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Abstract: The role of the humoral immune response to Clostridium difficile in modulating the severity
of C. difficile infection (CDI) is unclear. We compared the levels of serum immunoglobulin G (IgG)
and immunoglobulin A (IgA) against toxin A (TcdA) and toxin B (TcdB) of C. difficile between CDI
and control patients and according to disease severity. The levels of IgG and IgA antibodies against
TcdA and TcdB were measured in sera from patients with CDI (n = 50; 19 had severe CDI) and control
patients (n = 52), using ELISA. Patients with CDI had higher levels of IgG antibodies against TcdA
and TcdB than controls (p = 0.001 and p = 0.04, respectively). Higher IgG levels against TcdA and
TcdB were found in patients with mild vs. severe CDI 7–14 days after the diagnosis (p = 0.004 and
0.036, respectively). A factor analysis included both IgA and IgG levels against both toxins into one
composite variable, which was of higher values in patients with mild vs. severe CDI (p = 0.026).
In conclusion, the systemic humoral immune responses against TcdA and TcdB might modulate the
severity of CDI. These preliminary findings provide a basis for future large-scale studies and support
the development and evaluation of active and passive immunotherapies for CDI management.

Keywords: immunoglobulin G; immunoglobulin A; Clostridium difficile; toxin A; toxin B; disease
severity; sero-epidemiology

1. Introduction

Clostridium difficile is the most common cause of infectious diarrhea in hospitalized patients [1,2].
The bacterium has two toxins, A and B, that play a pivotal role in the pathogenesis of the disease [3].
Up to 35% of patients have recurrent C. difficile infection (CDI) [4,5]. C. difficile can cause asymptomatic
colonization, as well as disease with various degrees of severity from mild diarrhea to fulminant colitis
and death [6–8]. Such variability in the outcome of C. difficile infection can be attributed to the patient’s
characteristics, including advanced age, the severity of underlying comorbidities, and the systemic
humoral immune response against C. difficile toxins [9–12].

Epidemiological observational studies have demonstrated the important role of the systemic
humoral immune response directed against C. difficile toxin A (TcdA) and B (TcdB) in the risk of primary
and recurrent CDI [10–15] and mortality following CDI [9]. Kyne et al. have demonstrated high levels
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of serum immunoglobulin G (IgG) directed against TcdA among asymptomatic carriers of C. difficile
compared to persons who developed diarrhea [12]. They also showed an increased risk for recurrent
CDI in persons with low serum IgG antibodies against TcdA compared to those with a high antibody
level [11]. Solomon et al. showed that low anti-TcdA IgG titer was significantly associated with 30-day
all-cause mortality in patients with severe CDI [9]. Such an association was not found for TcdB IgG
antibodies [9]. Others, including recent studies, on the other hand, have highlighted the role of serum
IgG or IgA against TcdB, rather than TcdA, in CDI outcome [10,13–17]. Recent clinical trials (MODIFY
I and MODIFY II) with the human monoclonal antibodies actoxumab and bezlotoxumab against TcdA
and TcdB, respectively, showed that among participants receiving antibiotic treatment for primary
or recurrent CDI, bezlotoxumab was associated with a lower rate of recurrent infection than placebo,
while the addition of actoxumab did not improve efficacy [18]. Secondary analysis of the placebo group
in these trials showed an inverse association between high endogenous antibody titers against TcdB
but not TcdA and recurrent CDI [19]. Despite this evidence, there are unresolved questions, namely
the relationship of the humoral immune responses against C. difficile toxins with the disease severity of
CDI and the relative importance of serum antibodies against toxins TcdA and TcdB. The main aim of
this study was to examine the differences in serum IgG and IgA levels against TcdA and TcdB between
CDI and control patients and according to CDI severity. Our hypothesis was that patients with mild
CDI might have higher humoral responses compared to patients with severe CDI. The evaluation
of the humoral immune responses according to the severity of CDI is novel, compared to previous
studies that mostly focused on the prevention and recurrence of CDI.

2. Materials and Methods

2.1. Study Design and Population

A case-control study on the risk factors of CDI was undertaken in 2011–2014 at Tel Aviv Sourasky
Medical Center in Israel. Details on the study are published elsewhere [20,21]. Briefly, hospitalized
cases with CDI and hospital controls not suffering from diarrhea were recruited. Cases and controls
were matched by age (±5 years), sex, hospitalization ward (medical or surgical) and number of
hospitalization days (±5 days). The selection of hospital controls ensures that cases and controls were
from the same source population and balances potential variation in referral patterns. The current
study is based on a random subsample of 50/140 cases (35.7%) and 52/140 (37.1%) controls for whom
sera were obtained. The subsample of cases and controls included in the current study was similar in
terms of demographic and selected clinical characteristics compared to the entire sample (Table S1).
Information was collected from medical records on age (in years), sex, time since CDI diagnosis
(defined as difference in days between the date of blood collection and laboratory diagnosis of C.
difficile), and laboratory results of complete blood count, blood albumin and serum creatinine levels
during hospitalization.

