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Abstract

The live oral typhoid vaccine Ty21a elicits predominantly CD8+, as well as CD4+ T cells
mediated immune responses. Clinical field studies showed that Ty21a is moderately effective
against S. Typhi and S. Paratyphi B, but not S. Paratyphi A infections. In this study we describe
the in depth characterization of S. Typhi, S. Paratyphi A and S. Paratyphi B cross-reactive CD4+ T
cell responses elicited following immunization with Ty21a. PBMC samples were collected from
16 healthy volunteers before and 42/84 days after Ty21a immunization and stimulated ex-vivo
with Salmonella-infected targets. Multiparametric flow cytometry was used to detect the vaccine
elicited Sa/monella-specific responses in T effector/memory (Tgp) and CD45RA+ T effector/
memory (Temra) CD4+ cell subsets, by measuring CD4+ multifunctional (MF) cells that
concomitantly produced IFN-y, TNF-a, IL-2, MIP-1B, IL-17A and/or expressed CD107a. Post-
vaccination increases in S. Typhi-specific MF cells were observed in CD4+ Tgp and Tepmra
subsets which predominantly produced IFN-y and/or TNF-a., while IL-2 was produced by a
smaller cell subset. A small proportion of those MF cells also produced MIP-1p, IL-17A and
expressed CD107a (a marker associated with cytotoxicity). Approximately one third of these
specific MF cells have the potential to migrate to the gut mucosa, as evidenced by co-expression of
the gut-homing molecule integrin a4f7. In contrast to our previous observations with CD8+T
cells, MF CD4+ T cell responses to the different Sa/monella serovars evaluated were similar in
magnitude and characteristics. We conclude that although induction of cross-reactive CD4+ MF
effector T cells suggest a possible role in Salmonellaimmunity, these responses are unlikely to
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provide an immunological basis for the observed efficacy of Ty21a against S. Typhi and S.
Paratyphi B, but not to S. Paratyphi A.
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1. Introduction

Enteric fevers are caused by infection with the human-host restricted organisms Sa/monella
enterica serovar Typhi (S. Typhi), S. Paratyphi A, S. Paratyphi B and more rarely, S.
Paratyphi C [1]. Typhoid fever, caused by S. Typhi, has long been recognized as a major
health problem and two moderately effective vaccines, i.e., live attenuated oral vaccine
Ty21a (Ty21a) and parenteral polysaccharide Vi (Vi) vaccines have been used extensively in
the US, as well as many other countries [2]. Recently, the incidence of paratyphoid A fever
has been on the rise in South, Southeast and East Asia, as well as among US and European
travelers returning from those areas [3-5]. However, in contrast to typhoid fever, no vaccine
is available to prevent paratyphoid A (or B) fever.

Salmonella serovars causing enteric fever show a high degree of homology at the DNA level.
However Salmonella virulence factor Vi polysaccharide, which has been purified and used
as a Vi vaccine, is expressed by S. Typhi, but not by S. Paratyphi A or S. Paratyphi B [6].
Several field studies performed to investigate whether immunization with live oral vaccine
Ty21a could protect against typhoid fever also offered an opportunity to assess cross-
protection against S. Paratyphi B or S. Paratyphi A infections because those strains were
also prevalent causes of enteric fever in the field trial sites [7, 8]. The Santiago, Chile study
indicated that Ty21a conferred a moderate degree of cross-protection against S. Paratyphi B
disease [9], while the Plaju, Indonesia trial suggested that Ty21a provided little protection
against S. Paratyphi A disease. Thus, developing an effective vaccine against S. Paratyphi A
has emerged as a public health priority [9, 10].

Successful development of a vaccine against S. Paratyphi A will be aided by a better
understanding of the complex human host-immune responses mediating protection against
Salmonella. Unfortunately, this endeavor is challenging due to the lack of a suitable animal
model that can reliably mimic enteric fevers. The widely used mouse model with S.
Typhimurium infection contributed significant insights into the Sa/monella specific host
innate and adaptive immune responses. However, less is known regarding the protective
mechanism(s) against Sa/monella infection in humans, which appear to involve both
humoral and complex CMI responses [11-14]. Most of the available information regarding
S.

