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ABSTRACT There are no licensed vaccines for enterotoxigenic Escherichia coli (ETEC), a
common cause of children’s diarrhea and travelers’ diarrhea. ETEC strains producing
enterotoxins (heat-labile toxin, LT; heat-stable toxin, STa) and adhesins CFA/I, CFA/II (CS1-
CS3) or CFA/IV (CS4-CS6) attributed to a majority of ETEC-associated diarrheal cases, thus
the two toxins (STa, LT) and the seven adhesins (CFA/I, CS1 to CS6) are historically the
primary targets in ETEC vaccine development. Recent studies, however, revealed that
ETEC strains with adhesins CS14, CS21, CS7, CS17, and CS12 are also prevalent and cause
moderate-to-severe diarrhea; these adhesins are now considered antigen targets as well
for ETEC vaccines. In this study, we applied the epitope- and structure-based multiepi-
tope-fusion-antigen (MEFA) vaccinology platform and constructed a polyvalent protein to
present immuno-dominant continuous B-cell epitopes of these five adhesins (also an STa
toxoid); we then characterized this protein antigen’s (termed as adhesin MEFA-II) broad
immunogenicity and evaluated antibody functions against each targeted adhesin and
STa toxin. Data showed that mice intramuscularly immunized with adhesin MEFA-II pro-
tein developed robust IgG to the targeted adhesins and toxin STa. Importantly, the anti-
gen-derived antibodies significantly inhibited adherence of ETEC bacteria expressing
adhesin CS7, CS12, CS14, CS17, or CS21 and reduced STa enterotoxicity. These results
indicated that adhesin MEFA-II protein is broadly immunogenic and induces cross-func-
tional antibodies, suggesting adhesin MEFA-II can be an effective ETEC vaccine antigen; if
included in an ETEC vaccine candidate, adhesin MEFA-II can expand vaccine coverage
and increase efficacy against ETEC-associated children’s diarrhea and travelers’ diarrhea.

IMPORTANCE An effective vaccine is lacking against ETEC, a primary cause of child-
ren’s diarrhea and traveler’s diarrhea and a threat to global health. The key challenge
in ETEC vaccine development is that ETEC bacteria express heterogeneous virulence
determinants (.25 adhesins and two toxins). While the current strategy to target the
seven most prevalent ETEC adhesins (CFA/I, CS1 to CS6) potentially lead to a vaccine
against many clinical cases, the prevalence of ETEC strains shifts chronically and geo-
graphically, and ETEC expressing other adhesins, mainly CS7, CS12, CS14, CS17, and
CS21, also cause moderate-to-severe diarrhea. However, it is impossible to develop an
ETEC vaccine to target as many as 12 adhesins under conventional approaches. This
study used a unique vaccinology platform to create a polyvalent antigen and demon-
strated the antigen's broad immunogenicity and functions against the targeted ETEC
adhesins, enabling the development of a broadly protective vaccine essentially against
all of the important ETEC strains.
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Enterotoxigenic Escherichia coli (ETEC) is a top-four cause of diarrhea in children
aged less than 5 years in developing countries (children’s diarrhea) and the most

common cause of diarrhea in children and adults, including military and civilian per-
sonnel traveling from the developed world to ETEC countries or regions of endemicity
(travelers’ diarrhea) (1–3). Vaccines are considered a more practical and cost-effective
countermeasure against ETEC-associated diarrhea and a better tool in combating anti-
microbial resistance (AMR) (4, 5), especially as ETEC and other enteric bacteria are gain-
ing AMR at an alarmingly high and increasing rate. Unfortunately, there are no vaccines
licensed for ETEC diarrhea and many other infectious diseases.

There are a few ETEC vaccine candidates currently under preclinical or clinical inves-
tigation (6–8). These vaccine candidates primarily target the strains producing a few
important ETEC adhesins and one or both ETEC enterotoxins. Adhesins and enterotox-
ins are the virulence determinants in causing ETEC-associated diarrhea. However, since
an ETEC strain expressing one adhesin (out of .25 colonization factor antigen [CFA]
and coli surface antigen [CS] adhesins) and either enterotoxin (heat-stable toxin [STa],
heat-labile toxin [LT]) can cause diarrhea, it becomes very challenging to develop an
effective ETEC vaccine to protect against the diverse ETEC strains or pathovars that
produce heterogeneous adhesins and toxins (9–11). Epidemiological and clinical stud-
ies revealed that ETEC strains producing seven adhesins, CFA/I, CFA/II (CS1, CS2, CS3),
and CFA/IV (CS4, SC5, CS6) [together with either or both enterotoxins (STa, LT)], are the
dominant source to cause ETEC-associated diarrhea (12–15) and tend to be more sig-
nificant in causing moderate to severe clinical cases (16). Some (or all) of these seven
adhesins (CFA/I, CS1 to CS6), therefore, have been historically targeted as the main
antigens of ETEC vaccine candidates (6, 8, 10).

A recent study estimated that ETEC strains expressing these seven adhesins (CFA/I,
CS1 to CS6), however, are responsible for about 66% of ETEC diarrhea clinical cases and
the strains producing other adhesins also play a significant role in causing children’s diar-
rhea and travelers’ diarrhea (16). Systematic surveys and cohort case studies uncovered
that adhesins CS21 and CS14 are highly prevalent among ETEC strains isolated from diar-
rheal patients on a global scale (13, 15). Moreover, ETEC strains producing CS14 adhesin
and STa toxin, as well as the strains producing CS21 adhesin and LT, are found to be sig-
nificantly associated with moderate-to-severe diarrhea in children living in South Asia or
sub-Saharan Africa (16). Indeed, ETEC strains that produce CS21 adhesin and STa toxin or
STa and LT toxins are identified as the most prevalent cause of clinical diarrhea in US
children as well as US adults traveling to Guatemala, Mexico, or India (17). It is also
noticed that an ETEC isolate that produces CS7 adhesin and LT toxin was found to cause
diarrhea in adult volunteers (18), and based on a longitudinal study of hospital patient
samples, ETEC strains that express CS7, CS14, or CS21 adhesin (alone or together with
CFA/I or CFA/II), as well as CS12 or CS17 adhesin, emerged as a dominant cause of clini-
cal diarrhea in Bangladesh (19). Therefore, these adhesins are recommended to be also
targeted for ETEC vaccine development. Indeed, it was estimated that the inclusion of
CS7, CS12, CS14, CS17, and CS21 adhesin antigens to a vaccine that covers the seven
major adhesins (CFA/I, CS1-CS6) (without ETEC toxin antigens) would improve vaccine
protection significantly, from 64.3% to 86.2% against STa only ETEC infection, from 66%
to 80.6% against STa1 ETEC (STa alone or together with LT) strains, and from 25% to
47.3% against LT only ETEC (16).

A vaccine, if it targets all of these 12 important adhesins (CFA/I, CS1 to CS7, CS12,
CS14, CS17, CS21), would significantly improve protection against ETEC diarrhea. The
challenge is that it becomes practically impossible to compose 12 or even seven im-
portant ETEC adhesin antigens into a vaccine product with conventional vaccine tech-
nologies. The current cocktail vaccine strategy to mix a few live attenuated or killed
strains expressing several ETEC adhesins encounters challenges, including the com-
plexity of product formulation, the need for a high oral dose that is often linked to
reactogenicity, especially in young children, and the excessive amounts of somatic
antigens, which results in poor host immune responses specific to the targeted
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virulence factors and unsatisfied efficacy against diarrhea (10). In contrast to the conven-
tional approach, the novel vaccinology platform multiepitope-fusion-antigen (MEFA),
which applies computational biology and protein modeling techniques to construct
polyvalent antigens with broad immunogenicity (11, 20–22), can solve the antigen heter-
ogeneity problem. Combined with the epitope vaccinology concept and structure vacci-
nology concept, the MEFA vaccinology platform enables the integration of multiple
functional epitopes from heterogeneous virulence factors or strains into a backbone im-
munogen to produce a polyvalent immunogen with cross-protective immunity.

By applying this MEFA vaccinology platform, we have developed an ETEC vaccine
candidate, named MecVax (multivalent enterotoxigenic E. coli vaccine) which is com-
posed of two polyvalent protein antigens to target the seven ETEC adhesins (CFA/I and
CS1 to CS6) and both ETEC toxins (8, 23–25). With the addition of another polyvalent
adhesin immunogen to target the other important ETEC adhesins, such an ETEC vac-
cine candidate would expand protection coverage and amplify efficacy against ETEC
diarrhea. In this study, we applied the MEFA vaccinology platform and constructed an
ETEC adhesin MEFA protein to target CS7, CS12, CS14, CS17, and CS21 adhesins. We
then examined this polyvalent adhesin MEFA protein for broad immunogenicity and
subsequently evaluated MEFA-induced antibodies for cross-protection against the tar-
geted five ETEC adhesins.

RESULTS
A polyvalent adhesin MEFA protein carrying epitopes of CS7, CS12, CS14,

CS17, and CS21 adhesins as well as an STa toxoid was constructed and expressed.
Immunodominant continuous B-cell epitopes ‘AGSPVTRSDTTS’ of adhesin CS7 major
subunit CsvA (GenBank accession number AY009095), ‘GSNGQANNNDASQ’ of CS12
(CswA; AY009096), ‘TTSGTAPSAGKYQ’ and ‘GFGSTGTAGVSN’ of CS14 (CsuA; AY283611),
‘ADTQGTAPEAGNY’ of CS17 (CsbA; AY515609), and ‘AYQRDGKYPDFV’ and ‘TIKTDTSGIP’
of CS21 (LngA; NG036490) were in silico identified (based on a Random Forest algorithm
which is trained on epitopes and non-epitopes determined from crystal structures to
predict conformational epitopes). These epitopes were predicted antigenic (based on an-
tigenicity propensity) and surface-exposed (based on hydrophilicity and protein model-
ing). With assistance from the MEFA vaccinology platform (21), these seven ETEC adhesin
epitopes and a full-length STaN12S toxoid (MNSSNYCCELCCSPACTGCY; the 12th aspara-
gine is substituted with serine) were integrated into the backbone protein CFA/I major
subunit CfaB by substituting counterpart backbone epitopes (Fig. 1). After in silico opti-
mization, this polyvalent adhesin MEFA protein termed adhesin MEFA-II (to separate
from adhesin CFA/I/II/IIV MEFA which targets CFA/I, CS1 to CS6) had a molecule size of
18.1 kDa and an instability index of 22.93 (,40 is considered stable), with each of the
adhesin epitopes of interest on MEFA-II confirmed in silico to be immunodominant, sur-
face-exposed, and antigenic. The 19-amino acid STaN12S peptide itself is not immuno-
genic, and its immunogenicity was enhanced after being integrated into backbone CfaB,
particularly for the 16th (from an antigenicity score of 0.434 in native peptide to 0.504 in
MEFA-II), 17th (from 0.379 to 0.504), and 19th (from 0.255 to 0.503) residues, with an
overall average residue score improved from 0.4112 to 0.452, based on Bepipred-2.0 pre-
dictor (Data Not Shown). A gene coding adhesin MEFA-II was synthesized after codon
optimization and subsequently cloned into expression vector pET28a; the resultant plas-
mid was hosted by E. coli BL21 CodonPlus (DE3) strain. The MEFA protein was extracted
at a yield of 40 mg per L of culture broth, at a purity over 95% estimated with SDS-PAGE
Coomassie blue staining. The targeted protein was recognized by mouse serum polyclo-
nal antibodies specific to CS14 major subunit CsuA, CS21 major subunit LngA, CS17
major subunit CsbA, and backbone CfaB in Western blot (Fig. 1).

Adhesin MEFA-II protein induced antibody responses to five adhesins (CS7,
CS12, CS14, CS17, and CS21) and toxin STa. The adhesin MEFA protein was shown to
be broadly immunogenic. Mice intramuscularly immunized with this MEFA protein,
with or without adjuvant dmLT (double mutant heat-labile toxin, LTR192G/L211A), devel-
oped robust IgG responses to the five targeted adhesins (CS7, CS12, CS14, CS17, and
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CS21) and STa toxins (Fig. 2). The IgG titers (log10) to CS7, CS12, CS14, CS17, and CS21
(each subunit protein as the ELISA coating antigen) detected from the serum samples
of the mice immunized with the MEFA protein (no dmLT adjuvant) were 4.3 6 0.25,
4.76 0.22, 5.16 0.27, 4.06 0.56, and 5.76 0.12 (log10), respectively; anti-STa IgG titers
were detected at 3.9 6 0.76. When dmLT adjuvant was included, anti-CS7, -CS12,
-CS14, -CS17 and anti-CS21 IgG titers were 4.2 6 0.30, 4.4 6 0.25, 5.3 6 0.29,
4.3 6 0.45, and 5.6 6 0.24 (log10). Anti-STa IgG (4.3 6 0.48) and anti-LT IgG (5.3 6 0.19;
derived from dmLT adjuvant) were detected in the sera of the group of mice immu-
nized with adhesin MEFA-II and dmLT adjuvant. There were no significant differences

FIG 1 Illustration of ETEC adhesin MEFA-II structure and characterization of the recombinant protein. (A) Amino acid sequences and
positions of the epitopes from the major subunit of CS7, CS12, CS14, CS17, and CS21, as well as STa toxoid STaN12S, on adhesin MEFA-II.
(B) Adhesin MEFA-II protein modeling to show epitope structural location and surface presentation, as well as adhesin MEFA-II protein
3D structure. (C) Adhesin MEFA-II protein detection in SDS-PAGE Coomassie blue staining and Western blot with anti-CsuA (CS14 major
subunit), anti-LngA (CS21 major subunit), anti-CsbA (CS17), or anti-CfaB (backbone) mouse sera (1:5,000). M = molecular marker, in kDa;
1 = adhesin MEFA-II protein; 2 = BL21 host cell inclusion body proteins (solubilized and refolded).

FIG 2 Mouse serum IgG titers (log10) from the group intramuscularly immunized with 25 mg adhesin
MEFA-II (~), 25 mg adhesin MEFA-II with 0.1 mg adjuvant dmLT (*), or 25 mL PBS (5). ELISAs using
major subunit protein CsvA, CswA, CsvA, CsbA, or LngA as the coating antigen were to titrate mouse
serum anti-CS7, -CS12, -CS14, -CS17, and anti-CS21 IgG response, and STa-ovalbumin conjugates to
titrate anti-STa IgG titers. Bars represented antibody titer means and standard deviations. *** indicated
a P-value of less than 0.0001.
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in anti-adhesin and anti-STa IgG titers between the groups immunized with adhesin
MEFA-II with or without dmLT. Additionally, anti-CFA/I IgG titers, which were derived
from MEFA backbone CfaB, were detected at 4.3 6 0.21 and 3.8 6 0.50, respectively,
from the two groups immunized with adhesin MEFA-II, with or without dmLT adjuvant.
No antigen-specific antibodies were detected from the serum samples of the control
mice or sera collected before the primary immunization. No antigen-specific IgA
responses were detected from the mouse serum samples.

Mouse serum antibodies induced by adhesin MEFA-II broadly inhibited adher-
ence of ETEC strains producing CS7, CS12, CS14, CS17, or CS21 adhesin. ETEC bac-
teria expressing adhesin CS7, CS12, CS14, CS17, or CS21, after being incubated with
heat-inactivated serum samples from the mice immunized with the adhesin MEFA-II
protein, with or without adjuvant dmLT, showed a significant reduction in adherence
to Caco-2 cells, compared to the bacteria incubated with the serum samples from the
control group (Fig. 3). After incubation with the sera of the mice immunized with adhe-
sin MEFA-II, in vitro adherence from CS7, CS12, CS14, CS17, and CS21 ETEC bacteria
was reduced by 82%, 55%, 70%, 49%, and 62%, respectively. When the sera from the
group immunized with adhesin MEFA-II and dmLT adjuvant were used, the adherence
was reduced by 84%, 55%, 71%, 52%, and 62%. There were no significant differences in
inhibiting adherence against these five adhesins between the two immunized groups
(adhesin MEFA-II with or without adjuvant dmLT). Additionally, adherence to Caco-2 cells
from H10407 bacteria (CFA/I, STa, LT) was reduced by 73% after incubation with the sera
from the group immunized with adhesin MEFA-II without dmLT, and 74% incubated
with sera of the group immunized with adhesin MEFA-II and dmLT adjuvant.

Mouse serum antibodies induced by adhesin MEFA-II exhibited neutralization
activity against STa toxin enterotoxicity. After incubation with the serum samples of
the mice immunized with adhesin MEFA-II protein, STa toxin was shown a significant
reduction in stimulating the elevation of intracellular cGMP levels in T-84 cells, meas-
ured with a cyclic GMP EIA kit (Fig. 4). In contrast, the serum sample from the control
mice was unable to prevent STa toxin from stimulating intracellular cGMP in T-84 cells.
The intracellular cGMP levels were 40.7 6 5.7 and 8.6 6 1.5 (nM), respectively, in the T-
84 cells treated with STa and sera of the mice immunized with adhesin MEFA-II or
adhesin MEFA-II and dmLT adjuvant, significantly lower than the intracellular cGMP in
the cells treated with STa and the control mouse sera were 87.1 6 3.2 nM (P , 0.001).
Sera from the group immunized with adhesin MEFA-II adjuvanted with dmLT showed
significantly better in preventing STa from stimulation of cGMP (P = 0.01). The baseline
cGMP in T-84 cells (without STa toxin or mouse sera) was 7.16 0.64 nM (Fig. 4).

FIG 3 Mouse serum antibody adherence inhibition against ETEC field isolates expressing adhesin CS7
(JF2327), CS12 (JF3276), CS14 (JF2125), CS17 (JF2350), or CS21 (JF2101). Bacteria adherence to Caco-2
cells (%) from each ETEC isolate incubation with mouse sera from the group immunized with adhesin
MEFA-II (white box), adhesin MEFA-II and adjuvant dmLT (gray box), or PBS (black box). Adherent
bacteria were overnight cultured on agar plates and CFU were counted, with the CFU from the
bacteria treated with the control mouse serum referred to as 100% (of adherence). Boxes and bars
represented the means and standard deviations of the adherent bacteria (CFU in %). *** indicated a
P-value of less than 0.0001.
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DISCUSSION

Results from the current study support the application of the epitope- and struc-
ture-based MEFA vaccinology platform in the construction of broadly immunogenic
and cross-functional polyvalent immunogens. This MEFA platform has been applied to
generate protein antigens with broad immunogenicity, including ETEC adhesin CFA/I/
II/IV or tip MEFA, toxoid fusion, fimbria-toxoid MEFA, as well as a cholera MEFA (20, 22,
26–29). Data showed this polyvalent adhesin MEFA-II protein is broadly immunogenic
and induces antibodies to inhibit adherence of CS7, CS12, CS14, CS17, and CS21 adhe-
sins, the adhesins expressed by ETEC strains that are prevalent and cause moderate-to-
severe diarrhea. Additionally, adhesin MEFA-II carries STa toxoid STaN12S and induces
antibodies that neutralize STa enterotoxicity. Since STa toxin plays a more important
role in causing ETEC-associated children’s diarrhea and travelers’ diarrhea (1, 2, 30),
functional anti-STa antibodies are essential for an effective ETEC vaccine.

It needs to be pointed out that adhesin MEFA-II is not intended to be the sole anti-
gen for an ETEC vaccine candidate. Unlike CFA/I and CS1 to CS6 adhesins, these five
adhesins (CS7, CS12, CS14, CS14, CS21) targeted by adhesin MEFA-II are regarded as
the second tier of ETEC adhesins in causing diarrhea. Instead, it is rather a potentially
additive (not an alternate) adhesin antigen to ETEC vaccine candidate MecVax. MecVax
is composed of two polyvalent proteins, adhesin CFA/I/II/IV MEFA and toxoid fusion
3xSTaN12S-mnLTR192G/L211A; this vaccine candidate not only induces functional antibodies
against adherence from the seven first-tier or major ETEC adhesins (CFA/I, CS1 to CS6)
and enterotoxicity of both enterotoxins (STa, LT) (23), it also protects against clinical di-
arrhea in pigs when challenged with a STa1 or an LT1 ETEC strain (8) and bacteria in-
testinal colonization in rabbits when inoculated with an ETEC expressing adhesin CFA/I
(25) or CS1 to CS6 (data unpublished). With the addition of adhesin MEFA-II, MecVax
would be expanded to protect against 12 ETEC adhesins (all of the important ETEC
adhesins) and both ETEC enterotoxins, becoming an ETEC vaccine with an unprece-
dentedly broad spectrum to protect against ETEC diarrhea. Additionally, since STa toxin
plays a more important role in causing children’s diarrhea and travelers’ diarrhea, addi-
tive protection against STa toxin from adhesin MEFA-II will enhance MecVax efficacy
against STa-related ETEC diarrhea (after this MEFA-II protein be combined with MecVax).
Surely, future studies on antigen compatibility among three polyvalent proteins and

FIG 4 Mouse serum antibody neutralization against STa enterotoxicity. Intracellular cyclic GMP (nM;
picomole per mL) in the T-84 cells after incubation with STa toxin (2 ng) which was treated with mouse
sera from the group immunized with adhesin MEFA-II (white box), adhesin MEFA-II and adjuvant dmLT
(gray box), or PBS (black box), measured with a cGMP EIA kit (Enzo Life Sciences) by following the
manufacturer’s protocol. T-84 cells cultured with STa toxin alone served as a positive control to show
STa enterotoxicity in the stimulation of cGMP, whereas T-84 cells with culture medium indicate cGMP
baseline levels. Boxes and bars represented the means and standard deviations of the cGMP levels
(nM). *** indicated a P-value of less than 0.0001 and ** of less than 0.001.
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preclinical efficacy are needed to validate the candidacy of such an ETEC vaccine candi-
date for even broader coverage.

The current study is limited to antigen immunogenicity characterization and in vitro
function assessment of MEFA-II-induced antibodies against bacterial adherence and STa
enterotoxicity. Future studies with a rabbit colonization model and a pig passive protec-
tion model will be needed to evaluate adhesin MEFA-II in vivo protection against intesti-
nal colonization from ETEC strains producing CS7, CS12, CS14, CS17, or CS21 adhesin or
clinical diarrhea from a STa1 ETEC infection. It was observed that results from in vitro
assays especially the antibody adherence inhibition assay tend to underestimate anti-
body in vivo protection against ETEC or Vibrio cholerae bacteria intestinal colonization
(22, 25). For example, while rabbit serum antibodies (immunized with CFA/I/II/IV MEFA
or MecVax) inhibited 60–70% of the adherence (in vitro) from ETEC H10407 (CFA/I, STa,
LT) to Caco-2 cells, these rabbits showed over two logs (.99%) reduction (in vivo) of
H10407 bacteria colonization in small intestines after challenge (25). It is expected that,
therefore, antibodies derived from adhesin MEFA-II, which reduced 50% to 80% in vitro
adherence from ETEC expressing any of the five targeted adhesins, will protect against
bacteria intestinal colonization in future in vivo ETEC challenge studies.

We included two epitopes from the major subunit of CS14 or CS21 into adhesin
MEFA-II because these two adhesins were reported as more prevalent or more signifi-
cant in association with moderate-to-severe diarrhea than adhesins CS7, CS12, and
CS17 (13, 15, 16). Additionally, dmLT (LTR192G/L211A) was used as the adjuvant in one
immunized group. This dmLT is reported to stimulate an immunogen for antigen-spe-
cific antibody responses and potentially mucosal responses (31). While dmLT elicited
anti-LT IgG responses in the immunized mice, it did not enhance adhesin MEFA-II pro-
tein in eliciting IgG to the five targeted adhesins or STa, nor did it stimulate antigen-
specific IgA responses in the current study. Adjuvant dmLT or mLT (single mutant LT,
LTR192G) is linked to stimulation of low levels of antigen-specific IgA responses in the
mice parenterally immunized with a protein immunogen (32, 33). Those two studies
that used 0.5 mg or 1.5 mg adjuvant, however, differed from the current study in which
only 0.1 mg dmLT was included. Whether a high dose of dmLT adjuvant elevates adhe-
sin MEFA-II antigen-specific IgG or IgA responses is to be examined in future studies.

It was noted that serum antibodies from the mice immunized with adhesin MEFA-II
and adjuvant dmLT were significantly better in neutralizing STa enterotoxicity compared
to the serum antibodies from the group immunized with the adhesin MEFA-II alone, de-
spite mouse serum anti-STa antibody titers were not significantly different between these
two groups. The mechanism of dmLT adjuvant in enhancing anti-STa antibody neutraliz-
ing activity is unknown momently. Additionally, we did not test the neutralizing activity
of dmLT-induced anti-LT antibodies against LT enterotoxicity in this study. However, the
dmLT adjuvant, at a dose of 0.1 to 1mg, was shown to induce antibodies that neutralized
LT enterotoxicity (34). Because of that, we designed adhesin MEFA-II to include STa toxoid
STaN12S (but not LT epitopes) and expected this protein antigen to induce functional anti-
bodies against STa enterotoxicity (in addition to five adhesins), thus another ETEC vaccine
candidate composed of two polyvalent adhesin proteins, CFA/I/II/IV MEFA and this adhe-
sin MEFA-II, adjuvanted with dmLT, would be able to induce functional antibodies against
12 ETEC adhesins and both ETEC toxins. Ideally, by adding adhesin MEFA-II to MecVax
(which consists of CFA/I/II/IV MEFA protein and toxoid fusion protein), a new vaccine can-
didate can induce functional antibodies against all of the 12 important adhesins and two
toxins, with enhanced elicitation of neutralizing anti-STa antibodies. Future studies will
reveal if the incorporation of another copy of STaN12S toxoid to adhesin MEFA-II would
improve anti-STa antibody neutralizing activity (without dmLT adjuvant), and if combined
with MecVax would lead to a vaccine candidate of broad protection against ETEC-associ-
ated children’s diarrhea and travelers’ diarrhea.

In conclusion, polyvalent adhesin MEFA-II protein constructed with the assistance of
the epitope- and structure-based MEFA vaccinology platform exhibited broad immunoge-
nicity and induced cross-functional antibodies against five ETEC adhesins (CS7, CS12, CS14,

MEFA-II Broad Immunogenicity to Adhesins CS7, 12, 14, 17, and 21 Applied and Environmental Microbiology

June 2023 Volume 89 Issue 6 10.1128/aem.00683-23 7

https://www.ncbi.nlm.nih.gov/nuccore/H10407
https://www.ncbi.nlm.nih.gov/nuccore/H10407
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00683-23


CS17, and CS21) and STa toxin. If adhesin MEFA-II is demonstrated in future studies to be
broadly protective against ETEC intestinal colonization and antigenically compatible with
the polyvalent CFA/I/II/IV adhesin or the two MecVax antigens (CFA/I/II/IV MEFA and tox-
oid fusion), a more broadly protective ETEC vaccine against all the important ETEC strains
causing children’s diarrhea and travelers’ diarrhea can be developed.

MATERIALS ANDMETHODS
Ethics statement. The care and handling of the mice used in this study complied with the Animal

Welfare Act (1996 National Research Council Guidelines) and Policy on Humane Care and Use of
Laboratory Animals (Public Health Service). The mouse immunization protocol (UIUC Protocol number
22054) was approved by the University of Illinois at Urbana-Champaign Institutional Animal Care and Use
Committee; animal use and care were supervised by the institutional attending veterinarians and staff.

Bacteria strains and plasmids. Recombinant E. coli strain 9916 expressing the tag-less adhesin
MEFA-II protein was constructed by transforming E. coli BL21 CodonPlus (DE3) (Agilent Technologies;
Santa Clara, CA) with plasmid pET28a that had the synthetic adhesin MEFA-II gene cloned at the NcoI
and EagI sites. Recombinant E. coli strains to express CS7, CS12, CS14, CS17, and CS21 major subunit pro-
teins were constructed to express recombinant major subunit proteins CsvA, CswA, CsuA, CsbA, and
LngA (to be used as ELISA coating antigens to titrate antigen-specific antibody responses). ETEC field
isolates expressing adhesin CS7, CS12, CS14, CS17, or CS21 together with STa and/or LT toxin (35) were
used in antibody adherence inhibition assays (Table 1).

PCR primers to amplify adhesin subunit genes csvA, cswA, csuA, csbA, and lngA were listed in Table 2.
Each amplified subunit gene was digested with restriction enzymes NcoI and EagI, ligated into vector
pET28a, and expressed by E. coli BL21 CodonPlus (DE3) for each adhesin major subunit protein.

ETEC adhesin MEFA-II gene construction and protein expression. MEFA vaccinology platform
was used for in silico identification of immunodominant continuous B-cell epitopes and the selection of
a backbone for adhesin MEFA-II as described previously (21). Briefly, online software IEDB (www.iedb
.org) and BepiPred-2.0 (http://tools.iedb.org/bcell/help/#Bepipred-2.0) were applied to identify the most
immunogenic and continuous B-cell epitopes (based on antigenicity scores) from major subunits CS7
major subunit CsvA, CS12 major subunit CswA, CS14 major subunit CsuA, CS17 major subunit CsbA, and
CS21 major subunit LngA, respectively. Epitope surface exposure was assessed with hydrophilicity, and
epitope location and presentation were visualized with PyMol (www.pymol.org) and Phyre2 (www.sbg
.bio.ic.ac.uk/;phyre2). CFA/I major subunit CfaB, which served as the backbone of CFA/I/II/IV MEFA (20),
was selected as the backbone because of its strong immunogenicity, structural stability, and the presence
of multiple continuous B-cell epitopes. By substituting the CfaB backbone epitopes with the most immu-
nogenic epitope(s) predicted from each subunit, one epitope from CS7, CS12, or CS17 and two epitopes
from CS14 or CS21, as well as a full-length STa toxoid STaN12S, adhesin MEFA-II was constructed initially in
silico. The antigenicity, location, and presentation of each inserted epitope on the MEFA-II protein were
assessed and confirmed with IEDB BepiPred-2.0, PyMol, and Phyre2. The MEFA-II protein was examined for
stability with ExPASy (www.expasy.org). This adhesin MEFA-II gene was then codon optimized and synthe-
sized by GenScript Biotech (Piscataway, NJ), cloned into pET28a (at the cloning sites of NcoI and EagI), and
the plasmid was used to transform E. coli BL21CodonPlus (DE3) strain.

The expressed adhesin MEFA-II protein was extracted with bacteria protein extraction reagent (B-
PER; Thermo Fisher Scientific; Waltham, MA) as described previously (20, 22, 36). Briefly, adhesin MEFA-II
protein was expressed as an inclusion body protein (to increase protein yield), then solubilized with solubili-
zation buffer (50 mM CAPs supplemented with 0.3% N-lauroylsarcosine and 1 mM dithiothreitol, pH 11.0),
and refolded with 1 M Tris-HCl (pH 8.5) supplemented with 0.1 mM dithiothreitol in the first two buffer
changes and then Tris-HCl buffer without dithiothreitol. After examination of the protein concentration, the
refolded adhesin MEFA-II protein was aliquoted (1 mg per mL), characterized in SDS-PAGE with Coomassie

TABLE 1 The recombinant Escherichia coli strains expressing ETEC adhesin MEFA-II protein or the major subunits of CS7, CS12, CS14, CS17, or
CS21 adhesin, as well as the ETEC field isolates expressing CS7, CS12, CS14, CS17, or CS21 adhesin used in antibody adherence inhibition assay
were listed

Strains Relevant properties Sources
BL21 CodenPlus (DE3) B F– ompT hsdS(rB –mB –) dcm1 Tetr gal l (DE3) endA Hte [argU proL Camr Agilent Technologies
9916 ‘Adhesin MEFA-II1 pET28a’ (NcoI/EagI) in BL21 E. coli This study
9611 ‘CS7 major subunit CsvA1 pET28a’ (NcoI/EagI) in BL21 E. coli This study
9604 ‘CS12 major subunit CswA1 pET28a’ (NcoI/EagI) in BL21 E. coli This study
9579 ‘CS14 major subunit CsuA1 pET28a’ (NcoI/EagI) in BL21 E. coli This study
9580 ‘CS17 major subunit CsbA1 pET28a’ (NcoI/EagI) in BL21 E. coli This study
9582 ‘CS21 major subunit LngA1 pET28a’ (NcoI/EagI) in BL21 E. coli This study
JE2327 CS7, LT Washington University at St Louis (35)
JF3276 CS12/CS20, LT, STa Washington University at St Louis (35)
JF2125 CS14, LT Washington University at St Louis (35)
JF2350 CS17, LT Washington University at St Louis (35)
JF2101 CS21, STa Washington University at St Louis (35)
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blue staining and Western blot with mouse polyclonal antibodies to CS14 major subunit CsuA, CS21 major
subunit LngA, CS17 major subunit CsbA, or backbone CfaB (1:5,000), and stored at280°C.

Mouse intramuscular immunization with adhesin MEFA-II protein. Eight-week-old female BALB/c
mice (Charles River Laboratories; Wilmington, MA), 8 per group (23 out the 24 mice ordered were deliv-
ered, thus 7 mice in one group and 8 in the other groups), were used for intramuscular immunization.
The first group was immunized with 25 mg adhesin MEFA-II protein (in 25 mL); the second group (7
mice) was immunized with 25 mg adhesin MEFA-II protein (in 25 mL) and 0.1 mg (in 1 mL) dmLT adjuvant
(double mutant holotoxin-structured heat-labile toxin, LTR192G/L211A; provided by PATH); the third group
was injected with 25 mL PBS as the control. Two boosters were followed with the same dose of the pri-
mary at the interval of 2 weeks. 2 weeks after the final booster, all mice were sacrificed. Blood samples
were collected from each mouse before the primary and 2 weeks after the final booster. Serum samples
were stored at 280°C until use.

Mouse serum antigen-specific antibody titration. Serum samples collected from each mouse
before the primary and 2 weeks after the final booster were titrated for IgG and IgA responses to the
major subunit of CS7, CS12, CS14, CS17, or CS21 in ELISAs. As described previously (8, 20, 34), each adhe-
sin major subunit recombinant protein (CsvA, CswA, CsuA, CsbA, LngA), 100 ng per well, was coated to
2HB 96-well microtiter plates (Thermo Fisher Scientific). To titrate anti-STa antibodies, STa-ovalbumin
conjugates (10 ng per well) were used to coat Costar 96-well plates (Corning Inc.; Corning, NY); to titrate
anti-LT (from dmLT adjuvant), cholera toxin (CT; Sigma, St. Louis, MO), 100 ng per well, was used to coat
2HB plates. Mouse serum samples, in 2-fold serial dilutions (1:200 to 1:25,600), were added to the coated
wells accordingly. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG or IgA (1:5,000; Bethyl
Laboratories; Montgomery, TX) was used as the secondary antibody, and 3,3’5,59-tetramethylbenzidine
(TMB) peroxidase substrate (KPL, Gaithersburg, MD) was used to visualize optical density. OD values
were measured at the wavelength of 650 nm, and antibody titers were converted into log10.

Mouse serum antibody bacterial adherence inhibition assay. Mouse serum samples pooled from
each group were examined for antibody adherence inhibition activity against ETEC field isolates expressing
CS7, CS12, CS14, CS17, or CS21 adhesin with Caco-2 cells. As described previously (8, 20, 24, 34), 3.0 to 3.5�
106 CFU of bacteria from each ETEC strain were first treated with 10% mannose, then mixed with 15 mL
heat-inactivated mouse sera. After 1 h of incubation at room temperature (50 rpm), the serum/bacteria mix-
ture was added to 95–100% confluent monolayered Caco-2 cells in wells of a 24-well tissue culture plate (6
to 7� 105 Caco-2 cells per well). Incubated in a 37°C and 5% CO2 incubator for 1 h, cells were rinsed to
remove the nonadherent ETEC bacteria. Cells (with adherent ETEC bacteria) were then dislodged with 0.5%
Triton (Sigma), collected, serially diluted, and plated on LB agar plates. Bacteria (CFU) were counted after
overnight growth at 37°C. Bacteria CFU from each strain were converted to percentages, with the CFU num-
ber from the bacteria treated with the control mouse sera referred to as 100% adherence.

Mouse serum antibody neutralization against STa enterotoxicity. Mouse sera pooled from each
immunized group or the control group were examined for antibody neutralization activity against STa
toxin enterotoxicity, by using T-84 cells (ATCC, CCL-248) and a cyclic GMP EIA kit (Enzo Life Sciences,
Farmingdale, NY) as described previously (8, 24, 37). Briefly, 30 mL mouse serum sample was mixed with
2 ng STa toxin, in duplicates, and incubated at room temperature for 30 min. Each toxin/serum mixture
was added to 95–100% confluent monolayered T-84 cells and incubated for 1 h in a 37°C and 5% CO2 in-
cubator. After gentle washes with PBS to discard extracellular cGMP, T-84 cells were lysed with 0.1 M HCl
supplemented with 0.5% Triton X-100 (Sigma) to release intracellular cGMP. The lysates were collected
and intracellular cGMP levels (nanomolar, picomole per mL) were measured by using the cGMP EIA kit
by following the manufacturer’s protocol (Enzo Life). T-84 cells incubated with STa toxin without sera
served as a positive control to show the stimulation of intracellular cGMP by STa enterotoxicity, and T-84
cells cultured in Dulbecco’s Modified Eagle Medium/F12 culture medium were a negative control to
show cGMP baseline levels.

Statistical analyses. Data were presented as means and standard deviations. Two-way ANOVA with
the Bonferroni post hoc test, from GraphPad Prism 7 (San Diego, CA), was used to analyze mouse serum
antibody titers (expressed in log10), antibody adherence inhibition activities (in %), and cGMP levels
(nM). A calculated P-value less than 0.05 was considered significant. Samples were tested in triplicate (in

TABLE 2 The PCR primers used in this study to amplify the CS7, CS12, CS14, CS17, and CS21
major subunit genes, with restriction site NcoI underlined in each forward primer and EagI in
the reverse primer

Primer Sequences (59→ 39)
CS7(CsvA)-F CGCCATGGAAATGGCAACCGTATCAG
CS7(CsvA)-R TCGGCCGCTTTACGCCACATCCGAAGCACTT
CS12(CswA)-F CATGCCATGGAAATGGCTGTTACTCTAATGAATAGCTCA
CS12(CswA)-R GAGTCGGCCGCTTTATGAACACCAACAGTATTAAGTGAA
CS14(CsuA)-F CATGCCATGGAA ATGGCTCTGAGCACAATATTTGTAG
CS14(CsuA)-R GAGTCGGCCGCTTTAGTTTGTCGATTGAGTCATTACAATGGA
CS17(CsbA)-F CTAGCTAGCTAGATGGCTATGGCGACTCTGTTTGCCA
CS17(CsbA)-R GAGTCGGCCGCTTTATAATACCTTGGTAATTGCCTGCCTCA
CS21(LngA)-F CATGCCATGGGCATGAGCCTGCTGGAAGTTATCATTGTT
CS21(LngA)-R GAGTCGGCCGCTTTAACGGCTACCTAAAGTAATTGAG
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antibody titration and antibody adherence inhibition assay) or duplicate (in cGMP EIA), and each assay
was repeated.
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