Patients with CDI were classified as having a severe disease if they had leukocytosis with a white
blood cell count of ≥15,000 cells/µL, decreased blood albumin (<30 g/L) or a rise in serum creatinine
level ≥1.5 times the premorbid level. Patients with CDI who did not fulfill any of these conditions
were classified as having a mild disease.

2.2. Specimens’ Handling and Laboratory Methods

Stool specimens were collected from patients with diarrhea and from the control group and were
tested for C. difficile using an enzyme immunoassay for the detection of toxin A/B (C. difficile toxin A/B II,
Techlab, Blacksburg, VA) in 2011. In 2012, a 2-step algorithm was introduced. A combined glutamate
dehydrogenase (GDH) and Toxin A/B immunochromatographic rapid assay (C. DIFF QUIK CHECK®

-Techlab, Orlando, FL, USA) was used at the initial step; if results were discordant, a polymerase chain
reaction (PCR) (Xpert C. difficile, Cepheid, Sunnyvale, CA, USA) was utilized in the second step [20,21].
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Blood samples were collected from 50 CDI cases and 52 controls. In a subsample of 20 cases,
an additional blood sample was collected 14 days after the collection of the first sample to assess the
change in the antibody levels.

The levels of serum IgG and IgA antibodies against TcdA and TcdB were measured using
an enzyme-linked immunosorbent assay (ELISA) commercial kit, according to the manufacturer’s
instructions (tgcBIOMICS, Mainz, Germany) [22]. The Optical Density (OD) was measured using an
ELISA plate reader (Thermo Scientific Multiscan FC (Waltham, MA, USA)) at 450 and 620 nm; the latter
was considered as the background. The antibody level is expressed in ELISA units (EUs) according to
the formula: OD measurements (OD 450–620 nm) × dilution factor. If more than one dilution was
performed, the average result was calculated.

2.3. Statistical Analysis

The geometric mean titers (GMTs) (and standard deviation (SD)) of serum IgA and IgG levels
against TcdA and TcdB were calculated. Differences between cases and controls in the GMTs of IgA and
IgG against TcdA and TcdB were examined using a Student’s t test and the differences according to CDI
severity were examined using the Mann Whitney test. An additional analysis was restricted to samples
collected 7–14 days after the laboratory diagnosis of C. difficile based on the assumption that it takes more
than one week until the rise in serum antibodies. In a subsample with paired sera obtained 2 weeks
apart, we examined the change in serum IgA and IgG levels against TcdA and TcdB using the paired t
test. Statistical significance was set at p < 0.05. Adjustment for multiple comparisons was conducted
using the Benjamini–Hochberg false discovery rate method [23]. We assumed that immunological
markers might be correlated; therefore, we examined the correlations between IgA and IgG antibodies
against TcdA and TcdB using the Spearman Rank correlation coefficient. The antibody levels were used
in a factor analysis to explore data reduction and create a composite variable representing the humoral
immune response [24,25] against C. difficile; the newly created composite variable was expressed as a
Z score and differences in the this newly created composite variable according to CDI severity was
examined using the Mann Whitney test. Data were analyzed using SPSS version 25 (IBM, New York,
NY, USA) and Winpepi [26].

2.4. Ethics Statement

The study was approved by the Tel Aviv Sourasky Medical Center Ethical committee (number in
the ethics committee (code) 0528-10-TLV).

3. Results

Overall, 50 patients (62% females) with CDI and 52 controls (56% females) were included in the
study. The mean age of the CDI patients was 79.2 years (SD 14) and 82.7 years (SD 8) for the controls.

3.1. Differences in IgA and IgG Levels against TcdA and TcdB between CDI Cases and the Controls

Patients with CDI had significantly higher GMT values of serum IgG antibody against TcdA
compared to the control group: 20.1 EU (SD 2.5) vs. 11.6 EU (SD 2.1), p = 0.001, and against TcdB:
18.0 EU (SD 2.6) vs. 12.0 EU (SD 2.7), p = 0.04. A similar trend was observed for serum IgA antibodies,
but the differences were not statistically significant (Table 1).

