelium (90).

HapA is a Zn-dependent metalloprotease secreted through the T255 as  free protease or ina cell-associated form (7
and

HapA exhibits several proteolytic activities, fibronecti

ng toxins and degrading muc

cluding mod

Haemagglutinin/protease (HapA)
lactoferrin (91). It also acts on TJ-associated proteins, disrupting the paracellular barrier function (92). HapA promotes

penetration of the mucosal layer,as well s detachment and spreading of infection along the gastrointestinal tract (93).

TagA is a 115kDa secreted metalloprotease that cleaves mucin glycoproteins and cell-surface glycans, which V. cholerae
ToxR-activated gene- A (TagA)
could use as a source of nutrients (94, 95)

NanH, also known as neuraminidase, is an extracellular enzyme that catalyzes the cleavage of terminal sialic acid
residues from complex carbohydrates on glycoproteins and glycolipids. I is secreted through the T288 (75). NanH
Sialidase (NanH) specifically removes sialic acid residues from higher-order gangliosides on the membranes of IECs, exposing GM1

testinal colonization as

gangliosides, the binding site for CTX (96, 97). Some studies suggest that NanH could promot

sialic acid residues serve as carbon and energy sources for V. cholerae (95).

GbpA is secreted through the T25$ (99). It facilitates attachment to the chitinous exoskeleton of zooplankton as well as

inding protein (GbpA) ‘mucins covering intestinal epithelial cells. Deleting the ghpA gene has been shown to affect intestinal colonization in the

infant mouse model (100, 101).

FrhA s large protein (2,251 amino acids) that contains a type I secretion motif and an RTX-like repeat region at the
Flagellum-regulated hemagglutinin A (FrhA) C-terminus. Tt mediates binding to erythrocytes, epithelial cells, and chitin and enhances biofilm formation. Deletion of

the frhA gene affects intestinal colonization in the infant mouse model (102).
Secretion systems

Gram-negative bacteria use the TISS to secrete proteins in a one-

tep process using ATP. In V. cholerae, T1SS is
‘Type I secretion system (T1SS)

associated with the secretion of RTX proteins such as MARTX (7
‘The T25S shares many structural characteristics with the type IV pilus. Proteins secreted by the T255 are first
translocated to the periplasm by Sec or Tat, where they are assembled to acquire a secretion-competent conformation. V.

Type I secretion system (T255) cholerae uses the T2SS to export more than 20 proteins involved in colonization, biofilm formation, and virulence (73,

103). Deletion of TS22 in V. cholerae affects growth, biofilm formation, antimicrobial resistance, and cell envelope
integrity (73).
‘The T6SS is a contractile nanomachine resembling a T4 bacteriophage that ks target cells through the contact-

“Type VI secretion system (T6SS) dependent translocation of toxic effectors (104). During experimental infection in mice, V. cholerac has been found to

use T6SS to attack members of the gut microbiota, thereby facilitating colonization (105)
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Mobile genetic elements Description

Itisa filamentous bacteriophage of ~6.7 kb single-stranded DNA that contains the ctxA and ctxB genes encoding

Prophage CTX®
CTX, as well as the zot and ace genes encoding accessory toxins (50).

Prophage TLC®. Itisa satellte bacteriophage of ~5.3kb in size that faciltates stable integration of CTX® (51).

Also known as TC]

land, it is ~41.3kb in size. It integrates into the Chrl and contains genes encoding the toxin-
Vibrio pathogenicity island-1 (VPI-1)
coregulated pilus (TCP), the ToxR regulon, and the metalloprotease TagA

Itis ~57Kb in size. It integates into the Chrl and contains several gene clusters, including genes required for the
Vibrio pathogenicity island-2 (VPI-2)
scavenging (Sialidase, nanH), transport (dctPQM), and catabolism (nan-nag region) of salic acid (53).

Itis ~16Kb in size. It integates into the Chrl and encodes the dinucleotide cyclase (DneV) enzyme, which is
Vibrio seventh pandemic island-1 (VSP-1) essential for producing intracellular signaling molecule cAMP- GMP. DncV is required for effcient intestinal

colonization of the seventh-pandemic strains (51).

Itis ~26.9Kkb i
Vibrio seventh pandemic island-2 (VSP-2) chemotaxis proteins, and type IV pilus. VSP-2 could be necessary for the evolutionary fitness and epidemic spread

ze. It Integrates into the Chrl and encodes RNase H1, DNA repair protein, methyl-accepting

of the seventh pandemic strains (55).

. Ttis ~100kb i size. It carries multiple antibiotic-resistance genes that confer resistance to sulfamethoxazole,
SXT integrative and conjugative element (ICE)
trimethoprim, and streptomycin (56).

) Located in the Chr2, it i  lrge gene capture system of approximately 125 Kb, predominantly comprising
Superintegron
REEEES hypothetical genes, and is propased as a source of genetic variation (57).
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Overall
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Method
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