Typhi immunity in humans was derived from clinical studies involving the immunization of
healthy adults with various attenuated Sa/monella vaccine strains and also from the limited
body of work with natural infection and a handful of human challenge studies with wild-
type S. Typhi [15-18]. Over the past two decades we and others have extensively studied S.
Typhi specific humoral as well as cell-mediated immune (CMI) responses elicited in humans
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following the administration of live attenuated oral live typhoid vaccines [19-30]. Using
advanced multi-parametric flow cytometric methods we demonstrated that immunization of
healthy volunteers with attenuated live oral S. Typhi vaccines elicit both CD4+ and CD8+ T
cell responses, including cytotoxic T cells (CTL) [21, 24-26, 28-31]. Furthermore, we
revealed that these vaccine induced S. Typhi-specific CD8+ as well as CD4+ T cells, were
mostly mediated by T effector/memory (Tgp; CD45RA-CD62L) and CD45RA+Tgm
(TEmRrA; CD45RA+CD62L-) subsets of T memory (Tyy) cells [21-26, 28-30]. Specific
responses were also observed, albeit of lower magnitude, in T central/memory (Tcm;
CD45RA-CD62L+) cells. A significant portion of these S. Typhi-specific T cells also
expressed the gut homing molecule integrin a4p7, suggesting their potential to migrate to
the primary site of infection [24, 29, 30, 32].

The recent urgency in developing an effective vaccine against S. Paratyphi A and the
observation in the field that Ty21a partially cross-protects against S. Paratyphi B but not S.
Paratyphi A prompted us to evaluate cross-reactive immune responses elicited by Ty21a
against the Sa/monella serovars S. Paratyphi A and S. Paratyphi B) [7, 9]. We and others
have studied Ty21a-induced cross-reactive humoral and CD8+ T cell mediated CMI
responses against S. Typhi, S. Paratyphi A and B [30, 33-35]. We recently described that
immunization with Ty21a elicited CD8+ T mediated multifunctional (MF) cross-reactive
Salmonella specific responses against all three Salmonella strains and that S. Typhi specific
responses were similar to those observed against S. Paratyphi B but not S. Paratyphi A [30].
In the present study we markedly extend these observations by describing, for the first time,
that Ty21a also elicits CD4+ T cells that cross-react with S. Typhi, S. Paratyphi A and S.
Paratyphi B and that these responses are mostly mediated by MF cells, capable of
simultaneously producing more than one cytokine (i.e., IFN-y, TNF-a, IL-2, MIP-1p,
IL-17A) and/or expressing CD107a.

2. Materials and methods

2.1 Subjects, immunization and isolation of peripheral blood mononuclear cells (PBMC)

Sixteen healthy adults (median age 42 years, range 23 to 52 years) were immunized with the
recommended four spaced doses of Ty21a vaccine (Vivotif enteric-coated capsules [Crucell]
[29]. Blood samples were drawn pre-vaccination (day 0) and 42 (day 42) and/or 84 (day 84)
days post-vaccination. PBMC were isolated immediately after blood draws by density
gradient centrifugation and were cryopreserved in liquid nitrogen as previously described
[31, 36]. The study was approved by University of Maryland Baltimore Institutional Review
Board. All the volunteers gave informed consent prior to their recruitment into this study.

2.2 Target/stimulator cell preparation

Autologous Epstein Barr virus (EBV)-transformed B-LCL (EBV-B cells) were generated
from PBMC obtained from Ty21a vaccinees as previously described [30]. Sa/lmonella
strains, i.e., wild-type S. Typhi strain (ISP-1820, Vi+, a clinical isolate from Chile), S.
Paratyphi A (CV 223, ATCC# 9150), and S. Paratyphi B (CV 23, a clinical isolate from
Chile) were obtained from the Center for Vaccine Development, University of Maryland,
USA (CVD) reference stocks. EBV-B cells were infected with Sal/monel/a strains, at an MOI
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of 10:1 (bacteria:cell) as previously described and following overnight resting, infected cells
were gamma-irradiated (6,000 rad) before being used as “targets” for ex-vivo PBMC
stimulation. To confirm the adequacy of the infection with S. Typhi, S. Paratyphi A or S.
Paratyphi B, infected EBV-B cells were stained with anti-Sa/monella common structural Ag
(CSA-1)-FITC (Kierkegaard & Perry, Gaithersburg, MD) and analyzed by flow cytometry
using a customized LSR-II instrument (BD, Franklin Lakes, NJ, USA) [30].

2.3 Ex-vivo PBMC stimulation

Thawed, overnight rested PBMC were stimulated with autologous S. Typhi-, S. Paratyphi A-
or B- infected targets (section 2.2) at a ratio of 10:1 (PBMC:target). After 2 hours, the
protein transport blockers Monensin (1 pg/ml, Sigma) and Brefeldin A (2 pg/ml; Sigma)
were added to the PBMC cultures that were continued overnight at 37°C in 5% CO,. Media
alone and uninfected autologous EBV-B cells were used as negative controls.
Staphylococcal enterotoxin B (SEB) (10 pg/mL; Sigma) was used as a positive control.