3.2. Differences in IgA and IgG Levels against TcdA and TcdB between Vatients with Mild and Severe CDI

A significantly higher GMT of serum IgA antibodies against TcdB was found among CDI patients
with mild disease compared to patients with severe disease 9.2 EU (SD 2.7) vs. 4.9 EU (SD 1.8), p = 0.023.
A similar but nonstatistically significant trend was found for serum IgA and IgG levels against TcdA
and IgG against TcdB. Limiting the analysis to sera that were collected at days 7–14 following the
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diagnosis of C. difficile showed significantly higher IgG levels against TcdA and TcdB in patients with
mild CDI compared to patients with severe CDI (Table 2).

Table 1. Geometric mean titers (and standard deviations) of serum IgG and IgA antibody levels against
toxin A and B of Clostridium difficile among cases and controls a.

Cases (n = 50)
GMT (SD)

Controls (n = 52)
GMT (SD) p Value b

Toxin A

Serum IgG antibody 20.1 (2.5) 11.6 (2.1) 0.001

Serum IgA antibody 6.8 (2.1) 5.3 (2.0) 0.08

Toxin B

Serum IgG antibody 18.0 (2.6) 12.0 (2.7) 0.04

Serum IgA antibody 7.2 (2.5) 5.4 (2.2) 0.09
a The results are expressed in ELISA units; b p value was obtained by Student’s t test; GMT: geometric mean titer;
IgA: Immunoglobulin A; IgG: Immunoglobulin G; SD: standard deviation.

3.3. Correlations between IgG and IgA against TcdA and TcdB

Significant correlations were found between serum IgG levels against TcdA and TcdB (Spearman’s
r = 0.31), IgA levels against TcdA and TcdB (Spearman’s r = 0.53) and IgG and IgA levels against TcdB
(Spearman’s r = 0.43) (Figure 1). No other significant correlations were found.
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Table 2. Geometric mean titers (and standard deviations) of serum IgG and IgA antibody levels against toxin A and B of Clostridium difficile among cases according to
Clostridium difficile infection (CDI) disease severity.

Toxin A Toxin B Toxin A

Variable
IgG Mean Difference

(95% CI)
p Value a IgA Mean Difference

(95% CI)
p Value a IgG Mean Difference

(95% CI)
p Value a IgA Mean Difference

(95% CI)
p Value a

GMT (SD) GMT (SD) GMT (SD) GMT (SD)

Disease
severity

Mild (n = 31) 23.4 (1.1) 0.39 (−0.13, 0.92) 0.12 b 7.6 (0.9) 0.30 (−0.13, 0.74) 0.14 c 20.5 (1.0) 0.34 (−0.22, 0.91) 0.11 d 9.2 (1.0) 0.63 (0.10, 1.15) 0.023 e

Severe (n = 19) 15.8 (0.5) Reference 5.6 (0.7) Reference 14.6 (0.9) Reference 4.9 (0.6) Reference

Disease
severity in the

time period,
7–14 days

Mild (n = 9) 35.5 (1.1) 0.90 (0.07, 1.74) 0.004 f 8.1 (0.5) 0.33 (−0.20, 0.87) 0.23 g 30.1 (1.1) 0.77 (−0.40, 1.95) 0.036 h 9.0 (1.2) 0.63 (−0.32, 1.57) 0.27 i

Severe (n = 8) 14.4 (0.4) Reference 5.8 (0.6) Reference 13.9 (1.2) Reference 4.8 (0.5) Reference

CDI: Clostridium difficile infection; GMT: geometric mean titer; IgA: Immunoglobulin A; IgG: Immunoglobulin G; SD: standard deviation. The results are expressed in ELISA units. a p value
was obtained by Mann Whitney test for the difference between patients with mild vs. severe CDI. p value adjusted for multiple comparisons: b 0.19, c 0.14, d 0.19, e 0.09, f 0.032, g 0.26,
h 0.09, i 0.27.
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3.4. Factor Analysis of Serum IgG and IgA against TcdA and TcdB

A factors analysis showed values of 0.5 for the Kaiser–Meyer–Olkin measure and significant
(p < 0.001) Bartlett’s test, thus indicating that the factor analysis was appropriate. One component
with eigenvalues >1 was identified and it included all markers, i.e., serum IgG and IgA levels against
TcdA and TcdB, and it explained 52.1% of the total variance. This resulted in one composite variable
representing the humoral immune response against C. difficile, expressed as a Z score. The value of the
composite variable was significantly (p = 0.026) higher in patients with mild CDI than patients with
severe CDI (Figure 2).
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Figure 2. Box plot of Z score of the humoral immune response against Clostridium difficile in patients
with mild and severe CDI. A composite variable representing the humoral immune response was
created using a factor analysis and it comprises serum IgG and IgA levels against toxin A and toxin
B and expressed in Z scores (Y-axis). The line in the middle of the box represents the median level,
lower bound of the box represents the 25th percentile, the upper bound of the box represents the 75th
percentile, the lowest point of the lower whisker represents the minimum and the highest point of
the upper represents the maximum. Black circles represent outliers. p = 0.026 by the Mann Whitney
test for the difference between sever and mild CDI (X-axis) in the median level of this variable. CDI:
Clostridium difficile infection; IgA: Immunoglobulin A; IgG: Immunoglobulin G.

