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ORIGINAL RESEARCH
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Alessio Fasano,6 Bruce D. Greenwald,3,4 and Marcelo B. Sztein1,2,3

1Center for Vaccine Development, University of Maryland School of Medicine, Baltimore, Maryland; 2Department of Pediatrics,
University of Maryland School of Medicine, Baltimore, Maryland; 3Department of Medicine, University of Maryland School of
Medicine, Baltimore, Maryland; 4Division of Gastroenterology and Hepatology, University of Maryland School of Medicine,
Baltimore, Maryland; 5Institute for Genome Sciences, University of Maryland School of Medicine, Baltimore, Maryland;
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SUMMARY

This study examines mucosal immune responses to admin-
istration of the oral Ty21a-typhoid vaccine in humans. Local
antigen-specific CD8þ-TM responses were substantially
different from those observed systemically. These data have
broad implications in human mucosal immune regulation
and approaches to oral immunization.

BACKGROUND & AIMS: Systemic cellular immunity elicited by
the Ty21a oral typhoid vaccine has been extensively charac-
terized. However, very limited data are available in humans
regarding mucosal immunity at the site of infection (terminal
ileum [TI]). Here we investigated the host immunity elicited by
Ty21a immunization on terminal ileum–lamina propria mono-
nuclear cells (LPMC) and peripheral blood in volunteers
undergoing routine colonoscopy.

METHODS: We characterized LPMC-T memory (TM) subsets
and assessed Salmonella enterica serovar Typhi (S Typhi)–
specific responses by multichromatic flow cytometry.

RESULTS: No differences were observed in cell yields and
phenotypes in LPMC CD8þ-TM subsets following Ty21a

immunization. However, Ty21a immunization elicited LPMC
CD8þ T cells exhibiting significant S Typhi–specific responses
(interferon-g, tumor necrosis factor-a, interleukin-17A, and/or
CD107a) in all major TM subsets (T-effector/memory [TEM],
T-central/memory, and TEM-CD45RA

þ), although each TM
subset exhibited unique characteristics. We also investigated
whether Ty21a immunization elicited S Typhi–specific multi-
functional effectors in LPMC CD8þ TEM. We observed that LPMC
CD8þ TEM responses were mostly multifunctional, except for
those cells exhibiting the characteristics associated with cyto-
toxic responses. Finally, we compared mucosal with systemic
responses and made the important observation that LPMC
CD8þ S Typhi–specific responses were unique and distinct from
their systemic counterparts.

CONCLUSIONS: This study provides the first demonstration of
S Typhi–specific responses in the human terminal ileum mu-
cosa and provides novel insights into the generation of mucosal
immune responses following oral Ty21a immunization. (Cell
Mol Gastroenterol Hepatol 2017;4:419–437; http://dx.doi.org/
10.1016/j.jcmgh.2017.08.002)

Keywords: Lamina Propria Mononuclear Cells; Multifunctional
T Cells; CD8þ-T Memory Cells; Typhoid; Vaccines.



See editorial on page 439.

The causative agent of typhoid fever, Salmonella
enterica serovarTyphi (STyphi), is a human restricted

pathogen that constitutes a major global health threat. Annu-
ally, S Typhi infection leads to an estimated 26.9 million cases
of typhoid fever resulting in approximately 217,000 deaths
worldwide.1,2 Following ingestion, S Typhi invades the host
mucosal surfaces mostly via M cells, which are specialized
epithelial cells covering the Peyer patches. Subsequently, S
Typhi translocates to the submucosa where it encounters in-
testinal lymphoid tissues, before entering drainingmesenteric
lymph nodes, and disseminating to the liver, spleen, and other
secondary lymphoid tissues, resulting in systemic illness.3

Although S Typhi can potentially invade at any site
harboring M cells along the intestine,4 the human terminal
ileum (TI), where most of Peyer patches in the intestine are
concentrated,5 is the favored intestinal active invasion site for
S Typhi.3 In S Typhi–infected patients in developing countries,
one of the most common complications of typhoid fever are
multiple intestinal perforations that occur almost exclusively
in the TI. This evidence from the clinic argues strongly that the
TI is the major site of infection for S Typhi. Only very limited
information is available regarding the generation of cell-
mediated immune responses (CMI) to S Typhi in the human
intestinalmucosa.6,7 Moreover, to our knowledge, there are no
data on the induction of CMI responses to S Typhi in the TI
mucosa following wt S Typhi infection or immunization with
the live attenuated oral vaccine Ty21a (Ty21a). Thus, a better
understanding of the host mucosal immune responses against
S Typhi and other enteric pathogens at their preferred site of
natural infection is required to provide additional insights for
the development of oral vaccines.

Currently, 2 licensed typhoid vaccines are available in the
United States for use in humans including Ty21a.8,9 Ty21a is
typically administered in 4 spaced doses and confers a mod-
erate level of long-livedprotection(60%–80%;5–7years).10–12

Hence, there is a need to develop effective new vaccines that
provide durable, long-lasting protection. The assessment of
mucosal immune responses at the site of infection (TI) may
allow the identification of immune correlates of protection,
which has the potential to greatly contribute to the develop-
ment of new generations of attenuated typhoid vaccines. Our
group and others have extensively studied the induction of
humoral and CMI responses in peripheral blood mononuclear
cells (PBMC) obtained from healthy volunteers following im-
munization with 4 doses of Ty21a.13–19 These studies showed
that live oral S Typhi vaccines induced both CD4þ and CD8þ T-
cell responses, including cytotoxic T cells, proliferation, and
multifunctional (MF) antigen-specific cytokine-producing
cells.12–14,16,20–22 We also reported that Ty21a elicits S
Typhi–specificCD8þT-cell responses inPBMCbyvariousCD8þ

Tmemory (TM) cell subsets, including T centralmemory (TCM),
T effector/memory (TEM), and RAþTEM (TEMRA)

16,23 and that
these responses are predominantly in the TEM and TEMRA sub-
sets with a lowmagnitude of responses observed in CD8þ TCM
subsets.12,21,23 Recent reports have indicated that various
vaccines, including Ty21a, have the capacity to induce

antigen-specific MF T cells (cells that produced 2 or more re-
sponses), which might play a key role in long-term immu-
nity.12,21,23 However, these detailed CMI responses were
assessed in peripheral blood. CMI responses in the human TI
have never been directly investigated. We hypothesized that S
Typhi–specific responsesbyvariousCD8þTMsubsets elicited in
theTI followingTy21a immunizationwoulddiffer inmagnitude
and characteristics from their systemic counterparts.

In this study we have characterized TI–lamina propria
mononuclear cells (LPMC) TM in Ty21a-vaccinated and un-
vaccinated volunteers. We then determined and compared
CD8þ TM S Typhi–specific responses from the 2 groups
following stimulation with autologous target cells infected
with wild-type (wt) S Typhi. Finally, we assessed these re-
sponses in depth by analyzing their multifunctionality and
directly compared peripheral and mucosal CD8þ TEM MF
responses. These comparisons provide a unique insight
between mucosal and peripheral immunity.

Materials and Methods
Volunteers, Immunization, and Sample Collection

Healthy volunteers undergoing routine, medically indicated
colonoscopies who had no history of typhoid fever were
recruited from the Baltimore-Washington metropolitan area
and University of Maryland, Baltimore campus. Written
informed consent was obtained from volunteers and all pro-
cedures were approved by the University of Maryland, Balti-
more Institutional Review Board. Volunteers (aged 49–74
years) were assigned into 2 groups. The first group (n ¼ 13)
received the 4 recommended doses of Ty21a vaccine (Vivotif
enteric-coated capsules, Crucell, Bern, Switzerland), whereas
volunteers assigned to the second group were not vaccinated
(control group) (n ¼ 22) as shown in the study design
(Figure 1A). Blood samples were collected at least 21 days
before immunization (preimmunization) and on colonoscopy
day (Day 0; postvaccination). Using large capacity forceps, TI
biopsies were obtained only on colonoscopy day (Day 0; post-
vaccination) as stated in the approved Institutional Review
Board protocol (Figure 1A). PBMC were isolated immediately
after blood draws by density gradient centrifugation and cry-
opreserved in liquid nitrogen following standard techniques.21

Isolation of LPMC From Terminal Ileum Biopsies
TI-LPMC were freshly isolated as described previ-

ously.24,25 Briefly, after collection of biopsies from routine

Abbreviations used in this paper: CMI, cell-mediated immune re-
sponses; EBV-B, Epstein-Barr virus–transformed lymphoblastoid B
cells; IFN, interferon; IL, interleukin; LPMC, lamina propria mono-
nuclear cells; MF, multifunctional; MIP, macrophage inflammatory
protein; PBMC, peripheral blood mononuclear cells; S, S Typhi–spe-
cific single producing cells; TCM, T-central/memory
(CD62LDCD45RA-); TEM, T-effector/memory (CD62L-CD45RA-); TEMRA,
TEM-CD45RA

D (CD62L-CD45RAD); TM, CD8
D T memory; TI, terminal

ileum; TNF, tumor necrosis factor; wt, wild-type.
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colonoscopy volunteers, tissues were treated with HBSS
(without CaCl2, MgCl2, MgSO4; Gibco, Carlsbad, CA) and
EDTA (1 mM; Ambion, Grand Island, NY) to remove intra-
epithelial cells. LPMC were then isolated following enzy-
matic digestion of the biopsies with Collagenase D (100 mg/
mL; Roche, Indianapolis, IN) and DNase I (10 mg/mL; Affy-
metrix, Cleveland, OH) and homogenization using the Bullet
Blender homogenizer (Next Advance Inc, Averill, NY). Cells
were then washed and resuspended in complete medium
(RPMI 1640 [Gibco Invitrogen, Carlsbad, CA] supplemented
with 10% heat-inactivated fetal bovine serum [Bio-
Whittaker, Walkersville, MD], 2 mM l-glutamine [HyClone,
Logan, UT], 2.5 mM sodium pyruvate [Gibco], and 10 mM
HEPES [Gibco], 100 U/mL penicillin [Sigma-Aldrich, St.
Louis, MO], 100 mg/mL streptomycin [Sigma-Aldrich], and
50 mg/mL gentamicin [Gibco]) and counted using Kova
Glastic Slides (Hycor Biomedical, Garden Grove, CA). Cells
were either stained immediately for immune-phenotyping
by flow cytometry or stimulated overnight with S Typhi-
–infected targets before staining (see later).

Target Cell Preparation
Autologous Epstein-Barr virus (EBV)-transformed lym-

phoblastoid cell line (EBV-B cells) were generated from each

participant’s preimmunization PBMC (at least 21 days
before colonoscopy) (Figure 1A) as previously
described.14,21 Briefly, EBV-B cells were obtained by incu-
bation of the PBMC with EBV-containing supernatant from
the B95-8 cell line (ATCC CRL1612) and cyclosporine (0.5
mg/mL; Sigma-Aldrich) at 37�C with 5% CO2 for 2–4 weeks.

S Typhi Infection of Target Cells
Autologous target cells (EBV-B) generated as described

previously were infected with wt S Typhi strain ISP1820 at a
multiplicity of infection of 7:1 by incubation for 3 hours at
37�C in RPMI without antibiotics, washed 3 times with
complete RPMI and incubated overnight with complete
RPMI containing 150 mg/mL gentamicin. Cells were washed
and infection with S Typhi confirmed by staining with anti-
Salmonella common structural Ag (CSA-1, Kierkegaard and
Perry, Gaithersburg, MD) and analyzed by flow cytometry as
previously described.13

Stimulation of PBMC and Terminal Ileum LPMC
Freshly isolated TI-LPMC and PBMC were used as

effector cells. Briefly, LPMC and PBMC were cocultured,
respectively, with either noninfected or S Typhi–infected

Figure 1. Study design and cell yields of terminal ileum LPMC isolated from Ty21a-vaccinated and unvaccinated vol-
unteers. (A) Oral typhoid vaccine Ty21a dosage schedule (4 doses at -21 to -14 days) and time of collection of specimens
(blood and TI biopsies) from volunteers undergoing routine screening colonoscopies. Autologous EBV-B cells are generated
from preimmunized blood. (B) Cell yield (number of viable cells/mg of tissue) was correlated to the age of volunteers (n ¼ 35)
using Pearson correlation test. (C) Cell yield comparison between Ty21a-vaccinated and unvaccinated volunteers. Median
values for each group are denoted as horizontal black bars.
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EBV-B (MOI of 7:1). LPMC and PBMC cultured with media
only or in the presence of a-CD3/CD28 (Life technologies,
Grand Island, NY) were used as negative and positive con-
trols, respectively. At the time of stimulation, antihuman
CD107a-FITC (5 mL; H4A3, BD, San Jose, CA) was added.
After 2 hours, 0.5 ml of Golgi Stop (Monensin, BD) and Golgi
Plug (Brefeldin A, BD) were added and cultures continued
overnight at 37�C in 5% CO2.

Surface and Intracellular Staining
Following stimulation in the presence of CD107a (LAMP-

1, a molecule expressed on the cell membrane that is widely
accepted to be associated with cytotoxic T-cell activity26),
PBMC and LPMC were stained for live/dead discrimination
(YEVID) (Invitrogen, Carlsbad, CA). Blocking of Fc receptors
was performed using human immunoglobulin (3 mg/mL;
Sigma) and was followed by surface staining. Briefly, cells
were stained with fluorescently labeled monoclonal anti-
bodies directed to CD13-Pacific Orange (conjugated in-
house), CD19-BV570 (HIB19, Biolegend, San Diego, CA),
CD3-BV650 (OKT3, Biolegend), CD4-PE-Cy5 (RPA-T4, BD),
CD8-PerCP-Cy5.5 (SK1, BD), CD45RA-biotin (HI100, BD),
CD62L-APC-A780 (DREG-56, eBioscience, San Diego, CA),
and integrin a4b7-A647 (ACT1; conjugated in-house) at 4�C
for 30 minutes. Cells were washed with wash buffer and
stained with streptavidin (SAV)-Qdot800 (Invitrogen) at 4�C
for 30 minutes. Cells were then fixed and permeabilized
using IC fixation and permeabilization buffers (8222/8333,
eBioscience) according to the manufacturer’s recommen-
dations. This was followed by staining with monoclonal
antibodies directed to interleukin (IL)-17A-BV421 (BL168,
Biolegend), interferon (IFN)-g-PE-Cy7 (B27, BD), tumor
necrosis factor (TNF)-a-Alexa 700 (MAb11, BD), and CD69-
ECD (TP1.55.3, Beckman Coulter, Danvers, MA), IL2-BV605
(MQ1-17H12, Biolegend), and macrophage inflammatory
protein (MIP)-1b-PE (IC271P, R&D) was performed at 4�C
overnight. After staining, cells were stored in 1% para-
formaldehyde at 4�C until data collection. Data were
collected using a customized LSRII flow cytometer (BD) and
then analyzed using the WinList version 7 (Verity Software
House, Topsham, ME) software package. S Typhi–specific
responses were expressed as net percentage of positive cells
(background after stimulation with uninfected cells were
subtracted from values obtained with S Typhi–infected
stimulators). A response was considered specific if the dif-
ferential in the number of positive events between experi-
mental (S Typhi–infected targets) and negative control
(uninfected targets) cultures was significantly increased by
z-tests. The FCOM function of WinList was used to deter-
mine S Typhi–specific MF responses in TI LPMC and PBMC
following vaccination.

Statistical Analysis
Data were analyzed using the statistical software

GraphPad Prism version 5.03 (Graphpad, San Diego, CA).
Statistical differences in median values between 2 groups
were determined using Mann-Whitney tests. Wilcoxon

matched pair tests were used to assess statistical differ-
ences between LPMC and PBMC paired responses. Correla-
tions (cell yield v/s age and PBMC v/s LPMC S
Typhi–specific responses) were evaluated using Spearman
correlation tests.

Results
Oral Ty21a Immunization Does Not Alter Mucosal
T-Cell Yield and Phenotype

Oral Ty21a immunization on human TI-LPMC TM subsets
(yield and phenotype) in healthy volunteers is unknown. To
explore whether Ty21a immunization may influence (1) cell
yields, (2) frequencies of TM subsets, and (3) expression of
homing molecules, we isolated TI-LPMC from volunteers
who either received 4 doses of Ty21a (n ¼ 13) or were
unvaccinated (n ¼ 22). We first verified that the volunteers’
age was not a factor influencing cell yield (number of viable
cells/mg of tissue) by performing Spearman correlation
tests. No significant correlation (r ¼ 0.0167; P ¼ .924) was
observed between LPMC cell yield and age of the volunteers
(Figure 1B). We then compared the cell yield obtained from
biopsies of Ty21a-vaccinated (n ¼ 13) and unvaccinated
(n ¼ 22) volunteers. Cumulative data showed that the me-
dian cell yield of TI-LPMC was approximately 4 � 104 viable
cells/mg of tissue (Figure 1C). No significant differences (P
< .05) in cell yield of TI-LPMC were detected between the 2
groups (Figure 1C).

Next we characterized T cells and TM subsets from
freshly isolated TI-LPMC obtained from biopsies of Ty21a-
vaccinated and unvaccinated volunteers (Figure 2A).
Interestingly, no significant differences were observed in
total LPMC CD3þ T cells following Ty21a immunization
(Figure 2B). We then examined the frequency of LPMC
CD4þ and CD8þ T-cell subsets. As expected, the frequency
of LPMC CD4þ (median, 60%) is higher than LPMC CD8þ T
cells (median, 30%) (Figure 2A and C). Cumulative data
showed that there were no significant differences in CD4þ

and CD8þ frequencies between Ty21a-vaccinated (n ¼ 13)
and unvaccinated (n¼22) volunteers (Figure 2C). Here, we
focused on CD8þ T cells because of the higher magnitude
and quality of S Typhi–specific responses in CD8þ than in
CD4þ T-cell subsets following Ty21a immunization. S
Typhi–specific CD4þ T cells responses following vaccina-
tion will be reported separately. We subsequently
assessed CD8þ TM using CD62L and CD45RA as shown by
the gating strategy (Figure 2A). As expected, cells
expressing the TEM (CD62L-CD45RA-) phenotype consti-
tute the predominant TM (w65%) subset at the TI mucosa
followed by the TEMRA (CD62L-CD45RAþ) (w20%) and
TCM (CD62LþCD45RA-) (w10%) subsets (Figure 2A). Cu-
mulative data showed that the percentage of CD8þ TEM,
TEMRA, and TCM subsets were not significantly different
between Ty21a-vaccinated (n ¼ 13) and unvaccinated
(n ¼ 22) volunteers (Figure 2D). Taken together, these
data indicate that Ty21a immunization does not seem to
alter the frequency of CD8þ-TM.
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As previously reported, immunization with Ty21a
primed immune cells for mucosal homing, including S
Typhi–specific T cells coexpressing the gut-homing molecule
integrin a4b7.7,23,27 However, there are no reports of the
expression of homing markers in human TI to demonstrate
the potential retention of these incoming cells. To directly
address this key issue, we determined the ex vivo fre-
quencies of CD8þ-T cells expressing the homing markers
integrin a4b7, CCR9, and CCR6 obtained from TI biopsies
and their corresponding PBMC. Our results show that the
frequency of PBMC total CD8þ T cells expressing integrin
decreases significantly (P < .05) following Ty21a immuni-
zation (Figure 3A). However, no significant differences were
observed in the frequencies of LPMC CD8þ-T cells
expressing integrin a4b7 between Ty21a-vaccinated (n ¼
13) and unvaccinated (n ¼ 22) volunteers (Figure 3A).
Interestingly, the frequency of total integrin a4b7þCD8þ T
cells was significantly lower (P < .05) in LPMC than in

PBMC in unvaccinated volunteers but not in Ty21a-
vaccinated volunteers (Figure 3A). To further understand
the homing pattern on TI-LPMC and their corresponding
PBMC, we evaluated the frequency of CCR9þCD8þ T cells in
a subset of volunteers (n ¼ 5) in both groups. The frequency
of LPMC CCR9þCD8þ T cells was not significantly different
following Ty21a immunization, a finding similar to the
observation with integrin a4b7, whereas PBMC CCR9þCD8þ

T frequencies exhibited a trend to be lower in Ty21a-
vaccinated (n ¼ 5) than in unvaccinated volunteers (n ¼
5) (Figure 3B). In addition, we observed that the frequency
of LPMC CCR9þCD8þ T cells was significantly higher (P <
.05) than PBMC CCR9þCD8þ T cells following Ty21a im-
munization (Figure 3B). In contrast, no significant differ-
ences were observed in CCR9þCD8þ T frequencies between
LPMC and PBMC in unvaccinated volunteers (Figure 3B).

We then determined the frequency of integrin
a4b7þCCR9þCD8þ T cells in LPMC and PBMC in both

Figure 2. Gating strategy for identifying terminal ileum (LPMC) and peripheral blood (PBMC) TM subsets and fre-
quencies of LPMC T cells isolated from Ty21a-vaccinated and unvaccinated volunteers. (A) CD8þ TM subsets were
observed in terminal ileum LPMC, and PBMC using the CD62L and CD45RA markers following the strategy shown in the
figure. (B) Frequencies of CD3 and (C) CD4 and CD8 were measured and compared between TI-LPMC obtained from Ty21a-
vaccinated (n ¼ 13; red symbols) and unvaccinated volunteers (n ¼ 22; black symbols). (D) Comparison of TM subsets
(CD62LþCD45RA-), TEM (CD62L-CD45RA-), TEMRA (CD62L-CD45RAþ), and Tnaive (CD62L

þCD45RAþ) in TI-LPMC CD8þ T cells
obtained from Ty21a-vaccinated and unvaccinated volunteers. Median values for each group are denoted as horizontal black
bars.
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groups of volunteers. Interestingly, no differences were
observed in the frequencies of integrin a4b7þCCR9þCD8þ T
cells between LPMC and PBMC in unvaccinated volunteers
(Figure 3C). In contrast, following Ty21a immunization we
observed a significant increase (P < .005) in integrin
a4b7þCCR9þCD8þ T cells in TI-LPMC as compared with
PBMC (Figure 3C). In fact, significantly higher levels
(P < .05) were observed in the frequency of integrin
a4b7þCCR9þCD8þ T cells in LPMC obtained from Ty21a-
vaccinees compared with unvaccinated LPMC and PBMC
(Figure 3C). We also characterized the expression of the
homing marker CCR6 on CD8þ T cells in PBMC and LPMC
obtained from both groups. No significant differences were
observed in the frequency of LPMC and PBMC CCR6þCD8þ

T cells between Ty21a-vaccinated and unvaccinated volun-
teers (Figure 3D). In sum, our results indicate that CCR9þ

integrin a4b7
þ CD8þ T cells accumulate in the TI LP and

may represent S Typhi–responsive cells that have been
recruited from circulation to the local microenvironment.

Activation of Terminal Ileum LPMC CD8þ T Cells
Most of our knowledge of CMI responses elicited by S

Typhi infection or Ty21a immunization in humans is based
solely on data derived from blood.12 Virtually, no informa-
tion is available on TI immune responses following wt S
Typhi infection or immunization with Ty21a vaccine. To

address this gap, we determined the ability of LPMC CD8þ T
cells obtained from Ty21a-vaccinated (n ¼ 13) and unvac-
cinated (n ¼ 22) volunteers to be activated following
coculture with autologous S Typhi–infected or uninfected
EBV-B cells (Figure 4A). Responses of representative
subjects are presented in Figure 4B and C. Following stim-
ulation with S Typhi–infected EBV-B, we observed in Ty21a-
vaccinees substantial net increases in the frequencies of
CD8þ T cells producing cytokines/chemokines INF-g
(2.9%), TNF-a (0.5%), IL2 (0.7%), IL17A (2.4%), and MIP-
1b (3.6%) and higher expression of the cytotoxicity marker
CD107a (3.5%) (Figure 4B). In contrast, the level of induc-
tion of cytokines/chemokines in unvaccinated volunteers
(INF-g, 1.0%; TNF-a, 0%; IL2, 0%; IL17A, 0%; and MIP-1b,
0.7%) and expression of CD107a (2.3%) was modest
following stimulation with S Typhi–infected EBV-B
(Figure 4C).

To assess whether S Typhi–specific mucosal responses
following Ty21a immunization were caused by baseline
responses or capacity to be activated between LPMC CD8þ T
cells isolated from Ty21a-vaccinated and unvaccinated vol-
unteers, we assessed the levels of CD8þ TEM cytokines/
cytotoxic-producing cells when LPMC cells were cultured
overnight either alone (unstimulated) or following stimu-
lation with a-CD3/CD28 beads. Cumulative data show that
neither the background levels (LPMC alone) nor their acti-
vation with anti-CD3/CD28 beads were significantly

Figure 3. Ex vivo mucosal and systemic homing phenotypes of CD8D T cells following Ty21a oral vaccination. (A)
Ex vivo percentages of integrin a4b7þ cells were evaluated in TI-LPMC and PBMC CD8þ T cells isolated from biopsies and
blood of Ty21a-vaccinated (n ¼ 13; red symbols) and unvaccinated (n ¼ 22; black symbols) volunteers. (B) Ex vivo percentages
of CCR9þ, (C) integrin a4b7þCCR9þ, and (D) CCR6þ cells were determined in TI-LPMC and PBMC CD8þ T cells isolated from
biopsies and blood from Ty21a-vaccinated (n ¼ 5; red symbols) and unvaccinated (n ¼ 5; black symbols) volunteers. Sig-
nificant differences between TI-LPMC and PBMC in vaccinated and unvaccinated volunteers are denoted as *P < .05 and
**P < .005. Median values for each group are denoted as horizontal black bars.
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different between LPMC isolated from Ty21a-vaccinated
and unvaccinated biopsies (Figure 5A and B).

Cumulative data of S Typhi–specific responses expressed
as net percentage of positive cells are shown in Figure 6A. We

observed that TI-LPMC total CD8þ CD69þ T cells obtained
from Ty21a-vaccinated volunteers exhibited significantly
higher S Typhi–specific cytokine responses (P < .05) (INF-g,
TNF-a, and IL17A) and significantly higher expression of
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CD107a than LPMC total CD8þ-T cells obtained from unvac-
cinated volunteers (Figure 6A). This is, to our knowledge, the
first demonstration of local S Typhi–specific CD8þ-T re-
sponses in the TI following oral Ty21a immunization.

Terminal Ileum LPMC CD8þ TM Subsets Have
Unique S Typhi–Specific Response Profiles

Because oral Ty21a immunization elicited S Typhi–
specific responses in TI-LPMC total CD8þ T cells, we

hypothesized that each CD8þ-TM subsets (TEM, TCM, and
TEMRA) contribute uniquely to generate discrete mucosal S
Typhi–specific responses following Ty21a immunization. To
test this hypothesis, we defined each CD8þ-TM subset and
evaluated the ability of each CD8þ-TM subsets to elicit re-
sponses following stimulation with autologous S Typhi-
–infected and uninfected targets. Because LPMC CD8þ-TEM
is the predominant memory subset in the TI, representing
over 55% of total CD8þ-T cells, we first assessed their S
Typhi–specific response profile (Figure 6B). Remarkably,

Figure 4. (See previous page). Stimulation protocol and S Typhi–specific responses in LPMC CD8D T cells isolated from
terminal ileum of a Ty21a-vaccinated and an unvaccinated representative volunteer. (A) Drawing depicting the experi-
mental design for S Typhi infection and measurement of CD8þ T effector function following stimulation of effector LPMC or
PBMC to determine S Typhi–specific responses in Ty21a vaccinated and unvaccinated volunteers. (B) Ty21a-vaccinated and
(C) unvaccinated volunteers showing the induction of cytokine/chemokine production (IFN-g, TNF-a, IL2, IL17A, and MIP-1b)
and upregulation of CD107a expression in CD69þCD8þ TEM cells following stimulation by noninfected or S Typhi–infected
autologous EBV-B cells. Anti-(a)-CD3/CD28 stimulation was used as a positive control in both volunteers. The percentages of
positive cells in the gated regions are shown above the corresponding black boxes.

Figure 5. Characteristics of terminal ileum LPMC CD8D TEM obtained from Ty21a-vaccinated and unvaccinated vol-
unteers. (A) Comparison of background levels of cytokines/chemokines (IFN-g, TNF-a, IL2, IL17A, and MIP-1b) and CD107a
expression in unstimulated LPMC CD8þ TEM obtained from Ty21a-vaccinated and unvaccinated volunteers. (B) Comparison of
LPMC CD8þ TEM responses (IFN-g, TNF-a, IL2, IL17A, MIP-1b, and CD107a) obtained from Ty21a-vaccinated and unvac-
cinated volunteers following stimulation with a-CD3/CD28 beads. Median values for each group are denoted as horizontal
black bars.
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LPMC CD8þ TEM showed similar signature S Typhi–specific
response profile as LPMC total CD8þ-T cells albeit, at lower
levels (Figure 6B). Cumulative data demonstrated that
LPMC CD8þ-TEM producing cytokines cells (IFN-g, TNF-a,
and IL17A) and expressing CD107a frequencies were
significantly higher (P < .05) in Ty21a-vaccinated than in
unvaccinated volunteers (Figure 6B). We then assessed S
Typhi–specific responses by TI-LPMC CD8þ-TCM and -TEMRA

subsets. Remarkably, we observed significant higher fre-
quencies (P < .05) only in LPMC CD8þ TCM producing IL2
and TNF-a in Ty21a-vaccinated as compared with unvacci-
nated volunteers (Figure 7A). No significant differences
were observed in CD8þ TCM IFN-g-, IL17A-, and MIP-1b-
producing cells and CD107a expressing cells between
Ty21a-vaccinated and unvaccinated volunteers (Figure 7A).
A similar assessment performed in CD8þ TEMRA revealed
that this cell subset exhibited higher levels of CD107a
expression and IL17Aþ–producing cells in LPMC from

Ty21a-vaccinees than in the unvaccinated counterparts
(Figure 7B). Thus, S Typhi–specific responses were
observed in all major CD8þ-TM subsets, although the char-
acteristics of these responses varied among subsets.

Terminal Ileum LPMC CD8þ TM Subsets
Responses Differ From Their Systemic
Counterparts

The underlying assumption in most human studies is
that there is a direct and proportional relationship between
systemic and mucosal responses.28-31 However, recent
findings indicate that at the site of infection immune re-
sponses are distinct.24,25,28,29 We therefore hypothesize that
S Typhi–specific responses elicited at the TI would differ in
magnitude and characteristics from their systemic coun-
terparts following Ty21a vaccination. Because we sampled
simultaneously blood and TI biopsies from each individual

Figure 6. Effect of oral Ty21a immunization on terminal ileum LPMC CD8D S Typhi–specific responses in healthy adults.
The net percentages of S Typhi–specific responses (IFN-g, TNF-a, IL2, IL17A, MIP-1b, and CD107a) in (A) total CD69þCD8þ T
cells and (B) CD69þCD8þ TEM cell subsets was compared between Ty21a-vaccinated (n ¼ 13; red symbols) and unvaccinated
volunteers (n ¼ 22; black symbols) with significant differences (*P < .05) indicated. Horizontal black bars represent median
values.
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and used the exact stimulation protocol, it allowed us to
directly address this hypothesis by comparing S Typhi–
specific responses using TI-LPMC and PBMC CD8þ TM sub-
sets. We determined the net S Typhi–specific responses (%
median and range) in CD69þCD8þ (1) total, (2) TEM, (3) TCM,
and (4) TEMRA obtained from TI biopsies (LPMC) or from
peripheral blood (PBMC) in vaccinated and unvaccinated
volunteers (Table 1). Interestingly, in unvaccinated volun-
teers, no significant differences were observed between
LPMC and PBMC net S Typhi–specific total CD8þ responses
(CD107a, IFN-g, TNF-a, IL2, IL17A) except for higher PBMC
MIP-1b responses (p<0.1) than in LPMC (Table 1; blue
highlight). Similarly, no significant differences were noted in
CD8þ TM subsets (TEM, TCM, TEMRA) between LPMC and
PBMC except for MIP-1b which was significantly higher in
PBMC than in LPMC (TEMRA [P < .005] and increased for
TEM [P < .1]) (Table 1; blue highlights). In addition, we

noted significantly higher levels of CD107a in PBMC CD8þ-
TEMRA and approaching significance in IFN-g in PBMC
CD8þ-TEM as compared with their LPMC counterparts in
unvaccinated volunteers (Table 1; blue highlights). In
contrast, following Ty21a-vaccination, we observed signifi-
cant increases (P < .05) in CD107a expression and IL2
production, and approaching significance (P < .1) in IL17A,
INF-g, and TNF-a production (green highlights) in LPMC net
S Typhi–specific total CD8þ responses as compared with
PBMC. No significant differences in total CD8þMIP-1bþ

levels were noted between the 2 tissues (Table 1).
We next compared net S Typhi–specific CD8þ-TM re-

sponses between LPMC and PBMC in the various TM sub-
sets. S Typhi–specific CD8þ-TEM were significantly increased
in LPMC (P < .05) for CD107a expression and TNF-a pro-
duction and approached significance (P < .1) for IL17A
production compared with PBMC. Regarding CD8þ-TCM,

Figure 7. S Typhi–specific responses of terminal ileum LPMC CD8D TCM and TEMRA subsets in healthy adults following
oral Ty21a immunization. The net percentages of S Typhi–specific responses (IFN-g, TNF-a, IL2, IL17A, MIP-1b, and
CD107a) in CD69þCD8þ TCM (A) and CD69þCD8þ TEMRA (B) subsets were compared between Ty21a-vaccinated (n ¼ 13; red
symbols) and unvaccinated volunteers (n ¼ 22; black symbols) with significant differences (*P < .05) indicated. Horizontal black
bars represent median values.

428 Booth et al Cellular and Molecular Gastroenterology and Hepatology Vol. 4, No. 3



significantly increased IL17A production and trends to show
increased expression of CD107a were observed in LPMC
compared to PBMC. Finally, regarding CD8þ-TEMRA signifi-
cantly increased CD107 expression and IL17A and Il-2
production, and a trend to show increased production of
IFN-g were observed in LPMC as compared with PBMC
following Ty21a-immunization (Table 1). Interestingly, the
frequency of MIP-1b producing cells show a trend to be
higher (P < .1; blue highlights) in PBMC CD8þ-TEM and
-TEMRA subsets as compared with their LPMC counterparts
(Table 1). In sum, Ty21a-immunization elicits LPMC CD8þ-
TM subsets (TCM, TEM, TEMRA), which exhibit distinct
properties in TI LPMC and peripheral blood.

MF Terminal Ileum LPMC CD8þ TEM Responses
Following Oral Ty21a Immunization

Our group has previously shown that peripheral blood
CD8þ T cells respond to S Typhi by secreting multiple cy-
tokines simultaneously.12,23,32 However, it is unknown
whether TI S Typhi–specific CD8þ T cells responses exhibit
multi-functionality. Thus, we next investigated the multi-
functionality of LPMC S Typhi–specific CD8þ TEM responses
in Ty21a-vaccinated and unvaccinated volunteers. Using
Winlist FCOM function, TI-LPMC CD8þ TEM responses were
analyzed and characterized for S Typhi–specific responding
cells as either single cytokine producers/CD107a expressors
(S) or MF. First we analyzed LPMC CD8þ TEM responses
associated with expression of CD107a, a cytotoxic marker
(Figure 8A). Interestingly, in unvaccinated volunteers, re-
sponses were mostly CD107aþ CD8þ TEM MF rather than
CD107aþ CD8þ TEM S (Figure 8A). However, significantly

higher frequencies of CD107aþ CD8þ TEM S cells were
observed in Ty21a-vaccinees (Figure 8A). Of note, no dif-
ferences were observed between the levels of CD107aþ

CD8þ TEM S and MF cells in Ty21a-vaccinees.
We next examined the IFN-g responses for multi-

functionality in Ty21a-vaccinees and controls. In contrast to
the CD107a response, IFN-g were largely MF as shown by
significantly higher levels of IFNgþCD8þ TEM MF in both
volunteer groups compared with IFNgþ CD8þ TEM S
(Figure 8B). Following immunization, the frequencies of
IFNgþ CD8þ TEM MF cells were found to be significantly
higher (P < .05) in Ty21a-vaccinated volunteers than in
unvaccinated volunteers (Figure 8B). Similar observations
were made for TNF-a (Figure 8C) and IL17A (Figure 8D),
the other cytokines that showed to be significantly higher in
Ty21a-vaccinees. No differences in S Typhi–specific re-
sponses were noted in IFN-gþ (Figure 8B), TNF-aþ

(Figure 8C), or IL17Aþ (Figure 8D) CD8þ TEM S between the
2 groups of volunteers. Although IL2 and MIP-1b were not
significantly higher in Ty21a-vaccinees, we noted that
IL2þCD8þ TEM MF and MIP-1bþCD8þ TEM MF subsets were
dominant (P < .05) (Figure 8E and F). In addition, we
determined and compared the 8 dominant (out of 64
possible combinations) LPMC CD8þ-TEM MF subsets elicited
following Ty21a vaccination. We observed that 3 double
positive subsets (eg, CD107aþ IL17Aþ; TNF-aþ IL17Aþ), 3
triple positive subsets (eg, CD107aþ IL17Aþ MIP-1bþ), and
2 quadruple positive subsets (eg, CD107aþ TNF-aþ IL17Aþ

MIP-1bþ) exhibited trends to be higher in vaccinated than in
the unvaccinated group (Figure 9A).

Furthermore, because of the importance of IL17 in
mucosal immunity, we examined the top 5 individual

Table 1.Comparison Between Mucosal and Systemic S Typhi–Specific CD8þ TM Subsets Responses in Unvaccinated and
Ty21a-Vaccinated Volunteers

Median % (range)

CD107a IFN-g TNF-a IL2 IL17A MIP-1b

Unvaccinated
(n ¼ 22)

CD8þ T Total LPMC 0.02 (0–0.85) 0.01 (0–0.90) 0.01 (0–0.91) 0.07 (0–1.14) 0.00 (0–0.56) 0.00 (0–0.89)
PBMC 0.08 (0–1.22) 0.00 (0–1.57) 0.00 (0–1.21) 0.00 (0–0.48) 0.00 (0–0.97) 0.01 (0–2.48)a

TEM LPMC 0.00 (0–0.84) 0.00 (0–1.17) 0.02 (0–0.82) 0.00 (0–1.73) 0.00 (0–0.77) 0.00 (0–1.09)
PBMC 0.00 (0–2.33) 0.01 (0–1.46)a 0.01 (0–8.53) 0.00 (0–1.37) 0.00 (0–4.67) 0.07 (0–4.41)a

TCM LPMC 0.00 (0–2.42) 0.00 (0–2.12) 0.00 (0–1.06) 0.00 (0–1.29) 0.04 (0–2.72) 0.00 (0–1.29)
PBMC 0.01 (0–1.90) 0.00 (0–4.97) 0.00 (0–10.0) 0.00 (0–1.71) 0.04 (0–4.66) 0.00 (0–6.14)

TEMRA LPMC 0.00 (0–1.12) 0.00 (0–1.56) 0.00 (0–1.75) 0.00 (0–1.39) 0.00 (0–1.32) 0.00 (0–1.19)
PBMC 0.12 (0–1.98)b 0.01 (0–3.24) 0.01 (0–0.76) 0.03 (0–0.74) 0.01 (0–1.06) 0.04 (0–4.95)c

Ty21a vaccinated
(n ¼ 13)

CD8þ T Total LPMC 0.32 (0–2.56)b 0.21 (0–2.07)a 0.17 (0–2.43)a 0.30 (0–1.29)b 0.21 (0–0.98)a 0.10 (0–1.94)
PBMC 0.00 (0–1.79) 0.05 (0–1.21) 0.03 (0–0.1.40) 0.03 (0–3.95) 0.00 (0–2.07) 0.12 (0–2.70)

TEM LPMC 0.41 (0–1.75)b 0.06 (0–0.86) 0.25 (0–1.79)b 0.22 (0–1.29) 0.18 (0–1.56)a 0.00 (0–0.95)
PBMC 0.00 (0–2.33) 0.04 (0–7.25) 0.02 (0–4.32) 0.00 (0–4.09) 0.00 (0–10.2) 0.50 (0–8.05)a

TCM LPMC 0.70 (0–2.76)a 0.07 (0–2.54) 0.50 (0–2.77) 0.25 (0–1.83) 0.08 (0–2.35)b 0.34 (0–1.94)
PBMC 0.00 (0–2.01) 0.25 (0–5.29) 0.02 (0–6.05) 0.02 (0–5.15) 0.02 (0–5.44) 0.13 (0–7.41)

TEMRA LPMC 0.47 (0–2.08)b 0.35 (0–1.29)a 0.00 (0–1.61) 0.60 (0–1.28)b 0.48 (0–1.43)b 0.00 (0–1.62)
PBMC 0.02 (0–2.51) 0.01 (0–0.72) 0.03 (0–0.67) 0.04 (0–3.89) 0.02 (0–1.62) 0.25 (0–2.10)a

NOTE. Values were not significant unless where indicated.
Boldface ¼ significant decrease in % net S Typhi–specific responses of a CD8þ TM subset in LPMC compared with PBMC;
Underline ¼ significant increase in % net S Typhi–specific responses of a CD8þ TM subset in LPMC compared with PBMC.
aP < .1.
bP < .05.
cP < .005.
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IL17A-producing MF subsets in LPMC preparations from
Ty21a-vaccinated and unvaccinated volunteers. We
observed significantly higher percentages of quadruple
(CD107aþTNF-aþIL17AþMIP-1bþ) positive subsets in
vaccinated subjects and trends to exhibit higher levels in
CD107aþIL17Aþ and in TNF-aþIL17Aþ double positive cells
(Figure 9B). Taken together, these results indicate that
Ty21a immunization elicited S Typhi–specific CD8þ-TEM MF
responses, including IL17 producing cells, in the human TI
local mucosa.

Mucosal S Typhi–Specific CD8þTEM Responses
Are Different Than Their Systemic Counterparts

To further explore the relationship between mucosal and
systemic S Typhi–specific responses and define potential
differences in magnitude and characteristics, we analyzed
CD8þ-TEM by using the multifunctionality strategy described
previously. We stratified net S Typhi–specific responses
in MF or single (S) responses for both LPMC and PBMC
in Ty21a-vaccinated and unvaccinated volunteers.

Interestingly, in unvaccinated volunteers, the frequencies of
CD8þ CD107aþ TEM MF were significantly higher (P < .05)
in LPMC than in PBMC (Figure 10A), whereas in Ty21a-
vaccinees CD8þ CD107aþ TEM MF in LPMC were not
significantly different from PBMC (Figure 10A). In contrast,
following Ty21a immunization, the frequencies of
CD8þCD107aþ TEM S were found to be significantly higher
(P < .05) in LPMC than PBMC (Figure 10A). Thus the
magnitude and characteristics of CD107a-associated re-
sponses in LPMC are different than in PBMC. In contrast, the
frequencies of CD8þ IFN-gþ TEM (S or MF) were similar
between TI-LPMC and PBMC obtained from unvaccinated
volunteers (Figure 10B), whereas in Ty21a-vaccinated vol-
unteers, significantly higher frequencies of CD8þ IFN-gþ

TEM MF were observed in LPMC than in PBMC (Figure 10B).
In contrast, no differences were noted in CD8þ IFN-gþ TEM S
between LPMC and PBMC following Ty21a immunization
(Figure 10B). Regarding TNF-a production, we observed
that the frequencies of CD8þ TNF-a þ TEM MF but not S
were significantly higher in LPMC compared with PBMC.

Figure 8. Multifunctional and single-expressing S Typhi–specific cytokine producing or CD107a expressing cells in the
terminal ileum of Ty21a-vaccinated and unvaccinated volunteers. Net S Typhi–specific CD8þ TEM responses were
calculated using the FCOM function of Winlist and stratified into MF and S cells. Comparison of TI LPMC S Typhi–specific
CD8þ TEM (A) CD107aþ, (B) INF-gþ, (C) TNF-aþ, (D) IL17Aþ, (E) IL2þ, and (F) MIP-1bþ MF and S in Ty21a-vaccinated (n ¼ 13;
red symbols) and unvaccinated volunteers (n ¼ 22; black symbols) with significant differences shown (*P < .05; **P < .005;
***P < .0005). Horizontal black bars represent median values.
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This was the case in both Ty21a-vaccinated and unvacci-
nated volunteers (Figure 10C). However, no significant dif-
ferences were observed in the frequencies of CD8þ TNF-aþ

TEM S between LPMC and PBMC regardless of Ty21a

immunization (Figure 10C). A similar analysis for S
Typhi–specific production of IL2 and MIP-1b (Figure 10E
and F) revealed significantly higher frequencies of CD8þ

IL2þ TEM MF in LPMC than in PBMC obtained from

Figure 9. S Typhi–specific multifunctional CD69DCD8D TEM responses in the terminal ileum LPMC of Ty21a-vaccinated
and unvaccinated volunteers. Shown is the concomitant induction of multiple cytokines and/or expression of CD107a in
terminal ileum LPMC following stimulation with S Typhi–infected and uninfected EBV-B cells. Data were analyzed using the
FCOM function of WinList. (A) The 8 dominant (out of 64 possible) combinations are represented here (doublet, triplet, and
quadruple combinations). Although some trends were noted, no statistical significant differences were observed. (B) Top 5
IL17A-producing subsets (doublet, triplet, and quadruple combinations). Shown are significant differences (**P < .005) in S
Typhi–specific IL17A multifunctional responses between Ty21a-vaccinated and unvaccinated in terminal ileum LPMC. Median
values for each group are denoted as horizontal bars.
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unvaccinated volunteers, whereas only a trend was noted in
Ty21a-vaccinees (Figure 10E). No significant differences
were observed in CD8þ IL2þ TEM S between LPMC and
PBMC in either group of volunteers (Figure 10E). Interest-
ingly, the frequencies of CD8þ MIP-1bþ TEM MF were
significantly higher in LPMC than PBMC in only Ty21a-
vaccinated volunteers (Figure 10F). Finally, of importance,
we also assessed IL17A associated responses for LPMC and
PBMC CD8þ TEM in both groups. In unvaccinated volunteers,
we observed that both in S and MF CD8þ IL17Aþ TEM fre-
quencies were significantly higher in TI-LPMC than in
PBMC (Figure 10D). However, in Ty21a-vaccinated volun-
teers, significantly higher frequencies of CD8þ IL17Aþ TEM
MF, but not S, were recorded in LPMC than in PBMC

(Figure 10D). In sum, these data demonstrate that mucosal
cytokine/cytotoxic effectors are different in magnitude and
characteristics from their PBMC counterparts.

Mucosal MF S Typhi–Specific CD8þTEM
Responses Correlate With Their Systemic
Counterparts

We next explored the relationship between the gen-
eration of S Typhi–specific immune responses between TI-
LPMC and PBMC in an individual by individual basis. We
performed Spearman correlation tests on CD8þ TEM S and
MF responses in both Ty21a-vaccinated and unvaccinated
volunteers. We observed that in unvaccinated volunteers,

Figure 10. MF- and single-expressing S Typhi–specific cytokine-producing or CD107a-expressing cells in the terminal
ileum and peripheral blood in Ty21a-vaccinated and unvaccinated volunteers. Net S Typhi–specific CD8þ TEM MF and S
cells responses were evaluated and compared between TI-LPMC and PBMC obtained from Ty21a-vaccinated (n ¼ 13; red
symbols) and unvaccinated volunteers (n ¼ 22; black symbols) as shown for (A) CD107aþ, (B) INF-gþ, (C) TNF-aþ, (D) IL17Aþ,
(E) IL2þ, and (F) MIP-1bþ with significant differences indicated (*P < .05; **P < .005). Horizontal black bars represent median
values.
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the frequencies of peripheral CD8þ TEM MF (CD107a, IFN-
g, IL17A, and IL2) responses were not correlated to their
LPMC counterparts (Figure 11; Table 2). However,
following Ty21a vaccination, the frequencies of peripheral
CD8þ TEM MF (CD107a, IFN-g, and IL17A, but not IL2)
responses were significantly correlated to their TI
mucosal counterparts (Figure 11; Table 2). In addition, as
shown in Table 2, only peripheral CD8þ TEM MF re-
sponses were significantly correlated to TI-LPMC CD8þ

TEM MF but not CD8þ TEM S. Thus these data demonstrate
that mucosal cytokines/cytotoxic MF effectors, but not

single positive cells, correlate significantly to their sys-
temic counterparts.

Discussion
Following ingestion, some enteric pathogens (eg, S Typhi)

actively invade the intestinal epithelium at the site of
infection (eg, TI). Most of the knowledge of wt S Typhi
infection or Ty21a immunization in human is based solely
on data derived from peripheral blood. Virtually no infor-
mation is available on TI immune responses. Therefore, we

Figure 11. Correlation of S Typhi–specific multifunctional CD69DCD8D-TEM responses between terminal ileum LPMC
and peripheral blood (PBMC) in Ty21a-vaccinated and unvaccinated volunteers. Net S Typhi–specific CD8þ-TEM re-
sponses were calculated using the FCOM function of Winlist and stratified into MF cells following stimulation with S Typhi-
infected and uninfected EBV-B targets. Spearman correlation analysis was performed on (A) CD107aþ MF, (B) IFN-gþ MF,
(C) IL17Aþ MF, and (D) IL2þ MF S Typhi–specific CD69þCD8þ-TEM in unvaccinated volunteers (n ¼ 22). The same correlation
analysis were performed on (E) CD107aþ MF, (F) IFN-gþ MF, (G) IL17Aþ MF, and (H) IL2þ MF S Typhi–specific CD69þCD8þ-
TEM in Ty21a-vaccinated volunteers (n ¼ 13). Spearman r values and P values are shown in each plot. P < .05 represent
statistically significant differences.

Table 2.Spearman Correlation Analysis of Mucosal and Systemic S Typhi–Specific CD8þ TEM Responses in Unvaccinated
and Ty21a-Vaccinated Volunteers

Terminal Ileum vs Peripheral Blood (Spearman r)

Unvaccinated Ty21a vaccinated

CD8+ TEM- S CD8+ TEM- MF CD8+ TEM- S CD8+ TEM- MF

CD107a -0.151 0.232 -0.281 0.672a

IFNg 0.060 -0.241 0.432 0.771b

TNFa -0.248 -0.182 -0.078 0.622a

IL-17A 0.177 -0.130 -0.027 0.626a

IL-2 -0.266 -0.174 0.450 0.110

MIP1b 0.002 0.182 -0.035 0.713b

NOTE. Values were not significant unless where indicated.
aP < .05.
bP < .005.
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addressed this critical gap by characterizing in depth, for the
first time, S Typhi–specific LPMC CD8þ-T cell immune re-
sponses in TI following Ty21a immunization and contrasting
these responses with those observed in peripheral blood.

Here, we provide direct evidence that oral Ty21a im-
munization elicits significant S Typhi–specific LPMC CD8þ T
cell responses (IFN-g, TNF-a, IL17A, and CD107a) in TI
obtained from healthy volunteers. The TI is the preferred
site of S Typhi active invasion because it contains the
highest number of Peyer patches and M cells (important in S
Typhi pathogenesis).3–5 Interestingly, human duodenum
CD8þ T cells were recently shown to be responsive to Ty21a
killed bacteria, whereas human colon T cells were unre-
sponsive following Ty21a immunization.6 Taken together,
these data indicate that human intestinal responses to oral
Ty21a immunization are compartmentalized. However, dif-
ferences in the magnitude and characteristics of specific
responses have been noted among TI, duodenum, and colon.
The magnitude of CD8þ-T responses in the TI seem higher
than in the duodenum and colon based on the frequencies of
S Typhi–responsive CD8þ T cells from both studies. In
addition, following Ty21a immunization, we show that TI-
LPMC CD8þ-TM responses are mostly MF, whereas the du-
odenum CD8þ-T responses were largely attributed to single
cytokine producing cells.6 Thus oral Ty21a immunization
elicited local TI-LPMC CD8þ-TM cells that differentiate spe-
cifically into MF Tc1 (IFN-g and TNF-a), S and MF Tc17
(IL17A), and S and MF cytotoxic (CD107aþ) CD8þT effector
cells, a set of effector cells well suited for protection against
intracellular pathogens. These S Typhi–responsive CD8þ T
effector phenotypes are also elicited in peripheral blood but
at a lower magnitude and exclusively as MF. In contrast,
duodenal CD8þ T S Typhi–responsive phenotype were
mostly single producing (S) Tc1 (IFN-g, TNF-a, and IL2)
CD8þ T effector cells. However, it is unclear whether these
discrepancies are the result of differences in the antigens
used to stimulate cells isolated from colon, duodenal, and TI
biopsies. For example, it is possible that the use of Ty21a-
killed bacteria, instead of S Typhi–infected autologous tar-
gets used here, favored the detection of other T-cell subsets
over CD8þ-T responses in the duodenum.6 In addition, other
differential factors, such as microbiota composition and
distribution of lymphoid structures (eg, Peyer patches, iso-
lated lymphoid follicles, M cells; reviewed in Refs.33,34)
among colon, duodenum, and TI, might also play an
important role in the differences observed between both
studies.6 Moreover, the volunteers in Pennington et al6 were
mostly young adults (23–24 years old), whereas the vol-
unteers in the current studies were older adults (>49 years
old). Differences in immune responses between young and
older adults have been documented previously.35 Further
studies are required to fully understand the factors
responsible for the observed differences.

Interestingly, although LPMC CD8þ-T cells displayed no
significant differences in the expression of integrin a4b7,
CCR9, and CCR6 homing markers, we noted that integrin
a4b7þCCR9þCD8þ LPMCT cells are recruited and retained in
significantly higher numbers in the TI mucosa following
Ty21a vaccination. This observation argues in favor of the

recruitment and retention of specific CD8þ-TM at themucosa.
Remarkably, CCR9þ homing cells have been reported to play
an important role in generating of antigen-specific lympho-
cytes in the small intestine but not in the colon.36 Our ob-
servations together with data supporting the induction of S
Typhi–specific responses in the TI and duodenum but not the
colon following Ty21a immunization suggest that integrin
a4b7þCCR9þ cells may play a crucial role in the generation of
S Typhi–specific cells in the human small intestine.

In this study we demonstrate that all major CD8þ TM
subsets (TEM, TCM, andTEMRA) are elicited in the TImucosa and
display unique response profiles, but, as previously described
in blood,12,16 S Typhi–specific CD8þ-TEM are the predominant
phenotype. Interestingly, all major CD8þ-TM subsets (TEM,
TCM, and TEMRA) elicited by Ty21a immunization responded
(cytotoxic CD107a expression and/or cytokines production)
and were significantly higher in TI LPMC as compared with
PBMC except for the chemokineMIP-1b response. Of note, the
frequencies of TCM producing IL2 (required for the control of
expansion of antigen-specific CD8þ T-cell populations37 and
maintenance of regulatory T cells38,39) and/or TNF-a are
significantly higher following Ty21a immunization. These
data suggest that local mechanisms present in the mucosa
strongly activate CD8þ-TM subsets following oral vaccination
and/or there is an accumulation of distinct S Typhi–specific
CD8þ memory and effector cells in the mucosa originating
from circulation that might also change characteristics once
they take residence in the mucosa.

Our results also indicate that the frequency of S
Typhi–specific responsive CD8þ TEM is higher in magnitude
and predominantly MF in the local intestinal mucosa, likely
caused by the constant exposure to a myriad of microor-
ganisms. However, the characteristic of these responses
observed in unvaccinated versus vaccinated individuals is
not the same. For example, the TI cytotoxic (CD107aþ) CD8þ

TEM responses are unique compared with blood with a shift
from CD107aþ MF in unvaccinated to S predominant in
Ty21a-vaccinated volunteers. Of note, following Ty21a im-
munization, the frequencies of LPMC CD8þ IL17Aþ TEM MF
expand significantly, whereas LPMC CD8þ TEM S producing
IL17A remains constant suggesting various subsets of CD8þ

TEM IL17A producing cells at the mucosa, a finding not
observed in blood. Taken together, our data provide unique
insights into the S Typhi–specific responses elicited in the TI
mucosa and suggest that these responses are the result of
local immunomodulatory mechanisms capable of influ-
encing T cells activation, expansion, and differentiation,
resulting in unique phenotypes and perhaps specificities
than those in the systemic compartment. This is an impor-
tant observation because most human studies relied on data
obtained from peripheral blood and largely assumed that
the responses obtained in the systemic compartment have a
direct and proportional relationship with those present in
the mucosal compartment.28

Interestingly, a positive relationship between TI mucosa
and blood is noted exclusively within the CD8þ TEM MF
responses (CD107a, IFN-g, TNF-a, IL17A, and MIP1b),
which showed significant correlations between the 2 com-
partments following Ty21a vaccination. These results
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Figure 12. Drawing depicting S Typhi–specific responses elicited in the TI mucosa and peripheral blood (PBMC)
following Ty21a immunization in humans. Following oral immunization with the attenuated vaccine strain Ty21a, these
bacteria enter the host by various mechanisms (eg, M-cell adhesion, epithelial invasion, and dendritic cells luminal capture)
and are presented by antigen-presenting cells (ie, macrophages, dendritic cells) to immune cells (ie, CD8þ-TM) in the lamina
propria (LP) compartment or draining mesenteric lymph nodes. CD8þ-TM are subsequently activated to produce higher levels
of cytokines/chemokines (IFNg, TNFa, IL-2, IL-17A, and MIP1b) and increased cytotoxicity (upregulation of CD107a).
Following Ty21a immunization each major CD8þ-TM (TEM, TCM and, TEMRA) subset acquires unique characteristics in the TI LP.
CD8þ-TEM responses include S and MF cells. LP cytotoxic responses (CD107þ) were observed both as S and MF cells,
whereas the other responses were observed largely as MF cells. The relationship between mucosal and systemic immunity
focused on CD8þ-TEM responses are also depicted in this drawing. Following Ty21a immunization, PBMC CD8þ-TEM are
modulated to produce cytokines/chemokines and upregulate cytotoxic responses. However, peripheral blood CD8þ-TEM
responses elicited are induced mostly as MF cells rather than single producing cells. Of note, significant correlations were
observed between LPMC and PBMC for all tested MF CD8þ-TEM responses except for IL2. These results suggest that CD8þ-
TEM MF effectors elicited by immunization are the main populations with the capacity to shuttle between the TI mucosa and
peripheral blood. CD8þ-TEM in the terminal ileum can be composed of various subsets including tissue-resident memory T
cells (TRM) and other CD8þ T cell subsets. Additionally, CD8þ TEM MF represent 64 different combinations of effector subtypes
defined by the expression of CD107a, IFN-g, IL-17A, TNF-a, IL-2, and/or MIP-1b, including doublet to sextuplet subtypes. This
adds another layer of complexity in defining effector responses. This is illustrated in the figure by showing, for example, CD8þ

TEM MF quadruplets (subset CD107aþ, IL17Aþ, TNF-aþ, and MIP-1bþ), which exhibited significantly higher responses in
terminal ileum LPMC than in PBMC following Ty21a immunization. Trends toward Ty21a vaccinees exhibiting higher re-
sponses than unvaccinated volunteers are denoted with black arrows. Significantly higher responses in Ty21a vaccinees than
in unvaccinated volunteers are denoted with a red asterisk. Trends toward TI-LPMC showing higher responses than PBMC are
denoted with red arrows. Significantly higher responses in TI-LPMC compared with PBMC are denoted with blue upward
arrows. Significantly lower responses in TI-LPMC compared with PBMC are denoted with blue downward arrows.
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suggest that CD8þ TEM MF S Typhi responsive cells may
shuttle between mucosa and the periphery, and likely
accumulate and/or expand locally, as evidenced by the
qualitatively stronger MF responses observed in LPMC. This
observation adds additional support to our recent report
that S Typhi–specific CD8þ MF responses correlate with
protection against typhoid and delayed disease onset in
humans challenged with wt S Typhi.32 Taken together, we
hypothesized that MF S Typhi–specific responses at the site
of infection could be a major determinant in protection
against typhoid disease. Thus, development of a highly
efficacious salmonella vaccine may need to prioritize the
induction of MF CD8þ TEM cells at the mucosa. These ob-
servations also provide novel insights to advance the
development of oral vaccines for enteric pathogens other
than S Typhi.

Conclusions
We have demonstrated that oral Ty21a immunization

elicits S Typhi–specific CD8þ T-cell responses in the human
TI mucosa through distinct effector functions (Figure 12).
Additionally, we provided evidence that TI-LPMC CD8þ-TM
cell responses are unique, overlapping only partially with
those observed in the systemic compartment. This study also
offers new insights that are likely to contribute to the
development of new or improved oral vaccines and may lead
to the identification of functional correlates of protection.
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