2.4 Surface and intracellular staining

Surface and intracellular staining (ICS) was performed as described previously [30]. Briefly,
ex-vivo stimulated PBMC were first stained for live/dead discrimination using LIVE/DEAD
fixable violet dead cell stain kit (Invitrogen, Carlsbad, CA) and then surface stained with a
panel of fluorochrome conjugated monoclonal antibodies (mAbs) that included CD14-
Pacific Blue (TuK4, Invitrogen), CD19-Pacific Blue (SJ25-C1, Invitrogen), CD3-Qdot 655
(UCHT1, BD), CD4- PerCP-Cy5.5 (SK3, BD), CD8-Qdot 705 (HIT8A, Invitrogen),
CD45RA-biotin (HI100, BD), CD62L-APC-EF780 (Dreg 56, Invitrogen), integrin a4p7-
Alexa 488 (clone ACT-1; conjugated in house) and CD107a-A647(eBioH4A3, eBiosciences,
San Diego, CA). The anti-CD107a mAb was added during the overnight ex-vivo stimulation
to maximize its detection. The cells were then fixed and permeabilized with Fix & Perm cell
buffers (Invitrogen) and ICS was performed with a panel of mAbs against IFN-y-PE-Cy7
(B27, BD), TNF-a-Alexa 700 (MAb11, BD), IL-2-PE (5344.111, BD) and CD69-ECD,
(TP1.55.3, Beckman Coulter, CA, USA). A modified panel of mAbs (14 colors) was used in
some experiments to concomitantly detect two additional cytokines, i.e., MIP-1p and IL-17
following same surface and ICS staining method. This modified panel included, Live/DEAD
fixable yellow dead-cell staining kit (Invitrogen), surface staining with mAbs against CD14-
Brilliant violet (BV) 570 (TuK4, Invitrogen), CD19-BV570 (HIB19, Biolegend, San Diego,
CA, USA), CD3-BV650 (OKT3, Biolegend), CD4-PE-Cy5 (RPA-T4, BD), CD8-PerCP-
Cy5.5 (SK1, BD), CD45RA-biotin (HI100, BD)-secondary staining, with streptavidin Qdot
800 (Invitrogen), CD62L-APC-EF780 (Dreg 56, eBioscience), CD107a-FITC (H4A3, BD)
and integrin a4p7-A647(ACT-1; conjugated in house) and ICS staining with mAbs against
IFN-y-PE-Cy7 (B27, BD), TNF-a-Alexa 700 (MAb11, BD), IL-2-BV605 (MQ1-17H12,
Biolegend), IL-17A-BV421 (BL168, Biolegend), MIP-1B-PE (24006, R&D, Minneapolis,
MN, USA) and CD69-ECD or -PE (TP1.55.3, eBioscience. )

Following staining cells were fixed in 1% paraformaldehyde and stored at 4°C until
analyzed. Flow cytometry was performed using a customized LSRII flow cytometer (BD)
and data were analyzed using WinL.ist version 7 (\erity Software House, Topsham, ME,
USA).
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2.5 Gating protocol

CDA4+ (live CD3+, CD8-CD4+) T cell responses in study subjects were evaluated in
different T memory (T),) subsets defined by their expression of CD45RA and CD62L i.e., T
central memory (Tcn; CD62L+ CD45RA-), T effector memory (Tgn; CD62L-CD45RA-)
and T effector memory CD45RA+ (Tepmra; CD62LCD45RA+) and Naive T cells (Ty:
CD62L+ CD45RA+) (Fig. S1). The FCOM analysis tool (WinList version 7) was used to
classify events based on combinations of gates in multidimensional space, i.e., whether cells
express single (single positives; S+) or multiple intracellular cytokines and/or CD107a alone
or in all possible combinations) for the detection of multifunctional (MF) cells. Flow
cytometric analyses were performed in at least 160,000 events in the live lymphocyte gate
(Fig. S1A).

2.6 Statistical analyses

3. Results

The statistical tests used to analyze each set of experiments are indicated in each Figure
Legend. P values of <0.05 were considered significant.

In this study, we used PBMC samples collected from volunteers before (day 0) and after
(42/84 days) immunization with Ty21a as described in Materials and methods (section 2.1).
Routine complete blood counts (CBC) were performed on every blood sample collected.
Estimated absolute numbers of lymphocytes in each of the participating volunteers
(calculated from the CBC) were not statistically different (p>0.3) when the results of pre-
vaccination were compared to those recorded at days 42 or 84 following vaccination [30]

To measure Salmonella-specific responses PBMC were stimulated ex-vivo with S. Typhi-, S.
Paratyphi A- and B-infected autologous EBV-B cells as described in Materials and Methods
(section 2.3). The “net” Salmonella-specific responses at pre- and post-vaccination days
were obtained by subtracting the respective non-specific background responses (i.e., those
observed with the corresponding non-infected EBV-B cells). The Ty21a elicited post-
vaccination increases (in S+ and each of the MF subsets), were then calculated from the
“net” Salmonella-specific responses observed on post-vaccination days 42 or 84 after
subtracting the corresponding day 0 levels.