3.5. Paired Sera from CDI Patients

The analysis of paired sera obtained 2 weeks apart from 20 CDI patients showed a significant
increase in IgG levels against TcdA and TcdB (Table 3).

Table 3. The geometric mean titers of serum IgG and IgA antibodies level against toxin A and B of
Clostridium difficile obtained from CDI patients 14 days apart.

1st Sample GMT (SD) 2nd Sample GMT (SD) p Value a

Toxin A, IgG 15.8 (1.3) 18.9 (1.3) 0.05

Toxin A, IgA 6.9 (1.4) 7.1 (1.5) 0.8

Toxin B, IgG 17.5 (1.3) 23.8 (1.3) 0.02

Toxin B, IgA 6.1 (1.6) 6.2 (1.6) 0.9
a p value was obtained by paired t test. CDI: Clostridium difficile infection; GMT: geometric mean titer IgA:
Immunoglobulin A; IgG: Immunoglobulin G; SD: standard deviation.
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4. Discussion

We found significantly higher levels of serum IgG antibodies against TcdA and TcdB in patients
with CDI compared to the control group. This finding might be somewhat surprising, given the
compelling evidence on the protective role of circulating IgG antibodies against C. difficile toxins in
preventing colonization and primary and recurrent CDI [10–12,15,19]. However, unlike our study,
previous studies [10–12,15,19] have assessed the levels of pre-existing serum antibodies and the
subsequent outcome of C. difficile infection. Sera obtained from the CDI patients in our study mainly
represent the early and late convalescent phase of disease that typically shows increases in serum
antibodies over the acute phase levels [14,27–29]. Our finding of a higher systemic humoral response
against C. difficile toxins than the control group is thus reasonable and compatible with findings from
studies that employed a similar study design [28–30].

The main findings of this study are the differences in the humoral immune response against TcdA
and TcdB in relation to CDI severity. We found a higher level of serum IgA antibodies against TcdB
among CDI patients with mild disease compared to patients with severe CDI. About 7–14 days after CDI
diagnosis, the levels of serum IgG levels against TcdA and TcdB were significantly higher in patients
with mild vs. severe CDI. These findings suggest that serum antibodies against TcdA and TcdB likely
moderate the severity of CDI. These results add new supportive evidence regarding the importance
of circulating serum antibodies against both toxins in moderating the disease severity. While earlier
studies have emphasized anti-TcdA serum antibodies in preventing CDI and its recurrence [11,12],
later studies have highlighted the significance of antibodies directed against TcdB [10,18]. However,
the dissection of the specific and independent role of antibodies against TcdA and TcdB is complex
given the significant correlations between them, as evident in our findings. Another interesting point
is the relative importance of serum IgA vs. IgG antibodies. C. difficile causes a mucosal disease with
the colon being the target organ, thus the involvement of IgA, which usually correlates with mucosal
immunity, seems intuitive. However, the involvement of circulating IgG antibodies in CDI severity is
unique and, as mentioned above, corroborates with existing knowledge [10–12]. Our factor analysis
supports the notion that both serum IgA and IgG levels against both TcdA and TcdB play significant
roles in moderating CDI severity.

The mechanism that can explain the protective effect of serum IgA and IgG antibodies directed
towards C. difficile toxins is still not fully clear. However, these circulating antibodies were
shown to correlate with neutralizing capabilities [27], although such correlations were not always
demonstrated [13,27]. Interestingly the neutralizing capabilities were demonstrated in convalescent
sera [27]. This supports the observed inverse association that we report between serum IgG antibody
levels and disease severity 7–14 days after the diagnosis of CDI (Table 2), which accompanies the
increased IgG levels against both toxins in paired sera (Table 3). Collectively, ours and others’
findings [10–12] re-establish the importance of circulating serum IgG and IgA levels against both TcdA
and TcdB in the prevention and control of CDI.

