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Abstract

The administration of live attenuated Salmonella strains has proven to be an effective way to
generate protective immunity against Salmonella infection in humans and mice. Studies in the
mouse model have shown that protection requires Salmonella-specific Th1l cells, however the
timing and stimulatory requirements for generating optimal Thl responses have not been carefully
examined. We used antibiotic interruption of vaccination with live attenuated Salmonella to
examine the requirements for Salmonella-specific Th1l development and protective immunity.
Optimal development of protective immunity to Salmonella infection required at least one week of
exposure to the live attenuated Salmonella strain. In contrast, optimal development of Salmonella-
specific Thl cells required two weeks of in vivo colonization. Thus, sustained in vivo stimulation
with a live vaccine strain is essential for the development of robust Salmonella-specific Thl cells.

Introduction

Salmonella enterica serovar Typhi (hereafter referred to as S. Typhi), the causative agent of
human typhoid, is responsible for significant morbidity and mortality throughout the world,
particularly in developing countries. The most recent estimate is that S. Typhi annually
infects 21.7 million people and causes over 200,000 fatalities [1]. Salmonella infections are
typically transmitted by the fecal-oral route via contaminated food or water, and typhoid
outbreaks concentrate in geographical areas lacking adequate sanitation or access to clean
drinking water [2]. For infected individuals with access to medical treatment, antimicrobial
resistance is a growing concern [3] and reliance on antibiotic treatment alone is not a
realistic long-term strategy to combat typhoid. The most obvious solution to endemic
typhoid in developing nations would be global implementation of infrastructure for
improved sanitation and water treatment, however this would impose a huge financial
burden on already impoverished nations [4]. Therefore, the development of an effective,
safe, and inexpensive typhoid vaccine that can be administered in endemic areas is urgently
required [5-7].

Two typhoid vaccines are currently available in the US and are widely used by foreign
travelers to endemic areas [6,7]. The first of these is a parenteral subunit vaccine consisting
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of the Vi capsular polysaccharide of S. Typhi [8], and the second is a live attenuated oral
vaccine, which has been shown to be a safe and effective way to induce strong protective
immunity in immunocompetent individuals [6,9,10]. Much of our knowledge about the
mechanism of protective immunity to Salmonella infection comes from the development and
study of animal models [10,11]. In particular, laboratories have studied acquired protective
immunity to Salmonella after vaccination of mice with attenuated strains of S. enterica
serovar Typhimurium (hereafter referred to as S. Typhimurium) [12]. Immunization of
susceptible mice with these live vaccine strains confers solid protective immunity to
challenge with virulent Salmonella, and this protection is known to require both cellular and
humoral immunity [13-18]. Many of these studies have emphasized an essential role for
Salmonella-specific CD4" Th1 cells in the acquisition of protective immunity by vaccination
[19]. Importantly, these Salmonella-specific Thl cells secrete the cytokine IFN-y, which is
capable of activating infected macrophages to kill intracellular bacteria [20].

Although Th1 cells are essential for immunity to Salmonella infection, the timing and
development of Salmonella-specific Th1 cells has not been carefully examined in vivo.
Studies of T cell memory development in other disease models suggest that sustained access
to antigen can be an important variable for the optimal maturation and development of long-
term memaory responses in some situations, but not in others [21-24]. For example, in a
mouse model of systemic Listeria monocytogenes infection, CD8 T cells require a very short
period of antigen exposure in order to differentiate and develop into memaory cells [21].
However, in another model, sustained engagement of the T cell receptor (TCR) by cognate
ligand was required throughout the expansion phase for the development of CD4 memory
cells [24]. It is not yet clear whether this requirement for sustained TCR stimulation
represents an intrinsic difference between CD4 and CD8 T cell effector/memory
development or whether a period of prolonged antigenic stimulation might be specifically
required for memory T cell development in some disease models, but not in others.

As CD4 Th1 cells are essential for the induction of acquired immunity following vaccination
of mice with attenuated S. Typhimurium, we sought to determine the length of time that
mice would need to be colonized with a live vaccine strain in order for optimal Thl
development and vaccine-mediated protection to be induced. Our data demonstrate that the
induction of robust protective immunity requires at least one week of antigenic exposure
while maximal development of Thl responses takes considerably longer.

Materials and Methods

Mouse strains

C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD) and used
at 6-12 weeks of age. CD90.1 RAG-deficient SM1 TCR transgenic mice have been
described previously [25,26], and were bred in our facility. All mice were housed in specific
pathogen-free conditions and cared for in accordance with Research Animal Resources
(RAR) practices at the University of Minnesota.

Salmonella infection, vaccination, and antibiotic treatment

S. Typhimurium strain BRD509 (AroA™D™) was grown overnight in Luria-Bertani broth
without shaking and diluted in PBS after determining bacterial concentrations using a
spectrophotometer. Mice were vaccinated orally by gavage with 5x10° bacteria (live or heat-
killed), immediately following administration of 100ul of a 5% NaHCOj3 solution. In all
infection experiments, the actual bacterial dose was confirmed by plating serial dilutions
onto MacConkey’s agar plates and incubating overnight at 37°C. Some mice were treated
with Enrofloxacin (Baytril) at 2mg/ml in their drinking water, beginning on various days
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post-infection. Five days after antibiotic withdrawal (six weeks after primary infection),
mice were infected with 5x107 SL.1344 and monitored daily for survival. When moribund
(displaying no movement when gently prodded with an index finger), mice were euthanized
by cervical dislocation as stipulated by our animal care protocol. In some experiments, mice
were immunized intravenously with heat-killed S. Typhimurium (approximately 108
bacteria).

Bacterial colonization in vivo

On days two, three, four, and seven, spleens and mesenteric lymph nodes (MLNs) from
vaccinated mice were removed and homogenized in Eagle’s Hanks amino acids (EHAA;
Gibco) containing 2% FBS. Serial dilutions were plated on MacConkey’s agar plates and
incubated overnight at 37°C, and bacterial counts were calculated for each organ.

Salmonella-specific antibody responses

Blood was recovered retro-orbitally from infected mice and sera collected after
centrifugation. High protein binding plates (Costar Inc., Corning, NY) were coated
overnight with heat-killed S. Typhimurium (HKST) diluted in 0.1M NaHCO3. After
incubation in 10% FBS/PBS for one hour at 37°C, plates were washed in PBS/0.5%
Tween20 and serum samples added in serial dilutions. After a two-hour incubation at 37°C,
plates were washed before biotin-conjugated antibody specific for the desired antibody
isotype was added to each well (BD Bioscience and eBioscience). After further incubation at
37°C, plates were washed and incubated with ExtrAvidin-Peroxidase (Sigma-Aldrich)
diluted in 10% FCS/PBS. Plates were washed and a 3,3', 5,5’ tetramethylbenzidine (TMB)
substrate (BD OptEIA TMB Substrate Reagent Set, BD Biosciences) was used to develop
plates. After color-change was observed, 50ul of 2N H,SO,4 was added to plates to stop the
reaction and plates were analyzed using an ELISA plate reader (SpectraMax M2, Molecular
Devices).

Adoptive transfer of SM1 T cells

Spleen and lymph nodes (cervical, axillary, brachial, inguinal, and mesenteric) of RAG-
deficient, CD90.1 congenic, SM1 TCR transgenic mice were harvested. After generating a
single-cell suspension, the percentage of SM1 cells was determined using a small aliquot of
this suspension and Abs to CD4*VB2* SM1 cells, and the total number of SM1 cells was
calculated. SM1 cells were then incubated with CFSE at 37°C for eight minutes, with
shaking every 2-3 minutes. Cells were washed twice in cold HBSS before adjusting the
concentration and injecting 1-2 x 108 SM1 T cells into the lateral tail vein of recipient
C57BL/6 mice.

Flow cytometry

A single-cell suspension was generated from harvested mouse MLNs and spleens. Samples
were incubated on ice in the dark for 30 minutes in FACS staining buffer (Hank’s Balanced
Salt Solution containing 2% FBS and 0.1% sodium azide) containing primary Abs. FITC-,
PE-, PE-Cy7-, eFluor450-, or APC-conjugated Abs specific for CD4, CD11a, CD90.1, V2,
IFNYy, and TNFo were purchased from eBiosciences and BD Biosciences. After staining,
cells were analyzed by flow cytometry using a FACS Canto, and data were analyzed using
FlowJo software (Tree Star).

Tracking SM1 cells in vivo

After i.v. injection of 5ug of flagellin peptide 427-441 (VQNRFNSAITNLGNT) [27] or oral
infection with live Salmonella, spleens and MLNs were harvested on days 3 and 10 into
EHAA medium containing 2% FBS. Cells were stained, exactly as described above. The
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percentage of SM1 cells per organ was determined, as well as the activation and expansion
of SM1 cells, using the cell surface marker CD11a and CFSE dye dilution, respectively,
using flow cytometry.

in vivo cytokine production

Mice were vaccinated with BRD509 and some were treated with antibiotics beginning on
various days following infection, as described above. Six weeks after vaccination, and five
days after antibiotic withdrawal, mice were injected i.v. with 108 heat-killed BRD509 to
activate Salmonella-specific T cells [28]. Six hours later, spleens and mesenteric lymph
nodes were harvested into EHAA containing 2% FBS, and a single-cell suspension was
generated. Following rapid surface staining on ice, cells were fixed with formaldehyde,
permeabilized using saponin (Sigma-Aldrich), and stained intracellularly using cytokine-
specific Abs.

Statistical analysis

Results

Statistical analysis was performed using Prism 5 for MAC OS X (GraphPad Software, Inc.,
San Diego, CA). Groups of normally distributed data were compared using an unpaired two-
tailed t test. Survival data was compared using a Log-rank (Mantel-Cox) test. Differences
were considered significant (*) with a p value of 0.01 to 0.05, very significant (**) with a p
value of 0.001 to 0.01, and extremely significant (***) with a p value of <0.001.

Elimination of live vaccine strain colonization using antibiotic treatment

Fluoroquinolones, such as ciprofloxacin, are commonly used to treat typhoid in endemic
areas [29]. Enrofloxacin is a veterinary fluoroquinolone derivative known to act on the type-
Il topoisomerase DNA gyrase of Gram-negative bacteria, thereby inhibiting DNA synthesis
[30]. Our laboratory previously reported that antibiotic treatment of susceptible mice with
enrofloxacin rapidly halted the growth of virulent bacteria from spleen and mesenteric
lymph nodes (MLNSs) [31]. Antibiotic treatment of mice immunized with a live vaccine
strain of S. Typhimurium also hindered the development of protective immunity to
rechallenge with a virulent strain [31]. These findings prompted us to examine the clearance
of this vaccine strain in more detail, and we hypothesized that early treatment of vaccinated
mice with antibiotics rapidly eliminates attenuated bacteria, and limits the available antigen
to induce protective immunity.

Initially, we examined whether antibiotic treatment actually led to the efficient removal of
live attenuated Salmonella, using a strain that grows slowly in vivo due to an inability to
generate essential metabolites. C57BL/6 mice were immunized orally with an AroA™D™ live
vaccine strain (LVS) of S. Typhimurium and treated with enrofloxacin in their drinking
water beginning two days post-immunization. After 24 hours, bacteria were undetectable in
the MLNs of antibiotic-treated mice but were still present in the MLNs of mice not treated
with antibiotics (Fig. 1). Therefore, enrofloxacin rapidly eliminates a vaccine strain of
Salmonella in vivo and can be used as a simple intervention to modulate the period of
antigen exposure during live vaccination.

Seven days of live vaccine colonization is required for the development of robust
protective immunity to Salmonella

Live vaccine strains of Salmonella typically colonize the host for 3-5 weeks after
immunization and induce protective immunity against secondary Salmonella infection. We
used antibiotic treatment to define the minimum period of live vaccine colonization required
to develop protective immunity. Groups of mice were vaccinated orally with LVS S.
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Typhimurium and administered antibiotics starting 2, 7, 14, or 21 days later. All antibiotic-
treated mice continued treatment until 37 days post-infection followed by five days of
untreated drinking water [31]. At 42 days post-vaccination, each group of mice was
challenged with a virulent strain of S. Typhimurium and protection against infection
evaluated. Mice that received antibiotics beginning 7, 14, and 21 days post-immunization
displayed marked resistance to Salmonella infection when compared to naive mice (Fig.
2A). However, mice that received antibiotics starting 2 days after live vaccination displayed
a significantly reduced ability to resist subsequent Salmonella infection (Fig. 2A).
Therefore, the development of protective immunity to Salmonella infection requires between
2 and 7 days of colonization with a live vaccine strain.

In a second series of experiments, we further defined this narrow time period by intervening
with antibiotic treatment at 1, 2, 3, 5, or 7 days following live vaccination. Groups of mice
were orally immunized with LVS S. Typhimurium, treated with antibiotics, challenged with
virulent S. Typhimurium, and monitored for the ability to resist infection. Vaccinated mice
that were treated with antibiotics as early as day 1, 2, 3, or 5 displayed markedly reduced
ability to resist Salmonella infection (Fig. 2B). In contrast, the vast majority of mice that
were antibiotic treated beginning 7 days post vaccination were able to resist Salmonella
infection (Fig. 2B). Together, these data demonstrate that mice require colonization for
around 7 days with a live vaccine strain in order to develop robust protective immunity to
Salmonella infection.

As an additional control, we compared protective immunity following vaccination with live
S. Typhimurium versus heat-killed S. Typhimurium (HKST). However, mice immunized
with HKST were not protected against rechallenge with virulent S. Typhimurium, and
displayed similar survival times as naive control mice (Fig. 2C).

Antibiotic treatment does not affect initial CD4 T cell activation and expansion

These results demonstrated that antibiotic treatment during vaccination has a profound
detrimental effect on the development of protective immunity. However, rather than simply
reducing access to antigen, it seemed possible that antibiotics could have a direct effect on
CDA T cell activation or expansion. In order to examine this issue, we monitored the effect
of antibiotic treatment on Salmonella-specific CD4 T cell expansion following peptide
immunization or administration of live bacteria. C57BL/6 mice were adoptively transferred
with Salmonella-specific SM1 CD4 T cells and immunized with the relevant cognate
antigen (flagellin peptide 427-441) or vaccinated with Salmonella [25,27] while also being
treated with antibiotics. SM1 T cells were activated to undergo cell division and clonally
expand in mice treated with antibiotics (Fig. 3A), indicating that antibiotic treatment alone
does not hinder the ability of CD4 T cells to be activated or expand in vivo. Similar results
were also obtained when SM1 T cell responses to live bacteria were examined (Fig. 3A).
Statistical analysis showed that clonal expansion in groups of mice treated with antibiotics
versus untreated mice was not statistically significant (Fig. 3B). Thus, antibiotic treatment
does not appear to directly inhibit the ability of CD4 T cell to respond to antigen or live
bacteria.

Two weeks of live vaccine colonization is required for optimal development of Salmonella-
specific Thl responses

Endogenous Salmonella-specific CD4 T cell responses can be visualized directly ex vivo
following brief stimulation in vivo with heat-killed Salmonella Typhimurium (HKST)
[28,32]. In order to examine the requirement for vaccine strain colonization on Thl
development, we monitored the development of Salmonella-specific IFN-y-producing CD4
T cells in parallel to the protection experiments outlined above. Mice that received a live
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vaccine strain of Salmonella without antibiotic treatment generated an expanded population
of CD11aM cells that were able to produce IFN-y following restimulation with HKST (Fig.
4A, No Abx). In marked contrast, vaccinated mice that were treated with antibiotics
beginning one day later had a severely impaired Salmonella-specific Th1 response (Fig. 4A,
Day 1). A weak Salmonella-specific Thl response was also detected in mice colonized for
2-5 days before receiving antibiotic treatment (Fig. 4A, Day 2, 3, and 5). However, a large
increase in the Th1 response was noted in groups of mice exposed to live Salmonella for 7
days before antibiotic treatment started (Fig. 4A, Day 7), although this response remained
substantially lower than the maximal response detected without any antibiotic treatment
(Fig. 4A, No Abx). Furthermore, in addition to the lower percentage of IFN-y-producing
cells in antibiotic-treated mice, CD4 Th1 cells from these groups also produced a lower
amount of IFN-y on a per cell basis (Fig. 4A).

The clear recovery of Thl responses in mice that were colonized with a vaccine strain for 7
days, correlated with the ability of these mice to resist Salmonella infection (Fig. 3).
However, as noted above this Th1 response was still lower than that detected in vaccinated
mice that did not receive any antibiotics. Therefore, we examined whether further delaying
treatment would additionally amplify the Salmonella-specific Th1 response. Indeed,
maximal Th1 effector function was observed if antibiotic treatment was delayed for 14 days
after vaccination, as IFN-y-producing CD4 T cells from this group were equivalent in
percentage and MFI to those detected from the untreated but vaccinated mice (Fig. 4B).
Therefore, although a single week of live vaccine colonization was sufficient to develop
effective protective immunity against Salmonella infection, up to 2 weeks of exposure was
required for optimal Salmonella-specific Th1 development.

Effect of antibiotic treatment on Salmonella-specific antibody

Our data correlate the development of Salmonella-specific Th1 cells with the generation of
protective immunity against infection but suggest that robust protection can still occur while
Th1 responses are sub-optimal. We examined whether antibody responses occurred in
vaccinated mice administered antibiotics, since this response might complement a weak Thl
response and thus allow protective immunity to develop. As expected, immunized mice
developed Salmonella-specific IgM, IgG, and IgA responses even after antibiotic treatment
(Fig. 5). However, mice that were treated beginning two days post-infection developed very
weak Salmonella-specific 1gG responses, which correlated with the absence of protective
immunity exhibited by these mice. These data suggest that IgG most likely plays an
additional protective role when Th1 responses are sub-optimal.

Discussion

Vaccination is currently bestthe best option for combating infectious diseases [5-7], and live
attenuated vaccine strains have proven to be effective at inducing strong protective
immunity against several pathogens [6,9,10]. Although live attenuated vaccines are widely
used they are not always approved for all age groups and multiple doses of live attenuated
typhoid vaccine are sometimes required due to poor immunogenicity [5]. Human typhoid
remains a considerable problem in many developing countries and development of an
improved live attenuated vaccine will require greater understanding of how Salmonella
strains induce a protective immune response.

Our laboratory recently used antibiotic treatment of virulent Salmonella strains to examine
the development of immunity to Salmonella [31]. In completing these studies we noticed
that antibiotic treatment during immunization with a live vaccine strain severely reduced the
development of protective immunity. This was somewhat surprising, given previous work
where early interruption of Listeria vaccination did not significantly reduce CD8 T cell
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development [21]. Our current experiments have examined this process in more detail and
demonstrate that prolonged colonization with a live vaccine strain of Salmonella is required
to develop robust immunity to challenge infection. The most likely explanation for this
finding is that early antibiotic treatment hinders the development of Th1 cells by rapidly
eliminating a source of bacterial antigens. Indeed, our TCR transgenic adoptive transfer
experiments show that antibiotics do not directly affect the ability of CD4 T cells to
proliferate and become activated in vivo. Thus, our data are most consistent with a model
where optimal development of protective Salmonella-specific Thl cells requires between
1-2 weeks of antigen exposure in order for prolonged stimulation of responding CD4 T cells.

Other studies have noted that sustained antigen exposure can enhance the survival of CD4 T
cells or allow greater development of effector potential [22-24]. In experiments directly
examining CD4 Th1 development, we found that antibiotic interruption up to 2 weeks after
vaccination could hinder the maturation of Th1l cells. The longer time period for optimal
development of Th1 cells versus the development of protective immunity, may be explained
by the challenge dose used in our studies, i.e. one week of vaccine stimulation allows
sufficient Th1l development to protect against the challenge dose used in our experiments,
while longer exposure to antigen is required for maximal Thl development. An alternative
explanation is that the significant Salmonella-specific antibody responses detected in
vaccinated mice allow protective immunity to develop even with sub-optimal Thl
responses. Future experiments will compare each of these possibilities, but it seems likely
that Salmonella-specific antibody contributes significantly to immunity to secondary
infection in this model.

Our finding that protective immunity requires at least one week of colonization with a live
vaccine strain of Salmonella and that optimal Th1 development requires two weeks, is
important with respect to the design of typhoid vaccination and provides an explanation for
why multiple doses of live attenuated Salmonella strains are often required to generate
robust immunity. Indeed, if the attenuation of Salmonella strains simply shortens the time
period of colonization then such strains would be expected to generate weak Thl responses
and provide poor immunity. Thus, focused development of highly attenuated strains that
maintain prolonged in vivo colonization should be a goal of future vaccine design. In
conclusion, our data suggest a surprisingly long time period of CD4 T cell stimulation for
the development of effective anti-Salmonella immunity. These studies should aid in the
design of effective vaccines that can be widely distributed in developing nations where the
burden of typhoid is most detrimental.
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Figure 1. Treatment with enrofloxacin rapidly eliminates LVS Salmonella from mouse MLNs
C57BL/6 mice were orally infected with 5 x 109 attenuated S. Typhimurium (BRD509).
Some mice were treated with enrofloxacin in their drinking water beginning 2 dpi. MLNs
were harvested from infected mice at various time points after infection, and bacterial loads
were determined by plating organ homogenates on MacConkey’s agar. Data show mean
bacterial load +/— SD for three to five mice per time point.
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Figure 2. One week of exposure to bacterial antigens leads to protective immunity

C57BL/6 mice were orally infected with 5 x 10° live or heat-killed (HKST) attenuated S.
Typhimurium (BRD509). Some mice were treated with enrofloxacin in their drinking water
beginning at various time points after infection. Five days after antibiotic withdrawal (six
weeks post-infection), mice were rechallenged with 5 x 107 virulent S. Typhimurium. Data
show the percentage of survival of infected mice. (A) There was a statistically significant
difference between No Abx and Day 2 Abx (*p=0.0369). There was no statistically
significant difference between No Abx and Day 7 Abx or No Abx and Day 14 Abx. (B)
There was a statistically significant difference between No Abx and Day 1 Abx
(***p=0.0001), No Abx and Day 2 Abx (*p=0.0101), No Abx and Day 3 Abx (*p=0.0101),
and No Abx and Day 5 Abx (*p=0.0175). There was no statistically significant difference
between No Abx and Day 7 Abx (p=0.2888). (C) There was no statistically significant
difference between naive and HKST (p=0.0620).
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Figure 3. CD4 T cells become activated and expand in the presence of antibiotics

C57BL/6 mice were adoptively transferred with 1 x 10° CFSE-stained CD90.1* SM1 T
cells. Some of the mice were administered antibiotics in their drinking water. The following
day, mice were injected i.v. with 5ug flagellin peptide 427-441 or were vaccinated orally
with 5 x 109 attenuated S. Typhimurium (BRD509). Three days after injection, MLNs were
harvested, and SM1 T cells were identified by flow cytometry staining for CD4 and CD90.1.
Plots show (A) CD11a surface staining, CFSE dye dilution, and (B) the percentage of SM1
T cells from mice that were flagellin-injected +/— antibiotics and vaccinated +/— antibiotics.
Differences between these groups (Flagellin versus Flagellin + Abx; and Salmonella versus
Salmonella + Abx) are not statistically significant.

Vaccine. Author manuscript; available in PMC 2012 March 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Griffin and McSorley

Page 13

A Day 2 Abx
3
Z T s e T LR TR — T
— Day 3 Abx Day 5 Abx
CD11a
* % % %k
2 8000
hd g * %k
c 1 8
8 ok £ 6000 $ ok
S @
‘é o Kk § N
8 g 4000 » Cad
> 8
€ i E 5 +
* P T LT e -
- o e g
0= T T T T T T = 0= T T T T T T
OIS SR St R
® A A N N ® N O Y
ISP PP P PR PP

Figure 4. Exposure to bacterial antigens correlates with development of Salmonella-specific Thl
development
C57BL/6 mice were orally infected with 5 x 10° attenuated S. Typhimurium (BRD509).

Some mice were treated with enrofloxacin in their drinking water beginning at various time
points after infection. Five days after antibiotic withdrawal (six weeks post-infection), CD4
Th1 cell responses in the spleen were examined by restimulation with Salmonella lysate and
direct ex vivo detection of intracellular cytokine production. FACS plots show IFNy
production by gated CD4 T cells in response to 6 h of stimulation with Salmonella lysate.
Graphs show mean percentage of IFNy* CD4 T cells +/— SD (left) and mean fluorescence
intensity +/— SD of IFNy-producing CD4 T cells (right) from four mice per group.
Differences between the following groups are statistically significant: (A) %IFNy
production: No Abx and Day 7 Abx (**p=0.0021), Day 1 Abx and Day 7 Abx
(***p=0.0007), Day 2 Abx and Day 7 Abx (***p=0.0004), Naive and Day 1 Abx
(*p=0.0141); Mean Fluorescence Intensity: No Abx and Day 7 Abx (***p=0.0009), Day 1
Abx and Day 7 Abx (***p<0.0001), Day 2 Abx and Day 7 Abx (***p<0.0001), Naive and
Day 1 Abx (*p=0.0174); and (B) %IFNy production: No Abx and Day 2 Abx
(***p=0.0007), No Abx and Day 7 Abx (*p=0.0115); Mean Fluorescence Intensity: No Abx
and Day 2 Abx (***p<0.0001), No Abx and Day 7 Abx (***p=0.0009).
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Figure 5. Development of Salmonella-specific serum antibody responses in antibiotic-treated
mice

C57BL/6 mice were orally infected with 5 x 10° attenuated S. Typhimurium (BRD509) and
some mice treated with antibiotics beginning at various time points after infection. Five days
after antibiotic withdrawal (six weeks post-infection), blood was collected and Salmonella-
specific antibody responses were examined using isotype-specific antibody ELISAs. The
limit of detection is a titer of 10. (A) Differences between the following groups are
statistically significant: No Abx and Day 2 Abx (***p=0.0009), No Abx and Day 7 Abx
(*p=0.0190), and Day 2 Abx and Day 14 Abx. (B and C) Differences between these groups
are not statistically significant.
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