Our results showed that activation of CD4+ T cells (expressing the lymphocyte activation
marker CD69) following stimulation with all Sa/monella-infected targets, were mostly
observed in Tgpy, albeit lower percentages were also observed in Tepra, Tem and Ty
subsets (Fig. S2B). However, activated Sal/monella-specific CD4+CD69+ cells that produced
cytokines (e.g., IFN-y; Fig. S2C), TNF-a (Fig. S2D), IL-2 (Fig. S2E) or expressed the
degranulation marker CD107a, a marker of cytotoxicity (Fig. S2F) resided almost
exclusively in CD62L-Ty, cells, i.e., in Tgpm and Tegmpra Subsets of CD4+T cells. Based on
these observations, subsequent analyses were focused in the CD4+ Tgp and Tepra cell
subsets.
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3.1 Evaluation of Salmonella-specific multifunctional CD4+ T cells

3.1.1 CD4+ Tgm—The Salmonella-specific effector cells were characterized into single
positives (S+) or those concomitantly producing of two or more cytokines (IFN-y, TNF-a,
IL-2) and/or expressing CD107a as multifunctional (MF) cells, using the FCOM analysis
tool. Post-vaccination increases observed in Salmonellaspecific IFN-y+ (Fig. 1A), TNF-a+
(Fig. 1B) or IL-2+ (Fig. 1C) MF cells were significantly higher (p<0.001) compared to the
corresponding single cytokine producing CD4+ Tgp, cells. Significantly increased
expression of CD107a+ in MF over that in S+ cells (p<0.05) was observed in response to S.
Paratyphi A—infected targets. Similar trends, albeit not significant, were also observed in
response to S. Typhi (p=0.07) and S. Paratyphi B (p=0.11)-infected targets (Fig. 1D). The
magnitude of these S. Typhi, S. Paratyphi A or S. Paratyphi B-specific MF responses (Fig.
1) showed no significant differences among them.

Overall, the MF subsets comprised almost two thirds (58-67%) of the vaccine induced
Salmonella-specific CD4 Tgpy cell responses (Fig. 2). To characterize MF cells in further
detail, we first, categorized these Ty21a induced MF cells those into double (2+), triple (3+)
or quadruple (4+) positive subsets based on the number of cytokines (IFN-y, TNF-a, IL-2)
and/or CD107a simultaneously produced and/or expressed (Fig. 2). Post-vaccination
increases in S. Typhi (Fig. 2A) and S. Paratyphi A (Fig. 2B)-specific MF cells were
predominantly comprised of 2+ cells showing a hierarchy of 2+ >3+ >4+, while for S.
Paratyphi B (Fig. 2C), we observed that was 2+ = 3+ >4+, We further characterized
Salmonella-specific MF cells by investigating all possible subsets producing/expressing
different combinations of cytokine production (IFN-y, TNF-a, IL-2) and CD107a
expression. In most of the volunteers only 5 out of all possible MF subsets were found to be
“high frequency” subsets showing post-vaccination increases of >0.05% of CD4 Tg cells.
Of note, when combined, these 5 subsets typically represented on average (meanzSE)
73.3£5.8%, 74.7£5.5% and 71.2+6.4% of S. Typhi-, S. Paratyphi A- and S. Paratyphi B-
specific total MF cells, respectively (Fig. 3). Of interest, the MF cells producing IFN-y and
TNF-a were present in 4 out of these 5 “high frequency” subsets, while IL-2 and CD107a
were each observed in 2 MF subsets each (Fig. 3). No statistically significant differences
were observed among the percentages of these 5 Salmonellaspecific dominant MF subsets
of CD4+Tgy, specific to S. Typhi-, S. Paratyphi A or S. Paratyphi B infected cells (Fig. 3).

3.1.2 CD4+Temra—TEMRA cOnNstituted a relatively a small subpopulation of CD4+ T cells
than Tgm, Teom Or Ty subsets (Fig. S1). However, as mentioned earlier (Section 3) the
induction of “functional cells” following stimulation with Sa/monella-infected targets were
mostly observed in Tgpm and Temra subsets (Fig. S2). Therefore, we performed a similar
analysis to characterize the Ty21a-induced cross-reactive MF responses in CD4+ Tepmra
subsets following the strategy described for Tgp cells (Fig. 1-3). The magnitude of post-
vaccination increases observed in Salmonella-specific IFN-y+, TNF-a+ and IL-2+ CD4+
Temra MF cells, were significantly higher than the corresponding S+ cells (Fig. 4A, B, C).
Significant increases in MF Tgpra CD4+ CD107a+ cells were also observed following
stimulation with S. Typhi-infected targets (Fig. 4A).
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Ty21a immunization elicited Sa/monellaspecific MF cells in CD4+TgpmRra Subsets were
mostly 2+ (~53%) as well as 3+ (~36%) and 4+ (~19%) cells. These proportions of MF CD
+TeEMmRA Subsets did not show any statistical differences when stimulated with S. Typhi-, S.
Paratyphi A- or S. Paratyphi B-infected targets. Similar to our observations with CD4+ Tgm
cells (Fig. 3), Ty21a elicited increases in Sa/monella specific cells were mostly observed in 5
subsets of CD4+ Tgpra Subsets, together constituting almost two-thirds (60~63%) of total
CD4 Temra Salmonella-specific MF cells (Fig. 4D-F). A similar representation of the 5
MF subsets (as percentage of total MF cells) was observed for Tepmra specific for S. Typhi-
(Fig. 4D), S. Paratyphi A- (Fig. 4E) or S. Paratyphi B- (Fig. 4F) infected targets as that
observed in the Tgp subset.

3.2 Cross-reactive Salmonella-specific MIP-1p and IL-17A responses

We have previously reported that Ty21a elicited the appearance of Sa/monella-specific
MIP-1p+ and albeit very low magnitude also IL17A+ CD8+ T cells [30]. Therefore, it was
of great interest to investigate whether MIP-1p and IL17A producing MF CD4+ T cells are
also induced following stimulation of PBMC obtained from Ty21a vaccinees (n=8) with
Salmonella-infected targets. To this end, we used an optimized 14-color flow cytometry
panel (described in section 2.4.) that included mAbs against MIP-1p and IL-17A as well as
those described above, i.e., IFN-y, CD107a, TNF-a and IL-2. Similar responses were
observed following immunization with Ty21a in the capacity of CD4+ Tgp and Tepmra
subsets to produce MIP-1f in response S. Typhi-, S. Paratyphi A-, and S. Paratyphi B-
infected targets. Post-vaccination increases observed with all three Sal/monella-specific MF
MIP-1p+ cells were higher than the corresponding S+ cells (Fig. 5A). However, these
differences following stimulation with S. Typhi- and S. Paratyphi B-infected targets reached
statistical significance (p=<0.05), whilst only a trend (p=0.12) was observed for S. Paratyphi
A-infected targets (Fig. 5A). In contrast, in CD4+TgpRra subsets, all three Sa/monella-
specific MF MIP-1p+ cells were elicited at significantly (p<0.05) higher magnitudes than
the corresponding S+ cells(Fig. 5B).

Interleukin-17A-producing CD4+ T cells are the core component of the Th17 helper subset
which is thought to mediate protection against several organisms, including intracellular
bacteria [12, 13, 37]. Therefore, we next investigated whether immunization with Ty21a
induces S. Typhi-specific IL-17A producing cells, as well as those that cross-react with S.
Paratyphi A or S. Paratyphi B. Post-vaccination increases (>0.05%) in S. Typhi-specific total
IL-17A producing CD4+ Tgy\ cells were observed in 75% (6 out of 8) of the Ty21a
vaccinated volunteers, while 38% (3 out of 8) and 63% (5 out of 8) showed similar increases
against S. Paratyphi A- and S. Paratyphi B-infected targets, respectively (Fig. S3A).
Although, the magnitude of post-vaccination increases with S. Typhi-specific total IL-17A+
CD4+ Tgp cells were somewhat higher than those specific for S. Paratyphi A- or S.
Paratyphi B-infected targets, these differences did not reach statistical significance (Fig. 6A).
We also characterized IL-17A+ cells, by dividing those into S+ and MF cells, as described
for other cytokines. Our results showed that the post-vaccination increases in S. Typhi-and S.
Paratyphi B-specific Sa/monella specific IL-17A producing CD4+ Tgp MF cells showed a
strong statistical trend to be higher (p=0.06) than the increases observed in corresponding
IL-17A S+ subset (Fig. 6B, and Fig. S3). Unfortunately, due to the low number of events, it
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was not possible to further characterize IL-17A+ MF cell subsets as described for other
cytokines (Figs. 2 and 3). Interleukin-17 secreting cells were also observed in the Tepmra
subset, although the responses were lower in magnitude and fewer cells were IL-17A+ than
those observed in Tgy cells.

3.3 Characterization of the gut-homing potential of Salmonella—specific MF CD4+ Tgy cells

T cells that have the potential to migrate to the gut mucosa can be measured by evaluating
the expression of integrin a4P7 [38]. Because Ty21a immunization elicited a predominantly
MF Salmonella-specific CD4+ Tgyp cell response (Fig. 1), we further investigated the
expression of integrin a4B7 by Salmonella-specific MF cells in PBMC obtained from Ty21a-
immunized volunteers (n=12). Although post vaccination increases in Sa/monella-specific
MF cells consisted mostly of integrin a4 negative cells (Fig. 7), a considerable proportion
of those S. Typhi-, S. Paratyphi A-, and S. Paratyphi B—specific cells (mean+SE: 29.7+6.7,
28.6x+6.3 and 29.2+7.5%, respectively) also expressed integrin a4f7. Similar proportions of
integrin a4p7+ cells were also observed in Sa/lmonellaspecific CD4+ Tgpmra MF cells.

Due to limited numbers of events, it was not possible to further subclassify integrin a4f7+
MF cells into different subsets producing 2-5 cytokines or expressing CD107a.

4. Discussion

Typhoid and paratyphoid fevers due to the distinct Salmonella serovars S. Typhi and S.
Paratyphi A and B, respectively, cause indistinguishable clinical syndromes [1]. Ty21a, the
only FDA licensed live oral attenuated S. Typhi vaccine elicits both serological and CMI
responses mediated by B and T effector/memory cells in humans. An effective CMI recall
response appears to be essential in mediating the long-term protective efficacy of the Ty21a
vaccine [11, 14, 39]. Evidence from the field indicates that Ty21a also confers moderate
protection against S. Paratyphi B but apparently not against S. Paratyphi A [7]. To
understand the possible immunological basis for these observations from field studies, in the
past few years we have systemically studied the cross-reactivity between S. Typhi, S.
Paratyphi A and S. Paratyphi B responses following Ty21a immunization. We have recently
reported our results regarding humoral (the induction and functionality of the antibody
responses) as well as MF CD8+ T cell-mediated CMI responses [30, 33, 34]. In this study,
we confirmed and extended our previous observations with oral typhoid vaccine strain-
induced S. Typhi specific CD4+ T cell mediated CMI responses [26, 29] and contributed
new insights regarding Ty2la-induced cross-reactive CD4+ T cell responses against S.
Paratyphi A and S. Paratyphi B..

Studies in the mouse model of infection with virulent S. Typhimurium evidenced a rapid and
efficient induction of effector CD4+ T cell mediated T helper (Th)1 responses, e.g.,
production of IFN-y, TNF-a and/or IL-2, which were associated with clearance or
resistance to Sa/monella infection in susceptible and immunized mice, respectively [13, 40—
42].

In humans, immunization with Ty21a, besides S. Typhi-specific strong responses mediated
by CD8+ T cells, also elicits specific CD4+ T cell responses (e.g., IFN-y production). These
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CDA4+ T cell responses were more pronounced to purified antigens (i.e., flagella) than to
infected targets [11, 26, 29]. In the present study, we demonstrate that Ty21a induced S.
Typhi specific CD4+ Tgp and Tepmra cells were the dominant multifunctional (MF) cells.
However, because Tgpmra constitute a significantly smaller proportion of T effector/memory
CD4+ T cells in PBMC (compared with Tgp; or Ty cells), our current observations suggest
that CD4+ S. Typhi-specific T cell responses were mostly mediated by MF Tgy, cells. Of
note, following ex-vivo stimulation of PBMC with all three Sa/monella-infected targets we
also observed activation of the CD4+ T\ as defined by expression of CD69, but very few
of those produced cytokines or expressed CD107a. It is possible that these lower levels of
functional CD4+ T\ cells are due to activated Ty cells producing cytokine levels below
the level of sensitivity of our assays. Alternatively, or in addition, the samples collected at
late post-vaccination time points (days 42 or 84) may have been beyond the peak response
observable in peripheral blood (e.g., most of these Sa/monella—specific cells may have
already homed to secondary lymphoid tissues such as lymph nodes or the gut).

The ability of both mouse and human memory T cells to produce multiple cytokines (MF
cells) has been shown to correlate with superior functional ability and protective capacity
compared to populations displaying a more restricted cytokine secretion pattern (i.e., Single
positive cells) [43-46]. It is now recognized that efficient vaccine induced immunity can be
better assessed by evaluating the overall quality of the T cell response, rather than just
measuring single functions, e.g., the frequency of IFN-y producing CD4+T cells [44, 47].
Of note, in this study we observed that Ty21a elicited S. Typhi-specific MF Tgp as well as
TemRra subsets following the hierarchy 2+ > 3+ > 4+ MF cells. Previously, we have shown
that, Ty21a induced S.Typhi specific CD8+ mediated CMI responses were predominantly
comprised of MF cells producing IFN-y and/or expressing CD107a, classical characteristics
of CTL [30]. Moreover, few CD8+ T cells also produced IL-2. On the contrary, in this study,
vaccine induced MF CD4+ T cells were mostly dominated by subsets that produced IFN-y
and/or TNF-a, although some cells co-produced IL-2, indicative of a predominant Thl
response. These results are in agreement with the notion that rapid acquisition of CD4+ Th1l
effector functions following immunization that include IFN-y, TNF-a and IL-2 production
protect against Sa/monellaillness [12, 48].

