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Abstract: Developing a broadly protective vaccine covering most ETEC variants has been elusive.
The most clinically advanced candidate yet is an oral inactivated ETEC vaccine (ETVAX®). We
report on the use of a proteome microarray for the assessment of cross-reactivity of anti-ETVAX® IgG
antibodies against over 4000 ETEC antigens and proteins. We evaluated 40 (pre-and post-vaccination)
plasma samples from 20 Zambian children aged 10-23 months that participated in a phase 1 trial
investigating the safety, tolerability, and immunogenicity of ETVAX® adjuvanted with dmLT. Pre-
vaccination samples revealed high IgG responses to a variety of ETEC proteins including classical
ETEC antigens (CFs and LT) and non-classical antigens. Post-vaccination reactivity to CFA /I, CS3,
CS6, and LTB was stronger than baseline among the vaccinated compared to the placebo group.
Interestingly, we noted significantly high post-vaccination responses to three non-vaccine ETEC
proteins: CS4, CS14, and PCF071 (p = 0.043, p = 0.028, and p = 0.00039, respectively), suggestive of
cross-reactive responses to CFA /I. However, similar responses were observed in the placebo group,
indicating the need for larger studies. We conclude that the ETEC microarray is a useful tool for
investigating antibody responses to numerous antigens, especially because it may not be practicable
to include all antigens in a single vaccine.
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1. Introduction

Enterotoxigenic E. coli (ETEC) is a significant cause of moderate-to-severe diarrhoea
(MSD) in children under five years of age in low-to-middle-income countries (LMICs)
and is a leading cause of diarrhoea in travellers to endemic areas including tourists and
military personnel [1-4] The highest incidence and mortality are reported in children below
two years of age [1,3]. ETEC is estimated to be responsible for approximately 75 million
episodes of diarrhoea in under-five years of age children annually, resulting in more than
18,700 deaths [1,5,6]. Data from a Zambian study looking at the aetiological agents of MSD
in Zambian under-five years of age children confirm the significant contribution (40.7%) of
ETEC to diarrhoeal disease [7].

ETEC is a Gram-negative, facultative aerobic, rod-shaped coliform of the genus
Escherichia with strains comprising a phenotypically and genetically diverse pathotype [8,9].
In the classical paradigm of ETEC diarrhoea pathogenesis, the disease is caused by bacterial
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adherence to enterocytes using colonisation factors (CFs) or coli surface antigens (CS) and
producing one or both of two plasmid-encoded enterotoxins: heat-labile (LT) or heat-stable
(ST) [8,10,11]. The enterotoxins mediate the deregulation of the membrane ion channels
in the epithelial cell membrane, leading to the loss of ions and large amounts of water
with ST strains being responsible for most cases of MSD [8,12]. The CFs occur at various
frequencies in different parts of the world and more than 25 have been identified, with
the most common being CFA/I, CS1, CS2, CS3, CS4, CS5, CS6, CS7, CS14, CS17, and
(CS21 [8]. Enterotoxigenic E. coli fimbriae are divided into classes based on the phylogenetic
relatedness of their major pilin subunits, with most of them belonging to either class 1 or
class 5 (13). Class 1 includes CS12, CS18, and CS20, while class 5 includes CFA /I, CS1, CS2,
CS4, CS14, CS17, CS19, and PCF071 [13,14]. Class 5 fimbriae are said to account for 30% of
all clinical isolates [14,15]. The CFs are also classified into three families based on shared
cross-reactive epitopes: CFA /I-like (CFA/I, CS1, CS2, CS4, CS14, and CS17), CS5-like (CS5,
CS7, CS18, and CS20), and Class 1b (CS3, CS6, CS10, CS11, and CS12) [16-19].

Apart from the classical antigens (CFs and LT), other antigens have been suggested to
be involved in infection [20-22], including two plasmid-encoded antigens, EatA and EtpA,
that seem to be conserved across the ETEC pathovar [23].

Vaccines remain the most pragmatic way of ensuring ETEC prevention and control
besides the provision of improved sanitation systems and clean water supply, which is not
readily achieved in LMICs [24]. Treatment with antibiotics also has its challenges due to the
growing problem of antibiotic resistance [3]. Several vaccines for ETEC are in development,
and these range from subunit vaccines such as multiple epitope fusion antigens and ST
toxoids, to whole-cell vaccines which include inactivated fimbriated ETEC, live attenuated
ETEC expressing CFs, and Shigella vector expressing ETEC CFs [12].

A major hurdle in the vaccine development pathway is the antigenic diversity of ETEC
strains. Hence, most candidate vaccines in development adopt a polyvalent approach
targeting multiple CFs and LT (classical antigens) to achieve broad coverage [10,25].

ETVAX®, the most advanced candidate vaccine in clinical development contains
monovalent bulks of E. coli strains developed using recombinant plasmids expressing
the entire CFA /I, CS3, CS5, or CS6 operon and that have been inactivated either by mild
formalin or mild phenol treatment [26,27]. The formulation of ETVAX® includes LCTBA,
a protein comprising the B subunit of the cholera toxin B (CTB) and the B subunit of the
E. coli heat-labile toxin (LTB). Furthermore, the double mutant LT (dmLT) toxoid developed
by John Clements serves as an adjuvant [28].

Along with other whole-cell vaccines in development, such as the ACE 527 and the
Shigella-ETEC multivalent vaccines, ETVAX® is designed to express some of the most prevalent
and clinically relevant CFs with the view that these cover over half of all clinical isolates by
inducing cross-reactive antibodies that may be able to prevent mucosal binding of both non-
vaccine and vaccine-related CFs, thereby increasing protection against ETEC strains expressing
CFs within the same family [18,23]. A study by Vidal et al. estimated that vaccines based on
the major CFs (CFA/1, CS1, CS2, CS3, C54, CS5, CS6) may prevent diarrhoea attributed to
66% of ETEC strains expressing ST alone and those expressing both ST and LT, strains that are
largely responsible for clinical disease [12]. The ETVAX® vaccine has been previously shown
to induce cross-reactive antibodies to multiple CFs in the CFA /I and CS5 families [18,29] and
has recently undergone safety and immunogenicity assessment in Zambia.

Protection against ETEC is understood to be mainly mediated by antibodies directed
against the different CFs and LT produced locally at the gut mucosa, resulting in the
development of protective immunity against homologous strains [11]. ST does not stimulate
a strong immune response and is therefore considered poorly immunogenic even though it
is implicated in most clinical diseases [11,25]. Studies of natural and experimental infections
have revealed that the immune response to ETEC infection is more complex and more
widely focused than previously appreciated [30], involving multiple antigens in addition
to LT and CFs [31,32]. Both IgG and sIgA function as effector molecules of the mucosal
immune system in the small intestine with sIgA being more abundant, while IgG levels
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increase with infection [33]. Systemic IgG and IgA have also been shown to be Important
for protection, and it is believed that parenteral vaccine-induced serum IgG antibodies seep
onto intestinal mucosa and prevent diarrhoea due to enteric bacteria [12,30].

The exploratory study reported here used the ETEC proteomic array technology to
study IgG responses in the plasma of children participating in a randomised controlled
phase 1 trial for ETVAX® in Zambia to generate hypotheses for further studies. All the
proteins overexpressed in ETVAX®, except for CS5, are included on the array as purified
proteins. Our study evaluated whether ETVAX®-induced IgG antibodies are cross-reactive
against ETEC antigens that are absent from the ETVAX® vaccine.

2. Materials and Methods

This study utilised plasma samples collected from children aged 10-23 months participating
in a single-site, double-blind, placebo-controlled, age-descending phase 1 clinical trial examining
the safety, tolerability, and immunogenicity of an oral inactivated ETEC Vaccine (ETVAX®)
adjuvanted with dmLT. By this age, it is expected that most maternal antibodies would have
waned [34-36]. The distribution of trial participants to the different study arms is shown
in the clinical trial flowchart adapted from the trial manuscript (unpublished) (Figure S1).
The participants in this study were drawn from cohort B, which consisted of three groups of
20 participants each, receiving either 1/4 dose of the adult vaccine dose, 1/8 dose, or a placebo.
The adult dose of ETVAX constituted 150 mL of 1 x effervescent buffer, 80 x 10° bacteria, and
1 mg of LCTBA administered orally with 10 g of dmLT. Furthermore, 2.5 g dmLT in 10 mL of
effervescent buffer was used to administer the 1/8 and 1/4 dose.

Each participant received three doses of the allocated intervention on the first day
(D1), after two weeks (D15), and three months later (D90).

2.1. Sample Collection

Blood samples were collected at baseline prior to vaccination (D1 or V1), seven days
after the second dose (D22 or V5), and seven days after the third dose (D97 or V7). The
blood samples were centrifuged at 2000x g for 15 min, after which plasma samples were
aliquoted and stored frozen at —80 °C before testing.

For this study;, a total of 20 participants (4 from the placebo group and 16 from the
vaccine group) were randomly selected by listing all cohort B sample IDs in an Excel
spreadsheet and then grouped by vaccine allocation, i.e., 1/4 dose of the adult vaccine
dose, 1/8 dose, or a placebo. Every third sample in each column was then picked. A
pre-vaccination (D1 or V1) and post-vaccination (D97 or V7) plasma sample from each of
these was shipped to Antigen Discovery Incorporated (ADI) in the USA for analysis.

2.2. Lab Analysis
2.2.1. Microarray Creation

The microarray was created at ADI as previously described [32]. Briefly, clones
representing 4168 selected gene features encoding known ETEC antigens and surface
proteins present in more than 40% of the ETEC isolates examined and not present in the
genomes of three common E. coli commensal isolates were expressed in a cell-free in vitro
transcription—translation (IVTT) system with each protein having a 5 polyhistidine (HIS)
epitope and 3’ hemagglutinin (HA) epitope. The IVTT proteins were then printed on
nitrocellulose-coated glass slides using a robotic printer. The microarray and IVTT proteins
were then validated accordingly before use.

2.2.2. Sample Analysis

Test plasma samples along with control samples were added to the microarray and
incubated. In addition to the study samples, additional arrays were probed following
the same protocol with both negative and positive controls. The negative control was
buffer only with no serum added. If any spots were reactive against the negative control,
it indicated the cross-reactivity of the secondary antibody with the expressed protein.
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The positive control was a pool of reactive samples probed on each day of probing to
assess the consistency across days. The antibody-antigen reaction was then detected and
quantified by the GenePix® 4300 Microarray Scanner (Molecular Devices, San Jose, CA,
USA). All arrays were scanned and quantified, and then automated data extraction and
QC was performed using R [37]. The raw signal for each spot was obtained by taking the
raw intensity and subtracting the local background intensity. Normalized signals were
obtained by first calculating the ratio of the raw spot signal to the sample-specific median
of IVTT control spot signals, and then applying the base-2 log transformation. For purified
recombinant proteins that do not have background signals from the IVTT system, raw
signals were transformed by applying the base-2 log transformation.

From the raw data, automated QC metrics were calculated using R [37] for each array
to identify arrays with unusual variation in control spots, spots with lower reactivity than
IVTT control spot median, unusual background variation, and signal saturation.

2.2.3. Data Analysis

IVTT-expressed protein data were separated into subsets by first identifying reactive
antigens and filtering non-reactive spots from subsequent analysis (raw and normalized data
for all spots were still retained). Reactivity filtering was performed by defining seropositivity as
a normalized signal of 1.0 or greater. This corresponded to twice the sample-specific median
IVTT control spot signal, i.e., background. Antigens were categorized as reactive and carried
forward for statistical analysis if at least 1 sample was seropositive among any participant dose
group. It is worth noting that raw and normalized data were still retained and published in
a repository for all array spots. For purified protein, the normalization was only applying the
base-2 log transformation. No reactivity sub-setting was performed on the purified proteins
and all 39 spots were carried forward for statistical analysis.

2.2.4. Statistical Analysis

Paired t-tests of visit 1 (pre-vaccination) and visit 7 (post-vaccination) samples were
performed to assess the vaccination effect in each treatment group separately using R
statistical software [37]. Independent ¢-tests comparing the means of different treatment
groups at specific visits, as well as the increases (deltas) from visits 1 to 7, were used to
assess differences between groups. The p-values reported in the abstract, text, and figures
are all based on paired or independent ¢-test. Tables S3 and 5S4 contain additional results
including the group means, area under the receiver operating characteristics (ROC) curve
(AUCQC), and p-value of non-parametric Wilcox ranks testing. All reported p-values are raw
and are not corrected for multiple testing [38].

3. Results

Twenty randomly selected participants aged between 10 and 23 months were included
in this study. Of these, 16 received the ETVAX® vaccine (a vaccine consisting of four
inactivated E. coli bacterial strains over-expressing the colonisation factors CFA /I, CS3, CS5,
and CS6, respectively, the toxoid LCTBA, and dmLT serving as an adjuvant) and 4 received
the placebo. A total of eight vaccinees received one-quarter of a dose while the other eight
received one-eighth of an adult dose. Table S1 gives more information on the characteristics
of the study participants.

3.1. Responses to Purified Proteins
Microarray Responses to ETVAX® Antigens and Non-ETVAX® Antigens

The ETEC microarray contained purified proteins including full native fimbriae, as
well as major and minor colonization factor antigen (CFA) domains, putative colonisation
factors, and fimbrial surface antigens as listed in Table S2 [39] Notably absent from the
array is CS5 and members of the CS5-like family [17-19]; however, all other proteins
overexpressed in ETVAX are present.
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Figure 1 shows the IgG responses to all purified proteins present on the array with
the class 5 fimbriae ordered by subclass and the remaining proteins ordered alphabetically.
EtpA (exoprotein adhesin), YghJ] (metalloprotease), and CS3 (native fimbriae) had the high-
est average signal intensities considering the pre- and post-vaccination samples across all
subjects. Nearly all subjects have very high antibody levels against EtpA (N-terminal) and
Ygh]J, while the pre-vaccination antibody levels against CS3 exhibit much more variation.
Similarly, pre-vaccination antibody levels against other CFs vary widely across subjects:
around half of the subjects have very high levels against CFA /I, and less frequent high
levels are observed for CS17, CS19, CS2, CS14, and CSé6.
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Figure 1. The heatmaps present the base-2 logarithm of the individual reactivity levels at Day 0 in the left
panel and Day 97 in the centre panel. The delta values (change from Day 0 to Day 97) are shown in the
right panel. The heatmap colouring of the “delta” panel highlights both decreases (green) and increases
(red) within a range of [—2, 2]. Values outside the range are set to the range limit for the heatmap. The
class 5 fimbriae are ordered first by subclass, and then proteins are ordered alphabetically. The subjects are
ordered by group where blue corresponds to placebo, red to 1/8 dose, and green to 1/4 dose.

Figure 2 presents the results of three different pairwise comparisons in panels A, B,
and C with the top 10 purified protein spots ranked by absolute mean difference. The
identifier for each protein is followed by the p-value. The vaccinated individuals generally
had stronger IgG responses post-vaccination (V7) compared to pre-vaccination (V1) with
all but CS6 having V7responses that were significantly higher than V1 (p < 0.05) (Figure 2A).
The amount of increase varies widely across individual subjects. In general, the largest
increases are observed for subjects starting from very low pre-vaccine levels and subtle
increases are observed when pre-vaccine levels are already high. This is seen most clearly
in row 2 of the heatmap (Figure 1) focusing on the CFA /I responses in the one-quarter of a
dose group where the three rightmost subjects have clearly the lowest starting antibody
levels (left panel) and the increases for these three subjects are from 16 to 32-fold (rightmost
panel), whereas the other five subjects are very high pre-vaccination and have increases
of four-fold or less. See also Table S3, which contains the statistics for these comparisons.
Vaccine antigens CFA /I, CS3, CS6, and LTB, and non-vaccine antigens CS4, CS14, and



Vaccines 2023, 11, 939 6 0of 13

PCF071 were the top 10 proteins in the vaccine group. The presence of strong IgG-increased
responses to C54, CS14, and PCF071 in the vaccine group is suggestive of vaccine-induced
cross-reactive antibodies to these proteins.
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Figure 2. Graphs of IgG responses to the top 10 purified antigens/proteins in the microarray.
(A) Comparison of the averages of all vaccinated individuals at visit 1 and visit 7 for each anti-
gen. (B) Comparison of the averages of the placebo group at visit 1 and visit 7 for each antigen.
(C) Comparison of the delta changes in averages of all vaccinated individuals compared to the
placebo group at visit 1 and visit 7 for each antigen. The vertical error bars define the 95% confi-
dence interval around each average (i.e., there is a 95% probability that the true unknown mean lies
somewhere in the defined interval based on the sample average and standard deviation).
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In the placebo group (Figure 2B), the top 10 purified proteins included CfaEad (CFA/I
adhesin domain truncate), CS1, CS3, CS4, CS14, CS17, CS19, LTA, and CsbDad (CS17:
adhesin domain truncate), of which only CFA/I and CS3 are highly expressed by the
vaccine bacteria. LTA is also covered in the dmLT administered in the vaccine. V7 responses
were higher than V1 for all antigens except CfaEad; however, unlike with the vaccine group,
none of these differences were statistically significant, and the higher averages are driven
by a single high outlier (S087).

Figure 2C shows the comparison of purified protein antibody mean deltas (increase
from V1 to V7) difference among all placebo and all vaccinated individuals for the top
10 antigens. Generally, the largest delta mean differences can be observed in the vaccinated
compared to the placebo group with vaccine antigen responses tending to have more
positive delta values (see Table S4) with the exception of CS19 and CS17 for which the
placebo group had positive delta changes.

The error bars for CFA /1, CS6, and CS3 major CstG are not overlapping, with p values
of less than 0.05, suggesting the possibility that these post-vaccination responses could be
attributed to the vaccine.

3.2. Microarray Responses to Other ETEC Proteins

The microarray included other proteins in addition to the fimbriae-purified proteins
listed in Table S2. These comprised cell surface proteins, enzymes, structural proteins, and
transmembrane proteins, among others. The heatmaps in Figure 3 show the changes in IgG
antibody intensities to selected IVIT proteins that have previously been reported to show
increases in ALS IgA following a challenge with ETEC H10407 [10,32]. We observed that
the IgG responses to some of these proteins appeared to decrease substantially between V1
and V7. We attribute this to the possible waning of maternal antibodies that could have
been detected at baseline.
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Figure 3. The heatmaps present the normalized intensity base-2 logarithm of the individual reactivity
levels at Day 0 in the left panel and Day 97 in the centre panel. The delta values (change from Day 0
to Day 97) are shown in the right panel. The heatmap colouring of the “delta” panel highlights both
decreases (green) and increases (red) within a range of [-2, 2]. Values outside the range are set to the
range limit for the heatmap. The subjects are ordered by group where blue corresponds to placebo,
red to 1/8 dose, and green to 1/4 dose.
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4. Discussion

The development of a broadly protective ETEC vaccine has been a challenge due to
the huge diversity in ETEC pathovars. This study thus reports an evaluation on the ability
of ETVAX®, the most clinically advanced ETEC vaccine candidate, to induce cross-reactive
IgG antibodies against non-vaccine antigens.

Firstly, the results from our study affirm the high and early exposure to ETEC and possi-
bly other pathogenic E. coli among Zambian children. This can be seen in the high intensities
of IgG antibodies to many ETEC antigens and proteins at baseline (pre-vaccination) in the
vaccine group and pre-and post-vaccination time points in the placebo group (Figure 1).
ETEC has been previously reported to be one of the earliest symptomatic enteric illnesses
among children in endemic areas [1,40]. While we acknowledge that the observed IgG
responses may be due to the presence of maternal antibodies, various studies have shown
that maternal antibodies rapidly wane beyond the age of six months, and therefore safely
assume that the antibodies detected in this study, particularly at V7, are likely due to the
children’s natural exposure to ETEC [34-36,41]. In Table S1, we do see that a few of the
participants did have a positive ETEC colony PCR test during the study period, and, in
Figure 2B, we observe general increases in IgG to the 10 most reactive proteins in the
placebo group. These results therefore show the need to vaccinate children younger than
6 months as they may benefit more from the vaccine, as this may provide early protection
from infections.

The immunodominant purified proteins with very high IgG responses included EtpA,
EatA, Ygh], CFA/I, CS1, CS2, CS3, CS4, CS6, CS14, CS17, CS19, PCF071, LTA, and LTB. The
CFs here are compared to those observed in a previous Zambian study [17]. Most of the
immunodominant CFs are members of class 5 fimbriae (both major and minor subunits)
which are involved in the adherence of the ETEC bacteria to the enterocytes [18]. Unlike the
rod-like structure of class 5 fimbriae, CS3 are fine flexible fibrillae, while CS6 is afimbriae
and featureless [12,42,43]. These CFs are common and occur in many clinical isolates [12].

We also see that the A subunit of LT is immunodominant (Figures 1 and 2B) de-
spite some potential vaccines only including the B subunit of the LT toxin (LTB), which is
presumed to be more immunogenic in their formulations [44]. A study by Norton et al.
demonstrated that the two subunits are immunogenic and acted synergistically in neu-
tralizing the LT toxin action [44]. Therefore, the addition of dmLT which contains LTA to
ETVAX® enhances its coverage [28,45,46].

EatA, a serine protease autotransporter involved in mucin degradation enabling
bacteria access to the epithelium [23]; EtpA, a secreted exoprotein adhesin that functions
as a molecular bridge between the bacterial surface and its appendages; and YghJ, a
metalloprotease that digests intestinal mucin, are all highly immunodominant [23]. These
proteins seem to be conserved across various ETEC strains and other pathogenic E. coli and
have been reported to be involved in ETEC pathogenesis with the potential for inclusion in
vaccines [23,32,47-49].

We also observed that three non-vaccine CFs (CS4, CS14, and PCF(071) which belong
to class 5 fimbriae were among the top ten reactive antigens in the vaccinated group.
Post-vaccination responses were statistically significantly higher than pre-vaccination for
all three with p-values of less than 0.05 (p = 0.0039 for PCF071, p = 0.028 for CS14, and
p = 0.043 for CS4). While CS4 and CS14 were also among the top ten antigens in the
placebo group, we believe that the responses observed in the vaccine group may have been
vaccine-induced as C54 and CS14 belong to the same class of fimbriae as CFA /I, making
the cross-reactivity of antibodies highly likely. However, it is difficult to conclude given the
small study sample size.

A similar study by Leach et al. reported that the cross-reactivity of ETVAX® de-
rived antibodies against non-vaccine CFs, namely CS1, CS14, CS17, and CS7, of which
CS1, CS14, and CS17 are members of class 5 fimbriae [14,18]. Another similar study by
Svennerholm et al. also reported the cross-reactivity to CFA /I family CFs (CS1, CS14, and
CS517) in faeces among CFA /I responders, and they also observed high responses to CS7
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among CS5 responders [29]. In our case, CS17 and CS1 did not make the top 10 antigens in
the vaccine group, likely due to the small sample size, and therefore possible cross-reactivity
could not be detected.

The two studies above differ from our study in that they had larger sample sizes and
mucosal IgA responses were measured using ELISA; while, in our case, plasma/systemic
IgG responses were measured using a protein microarray. Nonetheless, in all three studies,
the cross-reactivity to non-vaccine antigens belonging to the same class of fimbriae or
family can be seen.

The use of the microarray in this study allowed us to efficiently screen a range of
proteins and identify other ETEC proteins that are highly immunogenic and possibly
play a role in ETEC pathogenesis apart from the classical antigens. Among them were
putative membrane proteins, conserved hypothetical proteins, putative transmembrane
proteins, putative antigen43 precursor, adhesin autotransporter, peptidoglycan-associated
lipoprotein, and putative flagellin (Flic H11). While these proteins, particularly EtpA, EatA,
and Ygh], exhibit some protection in preclinical /animal studies, their role as protective
antigens in human infection is yet to be clearly shown [6,32]. We also observed drops in the
IgG to fliC, antigen 43, and some other IVTT proteins (Figure 3) among several participants,
possibly due to the waning of maternal antibodies that may have been present before
vaccination [34,36,41,50].

Our study, though exploratory, provides an extensive look at the IgG response to
ETEC infection (pre-vaccination/placebo) and vaccination, and it is the first study from a
disease-endemic area to report the use of the ETEC microarray. However, our study had
several limitations. Firstly, due to funding constraints, we had a very small sample size and
therefore the results of this study are inconclusive and may not be generalizable. Secondly,
the microarray used did not include CFs from the CS5-like family, i.e., CS5, CS7, CS18,
and CS20, and therefore possible cross-reactivity from CS5 could not be assessed. Another
limitation was the lack of assessment of secretory IgA responses which are regarded as
paramount in ETEC infection. However, we believe the IgG responses do still enable us
to answer our main question of whether ETVAX® induces a cross-reactive response. In
addition, we observe that plasma IgG and IgA responses to LTB measured by ELISA in the
clinical trial were significantly higher in the vaccine group compared to the placebo group
as observed in this study (Table S5, Figure S1). Given the long duration between pre-and
post-vaccination assessments, it is difficult to rule out the influence of natural infection
responses on the observed post-vaccination responses. Our post-vaccination sample was
collected 7 days after the third dose and this may have been too soon to accurately measure
a vaccine-induced IgG response in view of ongoing background infections.

For future studies, we would recommend a larger sample size with substantial num-
bers of participants in both the vaccine and placebo groups to be able to come up with an
effective evaluation of vaccine-induced response. We would also recommend that studies
of this nature conducted in an endemic area include in their study design systems such as
having substantial numbers in the control group to control for background responses that
may be due to natural infection.

5. Conclusions

In conclusion, we have shown that the ETEC microarray is a tool that can be used to
study/analyse antibody responses to numerous antigens from complex microorganisms
such as ETEC. We observed that ETVAX® has potential to induce IgG antibodies that are
cross-reactive against some ETEC antigens that are not overexpressed in the vaccine, even
though our results are not conclusive due to the small sample size and call for the need for
a bigger study [18].

Not much is known about the ETEC strains that occur in our setting. However, this
study provides information about the plasmid-encoded proteins such as CFs, EtpA, and EatA
that occur in the strains in Zambia, thereby providing information for vaccine developers.
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We have also shown that various other proteins are involved in ETEC pathogenesis
and may be investigated for their role in protection.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vaccines11050939/s1. Figure S1: The figure shows the clinical
trial flowchart showing the distribution of trial participants and their allocation to the different
treatment groups. Table S1: General characteristics of study participants. Table S2: Description
of purified proteins included in the microarray. Table S3: Group averages for the top 10 antigens
ranked by absolute mean difference in the all-vaccinated group. Table S4: Delta changes in group
averages for the top 10 antigens in all vaccinated individuals compared to the placebo group at visit 1
and visit 7. Table S5: Plasma antibody responses after 2, 3, and 2 or 3 doses (>4-fold and >2-fold
and >2 or 4-fold) in cohort B children 10-23 months given 1/8 and 1/4 dose of ETVAX + dmLT or
placebo (OEV124).

Author Contributions: Conceptualization, C.M., R.C.,, M.S,, K.C.,, KM., RH.G. and C.C.; method-
ology, X.L., A.R. and C.M,; software, A.R. and X.L.; validation, X.L. and A.R; formal analysis, A.R.
and O.N.C,; investigation, C.M., K.C., KM. and M.S.; resources, R.C.; data curation, C.M.; writing—
original draft preparation, C.M.; writing—review and editing, CM., R.C.,, M.S.,, K.C,, KM., RH.G,,
O.N.C. and C.C,; visualization, A.R. and C.M.; supervision, R.C., RH.G., M.S. and C.M,; funding
acquisition, R.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded through support from the Centre for Infectious Disease Research
in Zambia (CIDRZ).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki. Ethical approval was obtained from the University of Zambia Biomedical Research Ethics
Committee (UNZABREC); reference number 965-2020. The clinical trial protocol was also reviewed by
the National Health Research Authority (NHRA), and the Zambia Medicines Regulatory Authority
(ZAMRA), and the study was registered with the Pan African Clinical Trials Registry (PACTR);
trial number PACTR201905764389804. Written informed consent was obtained from mothers and
caregivers for each participant before the initiation of any study procedures.

Informed Consent Statement: Written informed consent was obtained from mothers and caregivers
for each participant before the initiation of any study procedures.

Data Availability Statement: The data are available in the NCBI Gene Expression Omnibus (GEO)
repository. The GEO series accession number is GSE220814.

Acknowledgments: We thank the teams from the Centre for Infectious Disease Research in Zambia
(CIDRZ) Enteric Disease and Vaccine Research Unit and Antigen Discovery Inc. (ADI) for their
technical support. We are also grateful to Scandinavian Biopharma (SBH) for permitting us to use
the samples collected during the ETVAX-1 (OEV124) trial for this study and for the support pro-
vided during our manuscript development. We further acknowledge the European and Developing
Countries Clinical Trial Partnership (EDCTP) for the financial support for the clinical trial. We also
acknowledge the contributions of Mukobe Chisunka.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

Khalil, I.A.; Troeger, C.; Blacker, B.E; Rao, P.C.; Brown, A.; Atherly, D.E.; Brewer, T.G.; Engmann, C.M.; Houpt, E.R.; Kang, G.; et al.
Morbidity and mortality due to shigella and enterotoxigenic Escherichia coli diarrhoea: The Global Burden of Disease Study
1990-2016. Lancet Infect. Dis. 2018, 18, 1229-1240. [CrossRef] [PubMed]

Hosangadi, D.; Smith, P.G.; Giersing, B.K. Considerations for using ETEC and Shigella disease burden estimates to guide vaccine
development strategy. Vaccine 2019, 37, 7372-7380. [CrossRef] [PubMed]

Kotloff, K.L.; Platts-Mills, J.A.; Nasrin, D.; Roose, A.; Blackwelder, W.C.; Levine, M.M. Global burden of diarrheal diseases among
children in developing countries: Incidence, etiology, and insights from new molecular diagnostic techniques. Vaccine 2017, 35,
6783-6789. Available online: https://pubmed.ncbi.nlm.nih.gov/28765005/ (accessed on 12 October 2021).

Kotloff, K.L. The Burden and Etiology of Diarrheal Illness in Developing Countries. Pediatr. Clin. N. Am. 2017, 64, 799-814.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/vaccines11050939/s1
https://www.mdpi.com/article/10.3390/vaccines11050939/s1
https://doi.org/10.1016/S1473-3099(18)30475-4
https://www.ncbi.nlm.nih.gov/pubmed/30266330
https://doi.org/10.1016/j.vaccine.2017.09.083
https://www.ncbi.nlm.nih.gov/pubmed/29031690
https://pubmed.ncbi.nlm.nih.gov/28765005/
https://doi.org/10.1016/j.pcl.2017.03.006
https://www.ncbi.nlm.nih.gov/pubmed/28734511

Vaccines 2023, 11, 939 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Immunization, Vaccines and Biologicals. Available online: https://www.who.int/teams/immunization-vaccines-and-
biologicals/diseases/enterotoxigenic-escherichia-coli-(etec) (accessed on 8 August 2022).

Khalil, I.; Walker, R.; Porter, C.K.; Muhib, F; Chilengi, R.; Cravioto, A.; Guerrant, R.; Svennerholm, A.-M.; Qadri, F; Baqar, S.; et al.
Enterotoxigenic Escherichia coli (ETEC) vaccines: Priority activities to enable product development, licensure, and global access.
Vaccine 2021, 39, 4266—4277. [CrossRef] [PubMed]

Chisenga, C.C.; Bosomprah, S.; Laban, N.M.; Kazimbaya, K.M.; Mwaba, J.; Simuyandi, M.; Chilengi, R. vAetiology of Diarrhoea
in Children Under Five in Zambia Detected Using Luminex XTAG Gastrointestinal Pathogen Panel. Pediatr. Infect. Dis. 2018, 3, 8.
[CrossRef]

Qadri, F; Svennerholm, A.M.; Faruque, A.S.G.; Sack, R.B. Enterotoxigenic Escherichia coli in Developing Countries: Epidemiology,
Microbiology, Clinical Features, Treatment, and Prevention. Clin. Microbiol. Rev. 2005, 18, 465-483. [CrossRef] [PubMed]

Sahl, J.W.; Sistrunk, J.R.; Baby, N.I; Begum, Y.; Luo, Q.; Sheikh, A.; Qadri, F.; Fleckenstein, ].M.; Rasko, D.A. Insights into
enterotoxigenic Escherichia coli diversity in Bangladesh utilizing genomic epidemiology. Sci. Rep. 2017, 7, 3402. [CrossRef]
Chakraborty, S.; Randall, A.; Vickers, T.J.; Molina, D.; Harro, C.D.; DeNearing, B.; Brubaker, J.; Sack, D.A.; Bourgeois, A.L.;
Felgner, P.L.; et al. Interrogation of a live-attenuated enterotoxigenic Escherichia coli vaccine highlights features unique to
wild-type infection. NPJ Vaccines 2019, 4, 37. [CrossRef]

Zegeye, E.D.; Govasli, M.L.; Sommerfelt, H.; Puntervoll, P. Development of an enterotoxigenic Escherichia coli vaccine based on
the heat-stable toxin. Hum. Vaccines Immunother. 2018, 15, 1379-1388. [CrossRef]

Vidal, RM.; Muhsen, K,; Tennant, S.M.; Svennerholm, A.-M.; Sow, S.O.; Sur, D.; Zaidi, A K.M.; Faruque, A.S.G.; Saha, D,;
Adegbola, R.; et al. Colonization factors among enterotoxigenic Escherichia coli isolates from children with moderate-to-severe
diarrhea and from matched controls in the Global Enteric Multicenter Study (GEMS). PLoS Negl. Trop. Dis. 2019, 13, e0007037.
[CrossRef]

Mortezaei, N.; Epler, C.R.; Shao, PP.; Shirdel, M.; Singh, B.; McVeigh, A.; Uhlin, B.E.; Savarino, S.J.; Andersson, M.; Bullitt, E.
Structure and function of Enterotoxigenic Escherichia coli fimbriae from differing assembly pathways. Mol. Microbiol. 2015,
95, 116. [CrossRef] [PubMed]

Liu, Y;; Shahabudin, S.; Farid, S.; Lee, L.H.; McVeigh, A.L.; Maciel, M.; Poole, S.T.; Broadman, M.; Prouty, M.G.; Savarino, S.J.
Cross-Reactivity, Epitope Mapping, and Potency of Monoclonal Antibodies to Class 5 Fimbrial Tip Adhesins of Enterotoxigenic
Escherichia coli. Infect. Immun. 2020, 88, €00246-20. [CrossRef]

Anantha, R.P; McVeigh, A.L,; Lee, L.H.; Agnew, M.K,; Cassels, E]J.; Scott, D.A.; Whittam, T.S.; Savarino, S.J. Evolutionary and
Functional Relationships of Colonization Factor Antigen I and Other Class 5 Adhesive Fimbriae of Enterotoxigenic Escherichia coli.
Infect. Immun. 2004, 72, 7190-7201. [CrossRef] [PubMed]

Kipkirui, E.; Koech, M.; Ombogo, A.; Kirera, R.; Ndonye, J.; Kipkemoi, N.; Kirui, M.; Philip, C.; Roth, A.; Flynn, A.; et al. Molecular
characterization of enterotoxigenic Escherichia coli toxins and colonization factors in children under five years with acute diarrhea
attending Kisii Teaching and Referral Hospital, Kenya. Trop. Dis. Travel Med. Vaccines 2021, 7, 31. [CrossRef] [PubMed]
Simuyandi, M.; Chilengi, R.; Connor, S.B.; Voeglein, ].B.; Laban, N.M.; Mwila-Kazimbaya, K.; Chisenga, C.C.; Mwaba, J.;
Sack, D.A.; Chakraborty, S. Enterotoxigenic Escherichia coli Toxins and Colonization Factors among Zambian Children Presenting
with Moderate to Severe Diarrhea to Selected Health Facilities. Arch. Microbiol. Immunol. 2019, 3, 173-184. [CrossRef]

Leach, S.; Lundgren, A.; Carlin, N.; Lofstrand, M.; Svennerholm, A.-M. Cross-reactivity and avidity of antibody responses
induced in humans by the oral inactivated multivalent enterotoxigenicEscherichia coli (ETEC) vaccine ETVAX. Vaccine 2017, 35,
3966-3973. [CrossRef] [PubMed]

von Mentzer, A.; Tobias, J.; Wiklund, G.; Nordqvist, S.; Aslett, M.; Dougan, G.; Sjoling, A.; Svennerholm, A .M. Identification and
characterization of the novel colonization factor CS30 based on whole genome sequencing in enterotoxigenic Escherichia coli
(ETEC). Sci Rep. 2017, 7, 12514. [CrossRef]

Chakraborty, S.; Harro, C.; DeNearing, B.; Brubaker, J.; Connor, S.; Maier, N.; Dally, L.; Flores, ].; Bourgeois, A.L.; Walker, R.; et al.
Impact of lower challenge doses of enterotoxigenic Escherichia coli on clinical outcome, intestinal colonization and immune
responses in adult volunteers. PLOS Negl. Trop. Dis. 2018, 12, e0006442. [CrossRef]

Harris, J.A.; Roy, K.; Woo-Rasberry, V.; Hamilton, D.J.; Kansal, R.; Qadri, F; Fleckenstein, ].M. Directed Evaluation of En-
terotoxigenic Escherichia coli Autotransporter Proteins as Putative Vaccine Candidates. PLoS Negl. Trop. Dis. 2011, 5, e1428.
[CrossRef]

Montero, D.; Orellana, P.; Gutiérrez, D.; Araya, D.; Salazar, ].C.; Prado, V.; Oniate, A.; del Canto, E; Vidal, R. Immunoproteomic
Analysis to Identify Shiga Toxin-Producing Escherichia coli Outer Membrane Proteins Expressed during Human Infection. Infect.
Immun. 2014, 82, 4767-4777. [CrossRef] [PubMed]

Fleckenstein, ].M. Confronting Challenges to Enterotoxigenic Escherichia coli Vaccine Development. Front. Trop. Dis. 2021,
2,709907. [CrossRef] [PubMed]

Seo, H.; Zhang, W. Development of effective vaccines for enterotoxigenic Escherichia coli. Lancet Infect. Dis. 2020, 20, 150-152.
[CrossRef] [PubMed]

Zhang, W.; Sack, D.A. Current Progress in Developing Subunit Vaccines against Enterotoxigenic Escherichia coli-Associated
Diarrhea. Clin. Vaccine Immunol. 2015, 22, 983-991. [CrossRef] [PubMed]


https://www.who.int/teams/immunization-vaccines-and-biologicals/diseases/enterotoxigenic-escherichia-coli-(etec)
https://www.who.int/teams/immunization-vaccines-and-biologicals/diseases/enterotoxigenic-escherichia-coli-(etec)
https://doi.org/10.1016/j.vaccine.2021.04.018
https://www.ncbi.nlm.nih.gov/pubmed/33965254
https://doi.org/10.21767/2573-0282.100064
https://doi.org/10.1128/CMR.18.3.465-483.2005
https://www.ncbi.nlm.nih.gov/pubmed/16020685
https://doi.org/10.1038/s41598-017-03631-x
https://doi.org/10.1038/s41541-019-0131-7
https://doi.org/10.1080/21645515.2018.1496768
https://doi.org/10.1371/journal.pntd.0007037
https://doi.org/10.1111/mmi.12847
https://www.ncbi.nlm.nih.gov/pubmed/25355550
https://doi.org/10.1128/IAI.00246-20
https://doi.org/10.1128/IAI.72.12.7190-7201.2004
https://www.ncbi.nlm.nih.gov/pubmed/15557644
https://doi.org/10.1186/s40794-021-00157-z
https://www.ncbi.nlm.nih.gov/pubmed/34906250
https://doi.org/10.26502/ami.93650039
https://doi.org/10.1016/j.vaccine.2017.06.006
https://www.ncbi.nlm.nih.gov/pubmed/28625524
https://doi.org/10.1038/s41598-017-12743-3
https://doi.org/10.1371/journal.pntd.0006442
https://doi.org/10.1371/journal.pntd.0001428
https://doi.org/10.1128/IAI.02030-14
https://www.ncbi.nlm.nih.gov/pubmed/25156722
https://doi.org/10.3389/fitd.2021.709907
https://www.ncbi.nlm.nih.gov/pubmed/35937717
https://doi.org/10.1016/S1473-3099(19)30631-0
https://www.ncbi.nlm.nih.gov/pubmed/31757775
https://doi.org/10.1128/CVI.00224-15
https://www.ncbi.nlm.nih.gov/pubmed/26135975

Vaccines 2023, 11, 939 12 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Tobias, J.; Lebens, M.; Bolin, I.; Wiklund, G.; Svennerholm, A.-M. Construction of non-toxic Escherichia coli and Vibrio cholerae
strains expressing high and immunogenic levels of enterotoxigenic E. coli colonization factor I fimbriae. Vaccine 2008, 26, 743-752.
[CrossRef]

Tobias, J.; Svennerholm, A.-M.; Carlin, N.L; Lebens, M.; Holmgren, J. Construction of a non-toxigenic Escherichia coli oral vaccine
strain expressing large amounts of CS6 and inducing strong intestinal and serum anti-CS6 antibody responses in mice. Vaccine
2011, 29, 8863-8869. [CrossRef]

Clements, J.D.; Norton, E.B. The Mucosal Vaccine Adjuvant LT(R192G/L211A) or dmLT. Msphere 2018, 3, €00215-18. [CrossRef]
Svennerholm, A.-M.; Lundgren, A.; Leach, S.; Akhtar, M.; Qadri, F. Mucosal Inmune Responses Against an Oral Enterotoxigenic
Escherichia coli Vaccine Evaluated in Clinical Trials. J. Infect. Dis. 2021, 224, S821-5828. [CrossRef]

Chen, K.; Magri, G.; Grasset, E.K.; Cerutti, A. Rethinking mucosal antibody responses: IgM, IgG and IgD join IgA. Nat. Rev.
Immunol. 2020, 20, 427-441. Available online: https:/ /www.nature.com/articles/s41577-019-0261-1 (accessed on 10 January 2022).
[CrossRef]

Roy, K.; Bartels, S.; Qadri, F.; Fleckenstein, ].M. Enterotoxigenic Escherichia coli Elicits Immune Responses to Multiple Surface
Proteins. Infect. Immun. 2010, 78, 3027-3035. [CrossRef]

Chakraborty, S.; Randall, A.; Vickers, T.J.; Molina, D.; Harro, C.D.; DeNearing, B.; Brubaker, J.; Sack, D.A.; Bourgeois, A.L,;
Felgner, P.L.; et al. Human Experimental Challenge with Enterotoxigenic Escherichia coli Elicits Immune Responses to Canonical
and Novel Antigens Relevant to Vaccine Development. J. Infect. Dis. 2018, 218, 1436-1446. [CrossRef]

Giuntini, S.; Stoppato, M.; Sedic, M.; Ejemel, M.; Pondish, J.R.; Wisheart, D.; Schiller, Z.A.; Thomas, W.D.; Barry, EM,;
Cavacini, L.A.; et al. Identification and Characterization of Human Monoclonal Antibodies for Immunoprophylaxis against
Enterotoxigenic Escherichia coli Infection. Infect. Immun. 2018, 86, e00355-18. Available online: https:/ /journals.asm.org/doi/
abs/10.1128 /IAI.00355-18 (accessed on 12 December 2021). [CrossRef]

Niewiesk, S. Maternal Antibodies: Clinical Significance, Mechanism of Interference with Immune Responses, and Possible
Vaccination Strategies. Front. Immunol. 2014, 5, 446. [CrossRef] [PubMed]

Thompson, C.N.; Tu, L T.P; Anders, K.L.; Hieu, N.T.; Vi, LL.; Chau, N.V.V; Duong, V.T.; Chau, T.T.H.; Tuyen, H.T;
Nga, T.V.T,; et al. The transfer and decay of maternal antibody against Shigella sonnei in a longitudinal cohort of Vietnamese
infants. Vaccine 2016, 34, 783-790. [CrossRef] [PubMed]

Chisenga, C.C.; Bosomprah, S.; Simuyandi, M.; Mwila-Kazimbaya, K.; Chilyabanyama, O.N.; Laban, N.M.; Bialik, A.; Asato, V.;
Meron-Sudai, S.; Frankel, G.; et al. Shigella-specific antibodies in the first year of life among Zambian infants: A longitudinal
cohort study. PLoS ONE 2021, 16, €0252222. [CrossRef] [PubMed]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021; Available online: https:/ /www.r-project.org/ (accessed on 25 March 2022).

Benjaminit, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B 1995, 57, 289-300.

Charan, J.; Kantharia, N.D. How to calculate sample size in animal studies? J. Pharmacol. Pharmacother. 2013, 4, 303-306. Available
online: http://www.ncbi.nlm.nih.gov/pubmed /24250214 (accessed on 29 July 2019). [CrossRef]

Qadri, E; Saha, A.; Ahmed, T.; Al Tarique, A.; Begum, Y.A.; Svennerholm, A.-M. Disease Burden Due to Enterotoxigenic
Escherichia coli in the First 2 Years of Life in an Urban Community in Bangladesh. Infect. Immun. 2007, 75, 3961-3968. [CrossRef]
Khampanisong, P; Pauly, M.; Nouanthong, P; Vickers, M.A.; Virachith, S.; Xaydalasouk, K.; Black, A.P.; Muller, C.P;
Hiibschen, ]. M. Waning of Maternal Antibodies against Measles Suggests a Large Window of Susceptibility in Infants in Lao
People’s Democratic Republic. Pathogens 2021, 10, 1316. [CrossRef]

Ares, M.A.; Abundes-Gallegos, J.; Rodriguez-Valverde, D.; Panunzi, L.G.; Jiménez-Galicia, C.; Jarillo-Quijada, M.D.; Cedillo, M.L,;
Alcantar-Curiel, M.D.; Torres, J.; Girén, J.A.; et al. The Coli Surface Antigen CS3 of Enterotoxigenic Escherichia coli Is Differentially
Regulated by H-NS, CRP, and CpxRA Global Regulators. Front. Microbiol. 2019, 10, 1685. [CrossRef]

Poole, S.T., Jr; Maciel, M.; Dinadayala, P; Dori, K.E.; McVeigh, A.L; Liu, Y., Barry, E.; Grassel, C.; Prouty, M.G,;
Renauld-Mongénie, G.; et al. Biochemical and Immunological Evaluation of Recombinant CS6-Derived Subunit Enterotoxigenic
Escherichia coli Vaccine Candidates. Infect. Immun. 2019, 87, e00788-18. [CrossRef]

Norton, E.B.; Branco, L.M.; Clements, J.D. Evaluating the A-Subunit of the Heat-Labile Toxin (LT) As an Immunogen and a
Protective Antigen Against Enterotoxigenic Escherichia coli (ETEC). PLoS ONE 2015, 10, e0136302. [CrossRef] [PubMed]
Norton, E.B.; Lawson, L.; Freytag, L.C.; Clements, J.D. Characterization of a Mutant Escherichia coli Heat-Labile Toxin,
LT(R192G/L211A), as a Safe and Effective Oral Adjuvant. Clin. Vaccine Immunol. 2011, 18, 546-551. [CrossRef] [PubMed]
Qadri, F; Akhtar, M.; Bhuiyan, T.R.; Chowdhury, M.I.; Ahmed, T.; Rafique, T A.; Khan, A.; Rahman, SIA.; Khanam, F;
Lundgren, A.; et al. Safety and immunogenicity of the oral, inactivated, enterotoxigenic Escherichia coli vaccine ETVAX in
Bangladeshi children and infants: A double-blind, randomised, placebo-controlled phase 1/2 trial. Lancet Infect. Dis. 2020, 20,
208-219. [CrossRef] [PubMed]

Luo, Q.; Qadri, F; Kansal, R.; Rasko, D.A.; Sheikh, A.; Fleckenstein, ]. M. Conservation and Immunogenicity of Novel Antigens in
Diverse Isolates of Enterotoxigenic Escherichia coli. PLOS Negl. Trop. Dis. 2015, 9, e€0003446. [CrossRef]

Kumar, P; Luo, Q.; Vickers, T.J.; Sheikh, A.; Lewis, W.G.; Fleckenstein, J. EatA, an Immunogenic Protective Antigen of Enterotoxi-
genic Escherichia coli, Degrades Intestinal Mucin. Infect. Immun. 2014, 82, 500-508. [CrossRef]


https://doi.org/10.1016/j.vaccine.2007.12.009
https://doi.org/10.1016/j.vaccine.2011.09.096
https://doi.org/10.1128/mSphere.00215-18
https://doi.org/10.1093/infdis/jiab475
https://www.nature.com/articles/s41577-019-0261-1
https://doi.org/10.1038/s41577-019-0261-1
https://doi.org/10.1128/IAI.00264-10
https://doi.org/10.1093/infdis/jiy312
https://journals.asm.org/doi/abs/10.1128/IAI.00355-18
https://journals.asm.org/doi/abs/10.1128/IAI.00355-18
https://doi.org/10.1128/IAI.00355-18
https://doi.org/10.3389/fimmu.2014.00446
https://www.ncbi.nlm.nih.gov/pubmed/25278941
https://doi.org/10.1016/j.vaccine.2015.12.047
https://www.ncbi.nlm.nih.gov/pubmed/26742945
https://doi.org/10.1371/journal.pone.0252222
https://www.ncbi.nlm.nih.gov/pubmed/34043697
https://www.r-project.org/
http://www.ncbi.nlm.nih.gov/pubmed/24250214
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.1128/IAI.00459-07
https://doi.org/10.3390/pathogens10101316
https://doi.org/10.3389/fmicb.2019.01685
https://doi.org/10.1128/IAI.00788-18
https://doi.org/10.1371/journal.pone.0136302
https://www.ncbi.nlm.nih.gov/pubmed/26305793
https://doi.org/10.1128/CVI.00538-10
https://www.ncbi.nlm.nih.gov/pubmed/21288994
https://doi.org/10.1016/S1473-3099(19)30571-7
https://www.ncbi.nlm.nih.gov/pubmed/31757774
https://doi.org/10.1371/journal.pntd.0003446
https://doi.org/10.1128/IAI.01078-13

Vaccines 2023, 11, 939 13 of 13

49. Fleckenstein, J.; Sheikh, A.; Qadri, F. Novel Antigens for enterotoxigenic Escherichia coli (ETEC) Vaccines. Expert Rev. Vaccines
2014, 13, 631. [CrossRef]

50. Dent, A.E.; Malhotra, I.; Wang, X.; Babineau, D.; Yeo, K.T.; Anderson, T.; Kimmel, R.J.; Angov, E.; Lanar, D.E.; Narum, D.; et al.
Contrasting Patterns of Serologic and Functional Antibody Dynamics to Plasmodium falciparum Antigens in a Kenyan Birth
Cohort. Clin. Vaccine Immunol. 2016, 23, 104-116. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1586/14760584.2014.905745
https://doi.org/10.1128/CVI.00452-15

	Introduction 
	Materials and Methods 
	Sample Collection 
	Lab Analysis 
	Microarray Creation 
	Sample Analysis 
	Data Analysis 
	Statistical Analysis 


	Results 
	Responses to Purified Proteins 
	Microarray Responses to Other ETEC Proteins 

	Discussion 
	Conclusions 
	References

