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Medicine, Manhattan, KS, 66506, USA

Abstract

Enterotoxigenic Escherichia coli (ETEC) strains are among the most common causes of children’s
diarrhea and travelers’ diarrhea. Developing effective vaccines against ETEC associated diarrhea
becomes a top priority. ETEC heat-labile toxin (LT) and heat-stable toxin (STa) toxoid fusion
3xSTan125-dmLT was demonstrated recently to induce neutralizing antitoxin antibodies in
intraperitoneally or subcutaneously immunized mice. However, whether antibodies derived from
this toxoid fusion are protective against ETEC diarrhea has not been examined. In this study, we
intramuscularly immunized pregnant gilts with toxoid fusion 3xSTay25-dmLT, challenged
suckling piglets with a STa-positive ETEC strain, and assessed protective efficacy of passive
acquire antitoxin antibodies against ETEC diarrhea. Data showed all three immunized gilts
developed anti-STa 1gG and IgA antibodies, and piglets born to the immunized dams acquired
anti-STa and anti-LT antibodies. When challenged with a STa+ ETEC strain, none of the piglets
born to the immunized dams developed watery diarrhea, with 20 piglets remained normal and the
other 8 piglets developed mild diarrhea indicated with stained butt. In contrast, the control dams
and born piglets had no anti-STa or anti-LT antibodies detected, and 26 out 32 piglets developed
watery diarrhea after challenge of the STa+ ETEC strain. These results indicated that passive
acquired anti-STa antibodies are protective against ETEC diarrhea, and suggested potential
application of toxoid fusion 3xSTay12s-dmLT in ETEC vaccine development.
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Introduction

Enterotoxigenic Escherichia coli (ETEC) strains producing heat-stable toxin (STa) and/or
heat-labile toxin (LT) continue to be the leading bacterial cause of diarrhea to children under
5 years in development countries and to children and adults of developed countries traveling
to developing countries [1-5]. Enterotoxins STa and LT produced by ETEC bacteria elevate
intracellular cyclic GMP or AMP levels and disrupt fluid homeostasis in host small intestinal
epithelial cells, leading to fluid hyper-secretion and watery diarrhea. Currently, there is no
vaccine available against ETEC associated children’s diarrhea or travelers’ diarrhea [6-8].

One major challenge in developing effective ETEC vaccines is inability of having safe
antigens to induce protective antibodies against enterotoxicity of STa toxin. STa, a peptide of
19 amino acids, is potently toxic and poorly immunogenic. Recently, we applied LT and STa
toxoid and genetic fusion strategies, and demonstrated that nontoxic LT-STa toxoid fusions
were able to induce neutralizing anti-STa antibodies [9-12]. More recently, we identified
toxoid fusion 3xSTan125-dmLT, a toxoid fusion carrying three copies of STa toxoid STay12s
and a monomeric double mutant LT toxoid LTr1goG/L211A, POtentially an optimal
immunogen inducing antitoxin antibodies to neutralize both LT and STa toxins. Toxoid
fusion 3xSTan125-dMLT, when was used to intraperitoneally [13, 14] or subcutaneously [15]
immunize mice, induced neutralizing antibodies against both toxins.

However, antitoxin antibodies derived from this toxoid fusion have yet to be demonstrated
for protection against STa enterotoxicity /77 vivo or more importantly against ETEC diarrhea.
In this study, we intramuscularly immunized pregnant pigs and challenged suckling piglets
with a STa-producing ETEC strain to determine if passive acquired antitoxin antibodies
protect against STa+ ETEC diarrhea, further evaluating the potential application of toxoid
fusion 3xSTan125-dmLT in ETEC vaccine development.

Materials and Methods

Toxoid fusion antigen, adjuvant and STa* ETEC challenge strain

Toxoid fusion protein 3xSTan125-dmLT was expressed in recombinant £. colistrain 9331,
extracted with bacterial protein extraction reagent (B-PER), and refolded using a protein
refolding kit (Novagen, Madison, WI) as described previously [13]. Holotoxin-structured
double mutant LT (dmLT, LTr192¢/12114) provided by Walter Reed Army Institute of
Research (Silver Spring, MD) was used as adjuvant in pig intramuscular immunization.

STa* ETEC challenge strain 8823 (STa/987P) was constructed by transforming a
nonpathogenic porcine £E. coliisolate G58-1 [16] with plasmid pDMS158 and plasmid
p8755 to produce 987P fimbria and STa toxin (NTFYCCELCCNPACAGCY), respectively.
The chloramphenicol resistant pDMS158 has the 987P fimbrial gene cassette cloned in
vector pACYC184 to express 987P fimbriae [17, 18], and ampicillin resistant plasmid p8755
has porcine-type STa gene (estA) cloned in vector pUC19 to produce STa toxin. In addition,
LT* ETEC recombinant strain 8819 was also included in this study. Strain 8819 (LT/987P)
was constructed by transforming £. colistrain G58-1 with pDMS158 and pBR322
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expressing porcine-type e/tAB genes [19] to produce 987P fimbriae and porcine-type LT
toxin.

Pig immunization

Gilts with no record of clinical diarrhea were bred at the university swine unit and used in
this immunization study. These pigs received no routine commercial vaccines and were
confirmed to lack pre-existing anti-LT or anti-STa antibodies. Three pregnant gilts were IM
administered with the toxoid fusion antigen and dmLT adjuvant at the neck behind the ear.
Five hundred microgram (ug) toxoid fusion protein (in 500 pl PBS) and 5 pg dmLT (in 5 pul)
were mixed and injected to each pregnant gilt at the right side of the neck 6-8 weeks before
farrowing. A booster at the same dose of the primary was administered at the left side of the
neck 4 weeks later. Three pregnant gilts without immunization were used as the control.

Pigs were transported to the university larger animal research center 10 days prior to the
expected farrowing date, surface disinfected, and housed in standard farrowing crates where
they farrowed naturally. Blood samples were collected from gilts before the immunization
and after farrowing. Colostrum samples were collected from each gilt just before farrowing.
Pig serum and colostrum samples were stored at —80°C until use.

Pig serum and colostrum anti-STa and anti-LT IgG and IgA antibody titration

Anti-STa and anti-LT IgG and IgA antibody responses in serum and colostrum samples of
each immunized or control dam, and serum of each born piglet were measured in ELISAS as
we described previously [9, 20, 21]. Briefly, wells of Costar plates (Corning Inc., Corning,
NY) coated with STa-ovalbumin conjugates (10 ng per well, in 100 pl STa ELISA buffer)
[22] were incubated with two-fold serially diluted pig serum or colostrum samples (diluted
from 1:200 to 1:25600) to detect anti-STa IgG or IgA antibodies; wells of Immulon 2HB
microtiter plates (Thermo Scientific, Rochester, NY) coated with LT [List Biological
Laboratories, Inc., Campbell, CA; 100 ng per well, in 100 pl coating buffer (15 mM
Na,COg3, 35 mM NaHCQOj3, pH9.6)] were incubated with pig serum or colostrum dilutions to
measure anti-LT IgG or IgA antibodies. Each serum or colostrum sample was examined in
triplicates. Horseradish peroxidase (HRP)-conjugated goat anti-pig 19G (Thermo Fisher
Scientific, Rockford, IL; 1:3300) or IgA (Thermo Fisher Scientific; 1:3300) and Microwell
peroxidase substrate system (2-C) (KPL, Gaithersburg, MD) were used to measure optical
absorbance (OD) at the wavelength of 650 nm. ODgsq readings were converted to anti-STa
and anti-LT antibody titers, by calculating the highest dilution giving an ODggq of >0.3 after
subtraction of background readings (the highest dilution multiplied by the adjusted OD) to a
logyg scale, as previously described [9, 20, 21].

Pig serum and colostrum antitoxin antibody neutralization assay

Serum and colostrum samples from the immunized or the control dams, and serum samples
of piglets born to the immunized dams or the control dams were examined for /n vitro
antibody neutralization against STa toxin using a cGMP EIA kit (Enzo Life, Farmingdale,
NY) [9, 10, 20, 21]. The serum or colostrum sample (30 ul) from each immunized or control
dam, or the serum sample (30 pl) pooled from each litter of piglets born to the immunized
dam or the control dam was mixed with 2 ng STa toxin for 30 min at room temperature, and
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each mixture was brought up to 300 pl with culture medium and was transferred to T-84
cells (ATCC CCL-248; in 700ul culture medium) and incubated in a 37°C CO, incubator.
After 1 h incubation, T-84 cells were gently rinsed with PBS and lysed with HCI (0.1M with
0.5% Triton x-100). T-84 cell lysates were measured for intracellular cGMP (pmole/ml) with
the cGMP EIA kit by following the manufacturer’s protocol (Enzo Life).

Intracellular cGMP in T-84 cells incubated with STa (2 ng) alone was to show elevation of
cGMP levels by STa enterotoxicity. Intracellular cGMP in T-84 cells incubated with culture
medium showed baseline cGMP level.

Challenge of suckling piglet with a STa+ ETEC strain

A total of 36 piglets were born to three immunized dams and 40 piglets were born to three
control dams. Among them, 28 piglets born to the immunized mothers and 32 piglets born to
the control mothers were randomly selected and used in STa+ ETEC challenge study.

After 24 h suckling, each piglet was orally inoculated with 5x10° CFUs (in 3 ml PBS) of the
STa* ETEC strain 8823 (G58/987P*/STa*). Challenge bacteria were harvested from
overnight-grown agar plates and gently suspended in PBS. Bacteria CFUs were calculated
based on the pre-established plot of ODggg and CFUs of this strain. Challenged piglets were
observed for clinical signs including vomiting, stained butt, watery diarrhea, dehydration
and lethargy every 2 to 4 hours during 24 h post-inoculation as we described previously [23].
Protection against watery diarrhea or any diarrhea was measured as [(% of diarrhea in the
control group — % of diarrhea in the immunized group)/% of diarrhea in the control group]
x100. Piglets were weighed before and after the challenge to assess daily weight gain rates.
All piglets were anaesthetized and euthanized 24 h after challenge. Blood samples were
collected from each piglet at necropsy. Pig immunization and challenge studies complied
with the Guide for the Care and Use of Agricultural Animals in Research and Teaching
(FASS, 3 Ed., 2010) were approved by the Kansas State University IACUC, and were
supervised by a staff veterinarian.

Statistical analysis

Sampling size calculations were based on two sample comparison of mean probabilities with
repeated measures and after adjusting for clustering of pigs within litters, using Stata 12.
Sample sizes to detect differences in the mean probability of animals experiencing diarrhea
(main outcome of interest) between immunized and control pigs, considering one
measurement before challenge and up to 10 measurements (every 2—4 h for 24 h for pigs)
after challenge were calculated. Preliminary data indicated that 14.3% (SD = 35.00%) of
immunized and 100% (SD = 0.11%) of control pigs experienced diarrhea [24-26].
Assumptions for sample size determinations included: differences in mean probabilities of
0.4 t0 0.9 and SD of 0.1 to 0.5 between immunized and control pigs, average litter size of
10, correlation of 0.7, power > 0.80 and alpha of 0.05. This led to determination of a
minimum of 2-6 litters and 9-28 pigs per treatment group would be needed. Results were
presented as means + standard deviations. Student’s #-festwas used to compare different
treatment groups. Calculated p values of less than 0.05 were considered as significant
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following pairwise comparison of treatment groups using two-tailed distribution and two-
sample equal or unequal variance.

Adult pigs intramuscularly immunized with toxoid fusion 3xSTayn12s-dmLT developed anti-
STa and anti-LT antibody responses

Anti-STa and anti-LT IgG antibodies in the serum samples and IgG and IgA antibodies in
the colostrum samples were detected from three pregnant gilts IM immunized with
3xSTan125-dmLT (Fig. 1). No anti-STa or anti-LT IgG or IgA antibodies were detected from
the serum or colostrum samples of the control gilts, nor the serum samples collected from
gilts prior to the immunization.

The serum and colostrum samples of the immunized dams showed neutralization activity
against STa toxin

The serum and colostrum samples from three IM immunized dams showed /in vitro
neutralization activity against STa toxin (Fig. 2). The cGMP levels in the T-84 cells
incubated with STa and the serum or colostrum samples from the immunized dams were
significantly lower than those in cells incubated with STa and the serum or colostrum
samples from the control dams (p<0.001).

Suckling piglets born to the dams immunized with toxoid fusion 3xSTay125-dmLT acquired
anti-STa antibodies

Anti-STa and anti-LT IgG antibody responses were detected in each piglet born to the
immunized dams. Piglet serum anti-STa and anti-LT IgG titers were detected at 2.87+0.04
and 3.6+0.29 (logyg), respectively. No anti-STa or anti-LT 1gG antibodies were detected in
serum samples of the piglets born to the control dams.

The serum samples of the piglets born to the immunized mothers showed neutralizing
activity against STa toxin

Serum samples of piglets born to the immunized dams also showed neutralizing STa toxin
activity. The cGMP levels in T-84 cells incubated with STa toxin and the serum of piglets
born to the immunized dams were 0.67+0.64 pmole/ml, whereas the cGMP in T-84 cells
incubated with STa toxin and the serum of piglets born to the control dams were 10.4+2.7
pmole/ml.

Suckling piglets born to the immunized dams were protected against STa* ETEC challenge

After being verified for STa expression and enterotoxicity in STa competitive ELISA and
cGMP EIA ELISA, STa recombinant strain 8823 was used to challenge piglets after 24 h
suckling. None of the 28 piglets born to three immunized dams developed watery diarrhea in
the 24 hour observation period. Twenty piglets remained healthy, and other 8 piglets (28.8%)
showed stained butt which indicated mild diarrhea. These outcomes were significantly
different compared to those in piglets born to the control dams (p<0.01). For piglets born to
the control dams, 26 out 32 (81.3%) developed watery diarrhea after inoculation of 8823.

Vaccine. Author manuscript; available in PMC 2018 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nandre et al.

Page 6

Protection against watery diarrhea was 100% [(81.3% — 0%)/81.3% x 100], and protection
against any diarrhea was 65% [(81.3% — 28.8%)/81.3% x 100].

Daily weight gain rate (%) during 24 h post-inoculation for the piglets born to the
immunized dams was 8.7+2.8. That was significantly different compared to the rate of the
piglets born to the control dams (-0.2+11.1; p<0.01).

Additionally, 8 piglets born to two immunized dams and 8 piglets born to two control dams
were included in a pilot LT* ETEC challenge study. During 24 h post inoculation with LT*
ETEC recombinant strain 8819, only 1 out 8 piglets born to the immunized dams developed
watery diarrhea (12.5%). In contrast, 7 out 8 piglets (87.5%) born to the control dams
developed watery diarrhea after challenged with this LT strain, indicating a protection value
of 86% [(87.5% — 12.5%)/87.5% x 100].

Discussion

Results from this study showed that suckling piglets born to the dams IM immunized with
toxoid fusion 3xSTan125-dMLT with native dmLT adjuvant acquired anti-STa (and anti-LT)
antibodies and did not develop watery diarrhea after challenge of STa* ETEC strain 8823.
These results for the first time demonstrated the anti-STa antibodies derived from the
human-type STa toxoid antigen protected against STa* ETEC diarrhea /7 vivo. It was
reported previously that piglets born to the sow IM immunized with a toxoid fusion were
protected against STa™ ETEC challenge, but the STa toxoid in that STa-LT toxoid fusion was
porcine ETEC origin (pSTa, not hSTa) [9]. Despite human ETEC origin STa toxoids, when
genetically fused to a LT toxoid, were shown to induce neutralizing antibodies against STa
toxin /n vitro[10, 12, 13, 15], anti-STa antibodies derived from these toxoid fusions were
never examined for protection against STa* ETEC diarrhea.

Effective ETEC vaccines need to induce protective anti-STa antibodies [8, 27]. STa* ETEC
strains are among the top three causes of moderate-to-severe diarrhea to children under 5
years in developing countries [3, 28]. While anti-LT antibodies do not cross protect against
STa toxin, only ETEC vaccines that carry safe STa antigens and induce protective anti-STa
antibodies would provide effective protection against ETEC diarrhea. However, unlike the
strongly immunogenic LT, STa is a poorly immunogenic small peptide. Natural infection
with STa* ETEC strains or experimental administration of STa antigens does not induce
anti-STa antibody responses. Inability of induction of protective anti-STa antibodies is
indeed one major challenge in ETEC vaccine development. Demonstration of toxoid fusion
3xSTan125-dmLT for induction of protective anti-STa antibodies against ETEC diarrhea in
this study can lead to acceleration of ETEC vaccine development.

A pig challenge model was used in this study to evaluate derived anti-STa antibodies against
STa* ETEC diarrhea. Pigs, especially young pigs are naturally susceptible to ETEC
infection, and develop clinical diarrhea similar to human patients after ETEC infection.
Neonatal pigs infected with ETEC recombinant strains expressing porcine-origin or human-
origin STa (or LT) were shown to develop same clinical diarrhea [22]. Besides, like humans,
pigs after infection develop anti-LT or anti-CFA antibody responses which protect against
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subsequent homologous infection [29]. Moreover, virulence correlation between inoculation
of pigs that express specific receptors with ETEC bacteria producing host-specific fimbriae
and development of ETEC-associated diarrhea has been well established [30-32]. That
makes the pig immunization and challenge model a suitable animal model to unambiguously
assess protective efficacy of ETEC antitoxin vaccine candidates.

The current study assessed the efficacy of passively acquired anti-STa antibodies against
STa* ETEC diarrhea. Future studies by directly immunizing neonatal pigs and then
challenging them with the STa* ETEC strain can further assess efficacy of anti-STa
antibodies derived from toxoid fusion 3xSTap125-dmLT against STa* ETEC diarrhea, with a
different immunization route, for an example, intradermal (ID), and perhaps examining anti-
STa antibody cross-reactivity with guanylin and uroguanylin. Although data from this study
showed piglets born to the IM immunized dams also acquired anti-LT antibodies and were
protected against challenge from LT* recombinant strain 8819, efficacy against LT+ ETEC
diarrhea is only informative due to the small sampling size in the LT* ETEC challenge study.
Future studies with large sampling sizes will be needed to assess better efficacy of derived
anti-LT antibodies against LT+ ETEC diarrhea.
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Highlight

Toxoid fusion 3xSTan125-dmLT induces neutralizing antibodies in IM
immunized pigs.

Passive acquired antibodies protect piglets against STa ETEC diarrhea.

A pig challenge mode is ideal for ETEC antitoxin vaccines.
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Figure 1.

Anti-STa and anti-LT IgG and IgA antibody titers (in logyg) in the serum and colostrum
samples of the immunized () or the control (M) dams. Left: anti-STa IgG antibody titers in
the serum samples, and anti-STa 1gG and IgA in the colostrum samples. Right: anti-LT 1gG
antibody titers in the serum samples, and anti-LT 1gG and IgA in the colostrum samples.
Boxes and bars are antibody titer means and standard deviations.
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Figure 2.
Pig antibody /n vitro neutralization activity against STa toxin, measured by preventing STa

toxin from stimulation of cGMP in T-84 cells with an intracellular cyclic GMP EIA kit. The
serum or colostrum samples (30 pl) of the immunized dams (O) or the control (H) dams
were incubated with STa toxin (2 ng) and then added to T-84 cells. Intracellular cGMP levels
(pmole/ml) in the incubated cells were measured based on manufacturer’s protocol (Enzo
Life). T-84 cells incubated with STa toxin or cell culture medium alone were used to show
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stimulation of cGMP by STa enterotoxicity or baseline cGMP levels. Boxes and bars are
cGMP means and standard deviations.
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