Our studies on other bacterial pathogens, namely Shigella spp., that target the colon and cause
dysentery also show the importance of circulating IgG antibodies in the prevention of shigellosis [31].
The pre-existing serum IgG antibody level against Shigella lipopolysaccharides (LPSs) was shown to
be protective against natural infection caused by Shigella sonnei [32]. Clinical trials with conjugate
S. sonnei vaccines (based on the LPS linked with carrier protein) administered intramuscularly resulted
in significant protection against the disease in young adults [33]. The vaccine also resulted in increases
in serum IgG level against S. sonnei LPS [33] and it has been proposed as the correlate of protection [31].
Similarly, serum IgG antibodies against C. difficile toxins might serve as a correlate of protection in clinical
trials with active vaccines targeting C. difficile. Currently there is no licensed C. difficile-active vaccine
but several are in clinical development [34–36]. Based on the current evidence from observational
studies [9–12,19] and our new findings, the concept of presenting antigens that can prime or boost the
immune system towards the production of antitoxin circulating antibodies seems a sensible approach
for developing preventive and therapeutic vaccines and technologies for CDI.
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The additional implications of our findings relate the use of monoclonal antibodies for the
prevention of CDI. Recent clinical trials with the human monoclonal antibodies, bezlotoxumab
against TcdB, demonstrated a significant efficacy in preventing recurrent CDI, while the addition of
TcdA monoclonal antibody actoxumab [18] did not improve the efficacy of preventing recurrence.
Bezlotoxumab was approved for the prevention of recurrent CDI by the regulatory agencies in US
and Europe [37]. Our finding suggests that antibodies against TcdA might be needed for moderating
the severity of CDI. Moreover, our findings suggest the need to expand the assessment of efficacy of
bezlotoxumab and actoxumab in reducing CDI severity and complications in future large-scale studies.
Altogether, ours and others’ findings provide supportive evidence for accelerating the development
and evaluation of active and passive immunotherapies for the management of CDI, as an alternative
or supplement to existing antibiotic treatments or fecal microbiota transplants.

The strong points of this study include the well-defined prospective case-control study of CDI risk
factors [20,21], in which patients’ characteristics and samples were collected according to standardized
protocols, the comprehensive assessment of both serum IgA and IgG levels against both C. difficile
toxins, and the analytical approach that signifies the importance of all these markers in CDI severity.
Our study has limitations—namely, the small sample size, especially the number of participants in the
subgroups of disease severity, in addition to the lack of pre-existing sera. The selection of hospital
controls might be a limitation since they do not necessarily represent the general population. However,
immunosuppression conditions that might negatively affect the immune system, such as cancer and
chemotherapy, were more common among the CDI cases than the controls [20,21].

5. Conclusions

Our findings are preliminary and suggest that serum antibodies directed against both toxin A and
B of C. difficile might play a role in modulating the severity of CDI. They also provide a basis for future
large-scale studies. These results call for accelerating the development and evaluation of active and
passive immunotherapies for the management of CDI.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/10/3241/s1,
Table S1: Demographic and selected clinical characteristics of cases and control of the original study and the
subsample included in the current study

Author Contributions: Conceptualization W.N., Y.C. and D.C.; methodology: W.N., Y.C., K.M. and D.C.;
validation, W.N., Y.C., A.A., V.A., K.M.; formal analysis: W.N., S.G., D.C., and K.M.; investigation, W.N., A.A., V.A.,
Y.C., D.C.; resources, A.A., D.C., Y.C.; data curation, W.N.; writing—original draft preparation W.N. and K.M.;
writing—review and editing, Y.C., D.C., V.A., S.G., A.A.; visualization K.M.; supervision, Y.C. and D.C.; project
administration, W.N., Y.C., D.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rupnik, M.; Wilcox, M.H.; Gerding, D.N. Clostridium difficile infection: New developments in epidemiology
and pathogenesis. Nat. Rev. Microbiol. 2009, 7, 526–536. [CrossRef] [PubMed]

2. Magill, S.S.; Edwards, J.R.; Bamberg, W.; Beldavs, Z.G.; Dumyati, G.; Kainer, M.A.; Lynfield, R.; Maloney, M.;
McAllister-Hollod, L.; Nadle, J.; et al. Multistate point-prevalence survey of health care-associated infections.
N. Engl. J. Med. 2014, 370, 1198–1208. [CrossRef] [PubMed]

3. Di Bella, S.; Ascenzi, P.; Siarakas, S.; Petrosillo, N.; di Masi, A. Clostridium difficile toxins A and B: Insights
into pathogenic properties and extraintestinal effects. Toxins 2016, 8, 134. [CrossRef] [PubMed]

4. Kelly, C.P.; LaMont, J.T. Clostridium difficile—More difficult than ever. N. Engl. J. Med. 2008, 359, 1932–1940.
[CrossRef] [PubMed]

5. Cornely, O.A.; Miller, M.A.; Louie, T.J.; Crook, D.W.; Gorbach, S.L. Treatment of first recurrence of
Clostridium difficile infection: Fidaxomicin versus vancomycin. Clin. Infect. Dis. 2012, 55 (Suppl. 2),
S154–S161. [CrossRef] [PubMed]

http://www.mdpi.com/2077-0383/9/10/3241/s1
http://dx.doi.org/10.1038/nrmicro2164
http://www.ncbi.nlm.nih.gov/pubmed/19528959
http://dx.doi.org/10.1056/NEJMoa1306801
http://www.ncbi.nlm.nih.gov/pubmed/24670166
http://dx.doi.org/10.3390/toxins8050134
http://www.ncbi.nlm.nih.gov/pubmed/27153087
http://dx.doi.org/10.1056/NEJMra0707500
http://www.ncbi.nlm.nih.gov/pubmed/18971494
http://dx.doi.org/10.1093/cid/cis462
http://www.ncbi.nlm.nih.gov/pubmed/22752865


J. Clin. Med. 2020, 9, 3241 9 of 10

6. Kelly, C.P.; Kyne, L. The host immune response to Clostridium difficile. J. Med. Microbiol. 2011, 60, 1070–1079.
[CrossRef] [PubMed]

7. Kuijper, E.J.; Coignard, B.; Tull, P.; ESCMID Study Group for Clostridium difficile (ESGCD); EU Member
States; The European Centre for Disease Prevention and Control (ECDC). Emergence of Clostridium
difficile-associated disease in North America and Europe. Clin. Microbiol. Infect. 2006, 12 (Suppl. 6), 2–18.
[CrossRef] [PubMed]

8. Riddle, D.J.D.; Dubberke, E.R.D. Trends in Clostridium difficile disease: Epidemiology and intervention.
Infect. Med. 2009, 26, 211–220.

9. Solomon, K.; Martin, A.J.; O’Donoghue, C.; Chen, X.; Fenelon, L.; Fanning, S.; Kelly, C.P.; Kyne, L. Mortality
in patients with Clostridium difficile infection correlates with host pro-inflammatory and humoral immune
responses. J. Med. Microbiol. 2013, 62, 1453–1460. [CrossRef]

10. Loo, V.G.; Bourgault, A.M.; Poirier, L.; Lamothe, F.; Michaud, S.; Turgeon, N.; Toye, B.; Beaudoin, A.;
Frost, E.H.; Gilca, R.; et al. Host and pathogen factors for Clostridium difficile infection and colonization.
N. Engl. J. Med. 2011, 365, 1693–1703. [CrossRef]

11. Kyne, L.; Warny, M.; Qamar, A.; Kelly, C.P. Association between antibody response to toxin A and protection
against recurrent Clostridium difficile diarrhoea. Lancet 2001, 357, 189–193. [CrossRef]

12. Kyne, L.; Warny, M.; Qamar, A.; Kelly, C.P. Asymptomatic carriage of Clostridium difficile and serum levels
of IgG antibody against toxin A. N. Engl. J. Med. 2000, 342, 390–397. [CrossRef] [PubMed]

13. Aronsson, B.; Granstrom, M.; Mollby, R.; Nord, C.E. Serum antibody response to Clostridium difficile toxins
in patients with Clostridium difficile diarrhoea. Infection 1985, 13, 97–101. [CrossRef] [PubMed]

14. Bacon, A.E., III; Fekety, R. Immunoglobulin G directed against toxins A and B of Clostridium difficile in
the general population and patients with antibiotic-associated diarrhea. Diagn. Microbiol. Infect. Dis. 1994,
18, 205–209. [CrossRef]

15. Islam, J.; Taylor, A.L.; Rao, K.; Huffnagle, G.; Young, V.B.; Rajkumar, C.; Cohen, J.; Papatheodorou, P.;
Aronoff, D.M.; Llewelyn, M.J. The role of the humoral immune response to Clostridium difficile toxins A and
B in susceptibility to C. difficile infection: A case-control study. Anaerobe 2014, 27, 82–86. [CrossRef]

16. Steele, J.; Mukherjee, J.; Parry, N.; Tzipori, S. Antibody against TcdB, but not TcdA, prevents development
of gastrointestinal and systemic Clostridium difficile disease. J. Infect. Dis. 2013, 207, 323–330. [CrossRef]
[PubMed]

17. Kuehne, S.A.; Cartman, S.T.; Heap, J.T.; Kelly, M.L.; Cockayne, A.; Minton, N.P. The role of toxin A and toxin
B in Clostridium difficile infection. Nature 2010, 467, 711–713. [CrossRef]

18. Wilcox, M.H.; Gerding, D.N.; Poxton, I.R.; Kelly, C.; Nathan, R.; Birch, T.; Cornely, O.A.; Rahav, G.; Bouza, E.;
Lee, C.; et al. Bezlotoxumab for prevention of recurrent Clostridium difficile infection. N. Engl. J. Med. 2017,
376, 305–317. [CrossRef]

19. Kelly, C.P.; Poxton, I.R.; Shen, J.; Wilcox, M.H.; Gerding, D.N.; Zhao, X.; Laterza, O.F.; Railkar, R.; Guris, D.;
Dorr, M.B. Effect of endogenous Clostridioides difficile toxin antibodies on recurrence of C. difficile infection.
Clin. Infect. Dis. 2020, 71, 81–86. [CrossRef]

20. Muhsen, K.; Na’amnih, W.; Adler, A.; Carmeli, Y.; Cohen, D. Clostridium difficile-associated disease and
Helicobacter pylori seroprevalence: A case-control study. Helicobacter 2020, 25, e12668. [CrossRef]

21. Na’amnih, W.; Adler, A.; Miller-Roll, T.; Cohen, D.; Carmeli, Y. Incidence and risk factors for community and
hospital acquisition of Clostridium difficile infection in the Tel Aviv Sourasky medical center. Infect. Control
Hosp. Epidemiol. 2017, 38, 912–920. [CrossRef]

22. Wullt, M.; Noren, T.; Ljungh, A.; Akerlund, T. IgG antibody response to toxins A and B in patients with
Clostridium difficile infection. Clin. Vaccine Immunol. 2012, 19, 1552–1554. [CrossRef] [PubMed]

23. Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate—A practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B Stat. Methodol. 1995, 57, 289–300. [CrossRef]

24. Genser, B.; Cooper, P.J.; Yazdanbakhsh, M.; Barreto, M.L.; Rodrigues, L.C. A guide to modern statistical
analysis of immunological data. BMC Immunol. 2007, 8, 27. [CrossRef] [PubMed]

25. Genser, B.; Fischer, J.E.; Figueiredo, C.A.; Alcantara-Neves, N.; Barreto, M.L.; Cooper, P.J.; Amorim, L.D.;
Saemann, M.D.; Weichhart, T.; Rodrigues, L.C. Applied immuno-epidemiological research: An approach
for integrating existing knowledge into the statistical analysis of multiple immune markers. BMC Immunol.
2016, 17, 11. [CrossRef]

http://dx.doi.org/10.1099/jmm.0.030015-0
http://www.ncbi.nlm.nih.gov/pubmed/21415200
http://dx.doi.org/10.1111/j.1469-0691.2006.01580.x
http://www.ncbi.nlm.nih.gov/pubmed/16965399
http://dx.doi.org/10.1099/jmm.0.058479-0
http://dx.doi.org/10.1056/NEJMoa1012413
http://dx.doi.org/10.1016/S0140-6736(00)03592-3
http://dx.doi.org/10.1056/NEJM200002103420604
http://www.ncbi.nlm.nih.gov/pubmed/10666429
http://dx.doi.org/10.1007/BF01642866
http://www.ncbi.nlm.nih.gov/pubmed/4030111
http://dx.doi.org/10.1016/0732-8893(94)90021-3
http://dx.doi.org/10.1016/j.anaerobe.2014.03.011
http://dx.doi.org/10.1093/infdis/jis669
http://www.ncbi.nlm.nih.gov/pubmed/23125448
http://dx.doi.org/10.1038/nature09397
http://dx.doi.org/10.1056/NEJMoa1602615
http://dx.doi.org/10.1093/cid/ciz809
http://dx.doi.org/10.1111/hel.12668
http://dx.doi.org/10.1017/ice.2017.82
http://dx.doi.org/10.1128/CVI.00210-12
http://www.ncbi.nlm.nih.gov/pubmed/22787196
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1186/1471-2172-8-27
http://www.ncbi.nlm.nih.gov/pubmed/17963513
http://dx.doi.org/10.1186/s12865-016-0149-9


J. Clin. Med. 2020, 9, 3241 10 of 10

26. Abramson, J.H. WINPEPI updated: Computer programs for epidemiologists, and their teaching potential.
Epidemiol. Perspect. Innov. 2011, 8, 1. [CrossRef] [PubMed]

27. Warny, M.; Vaerman, J.P.; Avesani, V.; Delmee, M. Human antibody response to Clostridium difficile toxin A
in relation to clinical course of infection. Infect. Immun. 1994, 62, 384–389. [CrossRef]

28. Viscidi, R.; Laughon, B.E.; Yolken, R.; Bo-Linn, P.; Moench, T.; Ryder, R.W.; Bartlett, J.G. Serum antibody
response to toxins A and B of Clostridium difficile. J. Infect. Dis. 1983, 148, 93–100. [CrossRef]

29. Johnson, S.; Gerding, D.N.; Janoff, E.N. Systemic and mucosal antibody responses to toxin A in patients
infected with Clostridium difficile. J. Infect. Dis. 1992, 166, 1287–1294. [CrossRef]

30. Sanchez-Hurtado, K.; Corretge, M.; Mutlu, E.; McIlhagger, R.; Starr, J.M.; Poxton, I.R. Systemic antibody
response to Clostridium difficile in colonized patients with and without symptoms and matched controls.
J. Med. Microbiol. 2008, 57, 717–724. [CrossRef]

31. Cohen, D.; Meron-Sudai, S.; Bialik, A.; Asato, V.; Goren, S.; Ariel-Cohen, O.; Reizis, A.; Hochberg, A.;
Ashkenazi, S. Serum IgG antibodies to Shigella lipopolysaccharide antigens—A correlate of protection
against shigellosis. Hum. Vaccines Immunother. 2019, 15, 1401–1408. [CrossRef] [PubMed]

32. Cohen, D.; Green, M.S.; Block, C.; Rouach, T.; Ofek, I. Serum antibodies to lipopolysaccharide and natural
immunity to shigellosis in an Israeli military population. J. Infect. Dis. 1988, 157, 1068–1071. [CrossRef]
[PubMed]

33. Cohen, D.; Ashkenazi, S.; Green, M.S.; Gdalevich, M.; Robin, G.; Slepon, R.; Yavzori, M.; Orr, N.; Block, C.;
Ashkenazi, I.; et al. Double-blind vaccine-controlled randomised efficacy trial of an investigational Shigella
sonnei conjugate vaccine in young adults. Lancet 1997, 349, 155–159. [CrossRef]

34. Foglia, G.; Shah, S.; Luxemburger, C.; Pietrobon, P.J. Clostridium difficile: Development of a novel candidate
vaccine. Vaccine 2012, 30, 4307–4309. [CrossRef] [PubMed]

35. Bezay, N.; Ayad, A.; Dubischar, K.; Firbas, C.; Hochreiter, R.; Kiermayr, S.; Kiss, I.; Pinl, F.; Jilma, B.;
Westritschnig, K. Safety, immunogenicity and dose response of VLA84, a new vaccine candidate against
Clostridium difficile, in healthy volunteers. Vaccine 2016, 34, 2585–2592. [CrossRef]

36. Eliakim-Raz, N.; Bishara, J. Prevention and treatment of Clostridium difficile associated diarrhea by
reconstitution of the microbiota. Hum. Vaccines Immunother. 2019, 15, 1453–1456. [CrossRef]

37. Forster, B.; Chung, P.K.; Crobach, M.J.T.; Kuijper, E.J. Application of antibody-mediated therapy for treatment
and prevention of Clostridium difficile infection. Front. Microbiol. 2018, 9, 1382. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1742-5573-8-1
http://www.ncbi.nlm.nih.gov/pubmed/21288353
http://dx.doi.org/10.1128/IAI.62.2.384-389.1994
http://dx.doi.org/10.1093/infdis/148.1.93
http://dx.doi.org/10.1093/infdis/166.6.1287
http://dx.doi.org/10.1099/jmm.0.47713-0
http://dx.doi.org/10.1080/21645515.2019.1606971
http://www.ncbi.nlm.nih.gov/pubmed/31070988
http://dx.doi.org/10.1093/infdis/157.5.1068
http://www.ncbi.nlm.nih.gov/pubmed/3283258
http://dx.doi.org/10.1016/S0140-6736(96)06255-1
http://dx.doi.org/10.1016/j.vaccine.2012.01.056
http://www.ncbi.nlm.nih.gov/pubmed/22682287
http://dx.doi.org/10.1016/j.vaccine.2016.03.098
http://dx.doi.org/10.1080/21645515.2018.1472184
http://dx.doi.org/10.3389/fmicb.2018.01382
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design and Population 
	Specimens’ Handling and Laboratory Methods 
	Statistical Analysis 
	Ethics Statement 

	Results 
	Differences in IgA and IgG Levels against TcdA and TcdB between CDI Cases and the Controls 
	Differences in IgA and IgG Levels against TcdA and TcdB between Vatients with Mild and Severe CDI 
	Correlations between IgG and IgA against TcdA and TcdB 
	Factor Analysis of Serum IgG and IgA against TcdA and TcdB 
	Paired Sera from CDI Patients 

	Discussion 
	Conclusions 
	References