Salmonella specific post-vaccination increases were also observed in a smaller but
recognizable subset of CD4+ T cells that expressed CD107a, a marker associated with CTL
activity [49]. Classically, CTL activity is mediated by CD8+ T cells. However, a subset of
CDA4+ cell T cells that exhibits MHC class I1-mediated cytotoxic activity has been recently
identified in chronic viral infections, autoimmune diseases and cancer; yet their presence
and role in gut mucosal immunity remains undefined [50]. The observation of the induction
of SalmonellaMF CD4+ T cells expressing CD107a following immunization with Ty21a
adds information regarding these intriguing cell subsets. However, their precise role in
protection from typhoid and other enteric diseases requires further investigation.

Of importance, PBMC obtained from S. Typhi-infected convalescent patients showed an
increase in the production of B-chemokines (i.e., RANTES, MIP-1a, MIP-1p) in response to
S. Typhi antigens [51]. Recently, we have shown the induction of Sal/monella-cross-reactive
MF CD8+ MIP-1p+ cells following immunization with Ty21a, suggesting an important role
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of MIP-1p in host immunity to Sa/monella[30]. In this study, we also observed that Ty21a
elicited S. Typhi MIP-1p+ cells in CD4+ T cell subset, albeit of lower magnitude to those
we observed previously in CD8+ T cells [30]. An appropriate cytokine milieu generated by
CDA4+ helper T-cells is critical for the generation of strong immune responses against
bacterial pathogens, including antibody and CD8+ responses, leading to the elimination of S.
Typhi-infected host cells. Although the precise role of Ty21a-induced MF CD4+ Tg)y and
Temra cells in protection against typhoid fever remains unknown, the evidence presented in
this manuscript supports the notion that Ty21a induced CD4+ MF cells may play an
important role in modulating CMI responses which are essential for protection against
typhoid fever [11, 14].

Most studies on the role CD4+ T cells in protection against Sa/monella have demonstrated
their ability to induce potent Thl or Th2 responses. Recently IL-17-producing CD4+ T
helper cells (Th-17) cells have been described as a distinct cell lineage that contributes to
host defense against various microbes including Sal/monella [37, 52]. In addition to Thl
cells, IL-17A and IL-22 producing cells play a critical role in preventing intestinal
dissemination of Sa/monellain animal models of infections [37]; in humans, production of
IL-17 by CD4+ cells were reported among convalescent but not acute stage of typhoid fever
patients [51]. We also previously reported that immunization with Ty21a elicited only small
increases in IL-17+ CD8+ T cells [30]. However, in this study we observed sizable post-
vaccination increases in specific CD4+ IL-17A+ cells in post-vaccination samples, albeit
these subsets was smaller than other Thl cytokine producing cells (i.e., those producing
IFN-vy, TNF-a). These Salmonella specific MF IL-17A+ cells were largely observed in
CDA4+ Tgp subsets. These data are in agreement with previous observations that among the
various cell types (i.e., CD4+, CD8+ or y8T cells), CD4+ cells are the major producers of
IL-17A [52]. Here, we report for the first time that Ty21a immunization elicited S. Typhi
specific CD4+ Th17 cells and that these responses cross-react to S. Paratyphi A or S.
Paratyphi B. These data showing that Ty21a induced MF IL-17A+ cells suggest that IL-17A
may contribute in protective immunity against Sa/monella infection in humans. However,
many questions remained to be investigated including the kinetics of induction of IL-17A
producing cells, their concomitant expression of 1L-23, retinoic acid receptor-related orphan
nuclear receptor (ROR)-t transcription factor and CCR6, as well as cytokines associated with
IL-17 (e.g., TNF-a, IL-22, IL-12, IL-6, IL-1B) [21, 52].

Salmonella enterica serovars causing enteric fevers in humans enter the host via the gut,
causing both local and systemic pathology [1]. Therefore, effector immune responses at the
gut level are presumed to be a critical component of vaccine induced protective immunity
against these organisms. In past reports we have demonstrated that significant components
of the immunity elicited by oral Sa/monellavaccines included both CD4+ and CD8+ S,
Typhi-specific Ty, cells, comprised of effector cells with the potential to migrate to gut
(integrin a4B7+) [24, 29, 30]. Moreover, we described that higher vaccine induced responses
were observed among the integrin a4p7 expressing cells than those that did not express
integrin a4P7 [29]. In the present study we extended these observations by demonstrating
that S. Typhi, S. Paratyphi A and S. Paratyphi B cross-reactive CD4+ MF T cells elicited
following immunization with Ty21a consisted of cells expressing, or not, integrin a.4p7.
Similar to our previous observations with CD8+ T cells, we detected that a lower percentage
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of Salmonella-specific CD4+ MF integrin a4B7+ cells in circulation compared to integrin
a4f7 negative cells. This observation could be due to the fact that a sizable fraction of the T
cells in circulation do not express integrin a4p7 due to the fact that most of Salmonella-
specific integrin a4B7+ cells have already migrated and reside in the gut. Regarding cross-
reactivity to other Sal/monella species responsible for enteric fevers, we observed that similar
responses in terms of magnitude and characteristics of these CD4+ MF T cells were
observed against S. Paratyphi A and S. Paratyphi B. It is possible that these responses are
mediated through Sa/monellacommon antigens (e.g., epitopes contained in flagellar subunit
protein FIiC) that are presented by Sa/monella-infected autologous targets. However, since
we did not see differences in the induction of these CD4+ MF cells that cross-react to S.
Typhi, S. Paratyphi A and S. Paratyphi B, it is unlikely that these cells are responsible for the
observed cross-protection of Ty21a vaccination to S. Paratyphi B infection but not to S.
Paratyphi A [7, 8].

This study was partly limited by the unavailability of a larger sample size, due to inherent
properties of such clinical studies. Moreover, we could utilize PBMC obtained at only two
post-vaccination time points, which did not allow us to evaluate the precise kinetics of the
induction and persistence of CD4+ CMI responses mediated by multiple cytokines or
chemokines. Further in-depth studies with additional subjects and time points after
vaccination will be required to fully understand the role of MF CD4+ T cells in Ty21a
induced protective immunity against Salmonella.

5. Conclusions

In this study we show that live oral typhoid vaccines induce multifunctional S. Typhi-
specific CD4+ T cell responses that cross-react with S. Paratyphi A and S. Paratyphi B. Our
results further showed, for the first time in enteric bacterial diseases, that a small subset of
vaccine-induced Sa/monella-specific MF CD4+ T cells have cytotoxic potential, as assessed
by expression of CD107a. In addition, we also demonstrate that immunization with Ty21a
resulted in MF CD4+ cells that produce the pro-inflammatory cytokines MIP-1p and
IL-17A, the latter a critical cytokine indicative of the induction of Th17 cells, and that these
responses cross-react with S. Paratyphi A and S. Paratyphi B. Finally, we also show that a
significant proportion of Sa/monella-specific CD4+ T cells expressed the gut homing marker
integrin a4p7. These results with CD4+ T cells, in contrast to our previous observations
with Ty21a elicited CD8+T cells responses, did not show significant differences among S.
Typhi, S. Paratyphi A or S. Paratyphi B. Overall, these data in conjunction with previous
reports on humoral and CD8+ T cell mediated cross-reactive responses, leads us to
hypothesize that, while both humoral and a CD4+ T cell responses might play an important
role, it is an efficient and dominant CD8+ T cell response that may be the key CMI response
responsible for the observed long-protection conferred by Ty21a against S. Typhi or S.
Paratyphi B, but not S. Paratyphi A. However, the ultimate implications of these
immunological responses in vaccine-induced protection against Sa/monella will need to be
evaluated further in human wild-type challenge models. In addition, the results of this study
may also prove useful in exploring the use of attenuated S. Typhi oral vaccine strains to
deliver foreign vaccine antigens for which CD4-mediated responses are considered to be of
importance [53, 54].
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Highlights

1. Ty21a elicits Multifunctional (MF) Sa/monella-specific CD4+ T cells in
humans

2. MF cells predominantly produce IFN-y, TNF-a and, to a lesser extent, I1L-2

3. Some Ty21a elicited specific-MF CD4+ cells exhibit cytotoxic and Th-17
phenotypes

4, A third of CD4+ specific MF cells expressed the gut homing molecule
integrin-a4p7

5. Similar MF CD4+ T cell responses were elicited against all Sa/monella
strains
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Figure 1. Induction of multifunctional CD4+ Tg cells following immunization with Ty21a
PBMC collected from Ty21a vaccinees (n=16) were stimulated ex-vivo with S. Typhi- (ST),

S. Paratyphi A- (PA) or S. Paratyphi B (PB)-infected targets. Data were obtained using

FCOM analysis in Tgp subsets of CD4+ T cells. Shown are the peak post-vaccination

increases in Salmonella specific single positive (S+) and multifunctional (MF) IFN-y+ (A),

TNF-a+ (B), IL-2+ (C) and CD107a+ (D) cells. Post-vaccination peaks: peak of the

responses at days 42 or 84 minus pre-vaccination (day 0) levels. Horizontal bars represent

mean+SEM

Tem, T effector/memory; ***p<0.001 **p<0.01. *p<0.05 compared with the corresponding
single-positive cells by Wilcoxon signed rank test, two tailed.
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Figure 2. Ty21a elicited Salmonella-specific functional CD4+ Tgp cells
Post-vaccination peak increases in functional CD4 Tgy (CD45RA-CD62L-) cells obtained

from Ty21a immunized volunteers (n=16) that produced cytokines (i.e., IFN-y, TNF-a,
IL-2) or expressed CD107a in response to S. Typhi (A), S. