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Abstract

Background Enterohemorrhagic Escherichia coli (EHEC), a group of enteric pathogenic bacteria that is a major

cause of human diarrheal disease, must interact with the diverse intestinal microbiome during colonization and
subsequently overcome the environmental challenges to survive and cause disease. While this relationship, and

how the microbiome modulates infection of EHEC, has been studied, it is less understood how the microbiome is
impacted during treatment for an EHEC infection. One area that is notably lacking in knowledge is how vaccination
can impact the intestinal microbiome composition, and therefore, influence vaccine efficacy. We previously
developed vaccine formulations consisting of gold nanoparticles (AuNPs) conjugated to various EHEC antigens and
tested them in mice models using both EHEC and its murine counterpart Citrobacter rodentium. The goal of this study
was to evaluate the relationship between these EHEC vaccines and their effects on the gut microbiome.

Results We found that immunization with the vaccines or adjuvant-only control did not lead to major alterations in
the composition of the fecal microbiome; however, there were measurable variations in individual mice within the
same vaccine group housed in separate cages. Also, immunization with one vaccine (AuNP-EscC) prevented both

a decrease in the diversity of the fecal microbiome and an increase in detectable C. rodentium following infection
compared to control animals.

Conclusions Overall, our small study argues in favor of evaluating the intestinal microbiome during vaccine
development not just for EHEC, but for other enteric pathogens.
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Background

The gut microbiota in mammals profoundly influences
metabolic and nutritional processes, as well as the host’s
immune responses [1]. There is increasing evidence that
links alterations in the microbiota with human diseases,
from gastrointestinal to neurological pathologies. Esch-
erichia coli is a commensal, non-pathogenic bacteria in
human and other mammals’ intestinal microbiota; how-
ever, some pathogroups, such as enterohemorrhagic E.
coli (EHEC) can cause intestinal disease [2]. The inter-
play between EHEC, a human diarrheal illness-causing
bacteria, and the intestinal microbiota during infection is
an area of active investigation. It has been well reported
that to coordinate the expression of its virulence factors,
EHEC must interact directly with the intestinal envi-
ronment and its residents, as well as recognize various
microbiota-derived molecules, such as short chain fatty
acids (SCFAs) [3, 4]. For example, butyrate, which is a
SCFA produced in high concentrations in the large intes-
tine primarily by Firmicutes, can increase expression of
genes involved in EHEC adherence to intestinal epithe-
lial cells [4, 5]. This attachment is mediated by enhanced
expression of a specialized Type 3 Secretion System
(T3SS), a virulence mechanism encoded by a pathoge-
nicity island known as the Locus of Enterocyte Efface-
ment (LEE) [2]. Additionally, certain strains of EHEC
are known to produce Shiga toxins (Stx) [2]. Stx acts
by inhibiting protein synthesis and inducing apoptosis
of endothelial cells [6]. These effects can be local in the
intestines or in distant organs such as the kidneys upon
bloodstream dissemination. A high-fiber diet approach in
mice was demonstrated to increase lethality and disease
severity by EHEC following oral infection [7]. This diet
not only increased intestinal butyrate and the expression
of the Stx cellular binding target Gb3, which increased
Stx-coordinated disease outcomes, but it also led to a
reduction in commensal E. coli, providing a more favor-
able niche for EHEC colonization.

While the microbiome is known to promote patho-
genesis of EHEC, there is also evidence that it is involved
in resistance to infection. These mechanisms can be
directly, either through nutrient competition or produc-
tion of SCFAs or other molecules, or indirectly by modu-
lating the intestinal immune response [4]. Conventional
mice are typically resistant to EHEC infection and are
only transiently colonized with minimal to no symptoms,
despite evidence that the pathogen can adhere to mouse
intestinal epithelial cells [8, 9]. This resistance is in part
attributed to the composition of the microbiome [9].
Alteration of the mouse gut microbiome, either through
antibiotic (streptomycin) treatment or with germ-free
mouse strains, increases the susceptibility of mice to
EHEC [9]. Additionally, the murine pathogen Citrobac-
ter rodentium, which is an LEE-encoding bacteria that
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has been used extensively as a surrogate model of infec-
tion to study EHEC-related pathogenesis, can disrupt the
microbiome and cause dysbiosis to enhance its own colo-
nization by mechanisms such as increasing oxygenation
at the intestinal epithelial cell (IEC) interface [10]. These
changes result in increased colonization of facultative
anaerobes (like itself and other Enterobacteriaceae) and
a reduction of commensal obligate anaerobes, further
proving the role of commensal organisms in protection
against invading pathogens [10].

Considering the ability of the microbiome to both pro-
mote and prevent EHEC colonization, which has also
been demonstrated with other enteric pathogens [3, 4],
prophylactic and post-exposure modulation of the intes-
tinal micro-environment have been explored as potential
therapies to limit infections. Examples of these methods
include the administration of pre- and pro-biotics and
fecal microbiome transplantation [11]. One area that has
garnered less attention is the effects that vaccines have
on the microbiome, and vice versa. Several studies, both
in animals and humans, have indicated that the compo-
sition of the microbiome can impact vaccine immuno-
genicity, mostly due to its role in modulating immune
responses [12]. Fewer investigations have examined vac-
cine-induced changes in the microbiome and if these can
influence efficacy. Studies in humans have largely focused
on microbiome alterations following vaccinations against
HIV-1 and SARS-CoV-2, while those in animals have
included Mycobacterium tuberculosis and Lawsonia
interacellularis [13]. Only one group has explored this
area in the context of E. coli vaccinations, and they found
that intranasally immunizing mice with three enterotoxi-
genic E. coli (ETEC) antigens, which are also conserved
in some commensal bacteria, did not significantly alter
the fecal microbiome composition [14].

Although EHEC poses a significant healthcare burden
as a major cause of diarrheal disease in developed coun-
tries and South America, as well as being a leading cause
of hemolytic-uremic children (HUS) in children due
to Stx, there is currently no human vaccine available to
protect against EHEC [15]. Previously, our lab developed
novel vaccines using gold nanoparticles (AuNPs) conju-
gated to EHEC antigens and tested them in mice using
both EHEC and C. rodentium (including a strain express-
ing Stx2d toxin) as infection models [16—19]. In these
studies, we concluded that some vaccine formulations
(AuNP-EscC) could successfully limit colonization of
non-Stx2d-producing C. rodentium [19]. Therefore, the
purpose of the current study was to determine if these
AuNP vaccines induced changes to the murine intestinal
microbiome and if AuNP-EscC could affect infection-
induced microbiome alterations compared to non-immu-
nized animals.
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Methods

Bacterial strains and growth conditions

The non-Stx2d-producing Citrobacter rodentium strain
used in this study (ATCC DBS771) was purchased from
the American Type Culture Collection (ATCC). It was
routinely grown in Luria-Bertani (LB) broth, supple-
mented with antibiotics for selection (chloramphenicol
and kanamycin). For animal infections, a final concentra-
tion of 10° CFU per dose was prepared in PBS, as previ-
ously described [19].

Vaccine formulation

The cloning and purification of the EHEC antigens
EscC and Eae (intimin gamma protein) were performed
as described [19, 20]. The synthesis of AuNPs was per-
formed using the Turkevich method [19, 21]. Gold-
nanoparticles with the correct size and structure were
conjugated with the proteins and finally resuspended in
PBS for animal use [19].

Animal studies

Female 5-to-7-week-old C57BL/6 mice were purchased
from Jackson Laboratories (Bar Harbor, ME, USA),
housed in microisolator cages under pathogen-free con-
ditions and maintained on a 12 h light cycle, with food
and water available ad [libitum. All animal protocols
were reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of The University of
Texas Medical Branch (Protocol #2112077). Mice were
immunized subcutaneously (s.c.) three times at 2-week
intervals with either AuNP-EscC, AuNP-Eae, or AuNP-
EscC+AuNP-Eae (n=6 per group), along with detoxified
cholera toxin B subunit (Sigma, Cream Ridge, NJ, USA)
and 2% Alhydrogel® (InvivoGen, San Diego, CA, USA) as
adjuvants [19]. Control mice (n=6) were given unconju-
gated AuNPs along with the same concentration of both
adjuvants. For vaccine efficacy assessment and micro-
biome evaluation following infection, #=6 mice from
AuNP-EscC or the control group were infected with 10°
CFU of C. rodentium DBS771 using a feeding method of
infection 3 weeks following the last immunization dose
and kept for 21 days, as previously described [19].

Fecal collection and processing

Fecal samples were collected from mice in all groups
before vaccine administration (pre) and 2 weeks follow-
ing the last immunization dose (post). Feces were also
collected from AuNP-EscC-immunized and control mice
at 3- and 7-days post-infection (dpi). Feces were frozen at
-80'C until processing. To extract microbial DNA, feces
were processed using the QIAGEN QIAamp PowerFe-
cal Pro DNA kit according to manufacturer instructions.
Purified DNA samples were stored at -20 C until further
use.
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Transcriptomic analysis

High-throughput sequencing of the bacterial 16S ribo-
somal RNA gene was performed using gDNA isolated
from each sample. Sequencing libraries for each iso-
late were generated using universal 16S rRNA V3-V4
region primers [22] by Illumina 16S rRNA metagenomic
sequencing library protocols. The samples were barcoded
for multiplexing using Nextera XT Index Kit v2. Sequenc-
ing was performed on an Illumina MiSeq instrument
using a MiSeq Reagent Kit v2 (500-cycles). To identify
the presence of known bacteria, sequences were analyzed
using the CLC Genomics Workbench 8.0.1 Microbial
Genomics Modulel. Reads containing nucleotides below
the quality threshold of 0.05 (using the modified Richard
Mott algorithm) and those with two or more unknown
nucleotides or sequencing adapters were trimmed out.
All reads were trimmed to 264 bases for subsequent
operational taxonomic unit (OTU) classification. Refer-
ence-based OTU picking was performed using the SILVA
SSU v119 database [23]. Sequences present in more than
one copy but not clustered to the database were placed
into de novo OTUs (97% similarity) and aligned against
the reference database with 80% similarity threshold to
assign the “closest” taxonomical name where possible.
Chimeras were removed from the dataset if the absolute
crossover cost was three using a k-mer size of six. Micro-
biome Analyst 2.0 (https://www.microbiomeanalyst.ca/)
was used for visualization and to perform the statistical
analysis of the microbiome data [24, 25]. Alpha diversity
was measured using Shannon and Chaol entropy (OTU
level). Beta diversity was calculated using the Bray-Curtis
diversity measure (OTU level). The significance was eval-
uated by PERMANOVA, ANOVA, t-test, or Pearson’s
correlation tests, as specified in each case.

Results

AuNP-protein immunization and adjuvant-only treatment
led to some differences in the composition of the fecal
microbiome of mice, with only minimal changes in the
overall diversity

Although EHEC is pathogenic to humans, there are com-
mensal strains of E. coli that reside as normal members
of the microbiota. To guarantee that vaccines formulated
against EHEC do not affect these commensals, antigens
that are not shared between pathogenic and commensal
strains are preferable. Both proteins used for this vac-
cine study — EscC and Eae — are encoded by the LEE [26],
which is only known to be present in pathogenic strains.
However, we confirmed that the AuNP-proteins and the
adjuvants did not alter the mouse microbiome composi-
tion. For this study, C57BL/6 mice were subcutaneously
immunized with AuNPs conjugated to either EscC, Eae,
or a combination of the antigens, along with the adju-
vants. Mice immunized with unconjugated AuNPs mixed
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with adjuvants were used as controls. The full regimen
used, and the antigen selection, were described in our
previous publication [19]. Feces were collected before
immunization and 2 weeks following the last dose. Fecal
DNA was used for 16S rRNA gene sequencing and analy-
sis. Chaol and Shannon indices revealed there were no
significant changes in alpha diversity within any of the
vaccine groups before (pre) and after vaccination (post).
However, there was a downward trend in the Shannon
diversity index in AuNP-EscC immunized mice (Fig. 1A).
The beta diversity within each group pre- and post-vac-
cination did not vary significantly, except in the AuNP-
EscC vaccinated animals (p=0.048) (Fig. 1B).

Taxonomic analysis of each vaccine group showed
some differences in the relative abundances of various
bacterial families, including in the adjuvant-only group
(Fig. 1C). A list of the families that were significantly dif-
ferentially abundant pre- and post-immunization are
listed in Table 1, along with the associated p-value and
if the family was increased (I) or decreased (D) follow-
ing immunization. Lactobacillaceae was the most abun-
dant family in all animal groups, with a noticeable, but
not statistically significant, increase seen after AuNP-
EscC immunization (pre: 53.4%; post: 71.5%) (Fig. 1C).
This change was associated with a significant decrease in
Lachnospiraceae species (Fig. 1C; Table 1). Furthermore,
the relative abundance of Clostridiaceae was significantly
reduced following immunization with each antigen alone
[EscC (pre: 3.4%; post: 0.3%); Eae (pre: 1.7%; post: 0.1%)]
and EscC+Eae together (pre: 2.4%; post: 0.5%), with
this being the only family differentially abundant in the
combo group (Fig. 1C; Table 1). Animals receiving the
adjuvant-only mostly had an increase in the abundance of
certain families, except for Peptostreptococaceae, which
decreased (pre: 5.49%; post: 2.7%) (Fig. 1C; Table 1).

AuNP-EscC immunized mice had no significant cage-to-
cage differences in microbiota composition

During our vaccine study, AuNP-protein and adjuvant-
only treated animals were subsequently infected with 10°
CFU of C. rodentium The infection resulted in cage-to-
cage variations in pathogen shedding within the same
group, i.e., all mice in one cage were highly colonized
while mice in the other cage shed much lower concen-
trations, as we have previously shown [19]. This outcome
was not completely surprising, considering it is well-
known that C57BL/6 mice display inconsistent coloniza-
tion by C. rodentium [27]. However, due to this observed
phenomenon, we sought to examine the potential differ-
ences in the microbiome before infection in immunized
animals within the same group but housed in different
cages. It is important to note that AuNP-EscC immu-
nized mice consistently shed C. rodentium at lower
concentrations than the adjuvant-only controls and had
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significantly less organ burden at the end of the study
[19]. Both AuNP-Eae immunized mice cages shed similar
levels while mice in Cage 1 in both the AuNP-EscC+Eae
immunized and adjuvant-only treated groups consis-
tently shed much lower concentrations of C. rodentium
than Cage 2 [19]. Interestingly, following vaccination
with AuNP-EscC, only the relative abundance of Deflu-
viitaleaceae was significantly different between Cage 1
and Cage 2 (Fig. 2A), whereas there were multiple differ-
ences between the two cages in the other groups, such as
Clostridiaceae or Peptostreptococcaceae (Fig. 2B-D). The
average relative abundances for the significantly differ-
entially abundant families for each group and the corre-
sponding p-values are given in Table 2. Overall, this data
indicates that mice within the same treatment group can
have differences in their microbiota composition, which
appeared to be, in our conditions, cage dependent. We
then evaluated changes in the fecal microbiome following
infection.

AuNP-EscC immunization protected mice from a reduction
in diversity and colonization by C. rodentium

As described above, mice immunized with AuNP-EscC
were less colonized by C. rodentium and had signifi-
cantly less organ burden at 14 days post-infection (dpi)
compared to the adjuvant-only treated animals. Because
C. rodentium causes intestinal dysbiosis to aid in its own
colonization [10], we wanted to determine if the vac-
cine could prevent intestinal microbiota imbalance. The
fecal microbiome was analyzed in AuNP-EscC immu-
nized and adjuvant-only treated animals before infection
(post-treatment) and at 3dpi and 7dpi with 10° CFU C.
rodentium. Although both Chaol and Shannon indices
showed changes in the alpha diversity in AuNP-EscC
immunized animals following infection, this was only
significant between 3dpi and 7dpi (Chao 1 [p=0.022]
and Shannon index [p=0.09]) (Fig. 3A). These changes
were not significant when comparing EscC-post to either
dpi. There was a significant reduction in alpha diversity
throughout the infection in adjuvant-only treated ani-
mals according to the Shannon index (Adj-post versus
Adj-3dpi p<0.0001; Adj-post versus Adj-7dpi p<0.001)
(Fig. 3A). Furthermore, both “-post” groups and “-7dpi”
differed significantly in the Shannon index as well (EscC-
post versus Adj-post p=0.0036; EscC-7dpi versus Adj-
7dpi p=0.0317). This was also reflected in the taxonomic
analyses. The AuNP-EscC vaccinated animals had few
changes in the relative abundances of identified fami-
lies, with only a noticeable increase in Akkermansiaceae
after the infection (from 0.008% in EscC-post, to 0.078%
in EscC-3dpi, and up to 1.9% in EscC-7dpi), in Bifidobac-
teriaceae (from 0.007% in EscC-post, to 0.11% in EscC-
3dpi, and 0.15% in EscC-7dpi), and in Erysipelotrichaceae
(from 12.62% in EscC-post, to 17.25% in EscC-3 dpi, and
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Table 1 Significant differentially abundant families pre- and
post-immunization

Group Family p-value lorDFrom
Pre-Vaccination
EscC Bifidobacteriaceae 0015152 D
Clostridiaceae 0.004329 D
Eubacterium_coprostanolige-  0.025974 |
nes_group
Lachnospiraceae 0.025974 D
Oscillospiraceae 0.008658 D
Eae Butyricicoccaceae 0.015152 D
Clostridiaceae 0.002165 D
Eggerthellaceae 0041126 |
Erysipelatoclostridiaceae 0.002165 |
Monoglobaceae 0.004329 |
Rikenellaceae 0.002165 |
EscC+Eae Clostridiaceae 0.008658 D
Adj Acholeplasmataceae 0.025974 |
Anaerovoracaceae 0.015152 |
Bifidobacteriaceae 0015152 |
Defluviitaleaceae 0062771 |
Eggerthellaceae 0.008658 |
Muribaculaceae 0041126 |
Peptostreptococcaceae 0.041126 D

I,increased in post-immunization compared with pre-vaccination; D, decreased
in post-immunization compared with pre-vaccination. Significance was
evaluated with t-test

to 21.76% in EscC-7dpi). Adjuvant-only treated animals
had a bloom of Lactobacillaceae (52.58% in Adj-post,
69.15% in Adj-3dpi, and 79% in Adj-7dpi) and concurrent
reductions of other families such as Erysipelotrichaceae
(17.53% in Adj-post, 16.68% in Adj-3dpi, and 9.69% in
Adj-7dpi), Muribaculaceae (10.5% in Adj-post, 3.64% in
Adj-3dpi, and 1.65% in Adj-7dpi), and Lachnospiraceae
(5.75% in Adj-post, 2.65% in Adj-3dpi, and 1.70% in Adj-
7dpi) throughout the infectious process (Fig. 3B). Lachno-
spiraceae was also reduced in the vaccinated group after
the infection (5.8% in EscC-post, 3.09% in EscC-3dpi, and
3.14% in Adj-7dpi). There was an increase in Enterobacte-
riaceae in adjuvant-only treated animals (Fig. 3C), as well
as a measured increase in C. rodentium (Fig. 3D), with
statistical significance between Adj-pre and Adj-7dpi in
both cases. We further explored these differences using
the pattern search analysis in the correlation network
of the top 25 genera associated with each group before
and after infection. Following infection, both AuNP-
EscC immunized and adjuvant-only treated animals were
associated with increases and decreases of certain gen-
era (Fig. 3E). For example, Turicibacter increased with
time in the vaccinated group, while it decreased over
the infection course in the control animals. Others like
Alistipes, Blautia, and members of the Lachnospiraceae
family exhibited a reduction over time in both treatment
groups (Fig. 3E). Most importantly, however, an increase
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in Citrobacter was only associated with adjuvant-only
treated animals, confirming the reduction in colonization
by the pathogen in the immunized mice (Fig. 3D-E).

Discussion

Pathogenic E. coli remains an important cause of human
food-borne diarrheal disease, with some strains able
to cause more severe sequalae like HUS or even death
in susceptible populations (reviewed in [28]). In cases
in which antimicrobial treatment is available because
of a sensitivity profile of the bacterium, it is contraindi-
cated when EHEC are the source of the infection since
antibiotics are known to increase the production of the
Stx [29-31]. Development of a prophylactic vaccine for
human use to protect against EHEC is associated with a
myriad of challenges. These include the lack of reliable
animal models for testing [32] and the antigen similar-
ity between pathogenic and commensal strains, which
limits antigenic options. There is also a gap in knowledge
regarding how these vaccines impact the gut microbiota,
despite its known role in modulating EHEC pathogene-
sis. A further limitation is age-related fluctuations in the
microbiome, which has been proven to affect susceptibil-
ity of the host to enteric infections, and how this could
affect long-term vaccine studies [33].

Previously, our lab designed a vaccination protocol to
test the efficacy of a AuNPs coupled with different EHEC
antigenic proteins that are not present in commensal E.
coli. Although we demonstrated varying levels of pro-
tection with these formulations after animal immuniza-
tion and challenges [16—19], all combinations and routes
tested elicited a strong humoral response. Therefore, we
questioned if the individual and collective microbiomes
of the different groups in our most recent vaccine trial
had a significant impact on infection clearance.

The alpha diversity of the animal groups both before
and after vaccination showed no significant differences,
indicating that the richness (Chaol) and the even-
ness (Shannon) of the groups are comparable (Fig. 1A)
This is similar to what has been demonstrated by other
researchers [14]. However, the beta diversity, used as a
measurement of the similarity between groups, showed
significant differences only in the AuNP-EscC vaccinated
group (Fig. 1B). Based on this data, we can conclude that
there are no differences attributed to the injection route
or adjuvants used but only to the antigen, making the
chosen vaccination regimen appropriate in those terms.
Additionally, all vaccinated animals exhibited a signifi-
cant reduction in the abundance of Clostridiaceae after
the vaccination, which was not observed in the control
(adjuvant-only) group (Table 1). A higher presence of
Clostridium spp. is commonly associated with adverse
effects on normal gastrointestinal (GI) activity [34] and
linked with proinflammatory cytokines [35]. However,
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Fig. 2 Fecal microbiome compositions of individual mice treated with AuNP vaccine formulations. Relative abundances at the family level in (A) AuNP-
EscC, (B) AuNP-Eae, (C) EscC+Eae, and (D) adjuvant-only vaccinated animals. Each chart displays a comparison between Cage 1 and Cage 2 (each hous-

ing 3 mice) within each treatment group

it has been shown that its prevalence differs from tissue
and feces [35].

During our previous study, we tested our EHEC vac-
cines against both high (10°) and low (10°) infectious
doses of C. rodentium [19]. Following the low dose, we
observed cage-to-cage variation in the shedding and col-
onization of C. rodentium, even in mice within the same
treatment group. However, animals in the same group
infected with the high dose shed comparable concen-
trations of bacteria, regardless of cage. As a result, we

hypothesize that the number of bacteria that colonized
the GI tract was too elevated to be outcompeted by the
commensal microorganisms. As described earlier, natu-
ral C. rodentium infection leads to inconsistent disease
kinetics and outcomes in C57BL/6 mice, which could
explain the pronounced colonization differences seen in
the low dose infected animals. Additionally, it has been
reported that the intestinal microbiome contributes to
the susceptibility of mice to this pathogen infection [36].
Therefore, we compared the individual mouse’s fecal
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Table 2 Significant differentially abundant families post-
immunization

Average
Relative
Abundance
(%)
Group Family Cage Cage p-value
1 2
EscC Defluviitaleaceae 001 003 003351
Eae Clostridiaceae 0.02 016 0.007693
Eubacterium_coprostanolige- 0.15 1.02 0027702
nes_group
EscC+Eae Bifidobacteriaceae 1.03 030 0010424
Clostridiaceae 1.00 004 0018588
Peptostreptococcaceae 6.18 150 0.013972
Adj Akkermansiaceae 143 069 0012242
Anaerovoracaceae 005 012 0.018279
Butyricicoccaceae 000 002 0.02549
Clostridiaceae 533 003 0.023607
Erysipelotrichaceae 2723 1131 0.010853
Muribaculaceae 722 13.04 0.042468
Peptostreptococcaceae 379 165 0023874

Comparison of the relative abundances of families between both cages in which
animals in the same group were housed. Significance was evaluated with t-test

microbiome within each group prior to infection with
the low dose to help determine if differences in the com-
mensal composition could explain the variability in C.
rodentium colonization, considering all vaccine formu-
lations elicited similar antibody responses in all immu-
nized animals. The animals vaccinated with EscC and Eae
antigens alone exhibited similar shedding and organ bur-
den among animals in the same group [19] and were also
the groups that exhibited fewer microbiome differences
between both cages (Fig. 2A-B; Table 2). In the control
groups and AuNP-EscC+Eae vaccinated animals, cages
1 exhibited lower bacterial burden than cages 2, and in
both cases, they shared a higher abundance of families
Clostridiaceae and Peptostreptococcaceae (Fig. 2C-D;
Table 2). Some species of Clostridium have been reported
as potential probiotics that can control the gut inflamma-
tory response, so they might be able to have preventive
effects on EHEC infections [28]. Also, Peptostreptococca-
ceae is usually more abundant in healthy individuals’ gut
and helps in maintaining homeostasis [37]. Overall, our
data indicates that variations in the gut microbiota from
one mouse to the next could have implications in vaccine
effectiveness and should be explored further when test-
ing vaccines for enteric pathogens. Limitations to this
approach, however, include the coprophagy behavior of
mice, which has been demonstrated to horizontally trans-
mit the intestinal microbiota from one mouse to another
during cohousing [38]. It is unclear if this contributed to
the cage-to-cage variations in both C. rodentium coloni-
zation and microbiome composition seen in our studies,
but it could be explored in future vaccine experiments.

Page 8 of 11

Interestingly, the intestinal microbiome has been exten-
sively proven to be variable among individuals, and fac-
tors such as age, diet, and other environmental factors,
including geographical location, are known to effect the
composition [39]. It remains to be seen how these varia-
tions could affect future vaccine trials in humans.

As previously mentioned, the AuNP-EscC immunized
mice showed the lowest burden following infection [19]
and was also the only group that exhibited greater dif-
ferences in the microbiome after vaccination (Fig. 1B).
These differences, however, were more homogeneous
among the animals (Fig. 2A). Because of the significant
reduction in colonization in AuNP-EscC immunized
mice compared to the control group that was not seen
in the other vaccine groups, we only compared the
microbiome between those groups before (-post immu-
nization) and after (-3dpi, -7dpi) infection. There was a
clear and significant difference in bacterial richness in
the fecal microbiota after infection in both groups, but
this was more noteworthy in the control rather than
the vaccinated group (Fig. 3A). There was also a differ-
ence in the evenness, probably due to the high concen-
trations of Citrobacter (Fig. 3D). Specifically, differences
in the abundance of families were seen between the
AuNP-EscC vaccinated and the control animals (Fig. 3B).
AuNP-EscC immunized animals exhibited an increase of
Akkermansiaceae and Bifidobacteriaceae relative abun-
dances after the infection. However, the adjuvant group
showed only an increase in Lactobacillaceae with reduc-
tions in Maribaculaceae and Lachnospiraceae. Some in
vivo studies have shown a protective effect of probiot-
ics in EHEC-challenged animals, which they linked with
higher levels of Akkermansiaceae and Lachnospiraceae in
the treated animals [40]. In our study, when we analyzed
the trends at the genus level, there was a clear increase
of Bifidobacterium in AuNP-EscC vaccinated animals
after the infection, which has been reported to inhibit the
growth of EHEC and reduce the production of Stx in ani-
mal models [28]. Nevertheless, the microbiome is a com-
plex community, and our evidence suggests that it should
be considered during vaccination due to its proven roles
in protection against enteric infection.

Given the observed heterogeneity in microbiome com-
position and its potential influence on vaccine efficacy,
subsequent research should focus on further elucidat-
ing the interaction between vaccination, microbiome
diversity, and immunological responses across vary-
ing host demographics and environmental conditions.
Such efforts could ultimately support the development
of more universally effective vaccines and enhance our
understanding of microbiome-mediated immunological
protection.
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Fig. 3 Fecal microbiome composition in immunized or control mice before and following challenge with C. rodentium. (A) Alpha-diversity of bacterial
transcripts at the family level from -post, -3dpi, and -7dpi of AUNP-EscC and adjuvant-only vaccinated groups with Chao1 and Shannon index. (B) Relative
abundances of bacterial families from -post, -3dpi, and -7dpi of AUNP-EscC and adjuvant-only groups. (C) The relative abundance of the Enterobacteria-
ceae family in each treatment group before and after infection. Significance of p<0.00001 evaluated between Adj-7dpi and all other groups through
Pearson’s correlation. (D) The relative abundance of the Citrobacter genus in each treatment group before and after infection. Significance of p <0.00001
evaluated between Adj-7dpi and all other groups through Pearson’s correlation. (E) The top 25 bacterial genera exhibiting the most significant differences
throughout the infection timeline, in AuNP-EscC vaccinated (left) and adjuvant-only treated animals (right). -post, post-immunization fecal sample; -3dpi,
fecal samples from 3 days after infection; -7dpi, fecal samples from 7 days after infection

Conclusion

With this work, we have evaluated the gut microbiota
modifications in animals that were vaccinated with
AuNPs conjugated to EHEC antigens and then subse-
quently challenged with the mouse pathogen C. roden-
tium. Although there are limitations to this work, in
terms of the number of animals used and that only the
fecal microbiota was analyzed, it can pave the way for
future studies and does highlight the importance of
commensal microbiota in resisting colonization of bac-
terial pathogens. Our study reinforces the complex role
that the gut microbiota plays in modulating the immune
response to pathogens and suggests its critical impact on
the effectiveness of vaccines targeting enteric infections
such as those caused by EHEC. However, as our lab and
others have already demonstrated, robust antibody pro-
duction is not always a direct indication of EHEC protec-
tion. While our AuNP-EscC-based vaccine demonstrated
promising protective effects, particularly in reducing
bacterial colonization and influencing microbiota com-
position, variability among individuals points to the
microbiome as a significant factor in vaccine response.
This finding underlines the necessity of incorporat-
ing microbiome analysis into vaccine trials, especially
since the gut microbiota has shown potential for either
promoting or inhibiting colonization resistance and
influencing immune responses. Future work is focused
on optimizing the vaccines to maximize their efficacy
against enteric pathogens and understanding how micro-
biome maintenance and alterations can apply to humans
in protection against EHEC.
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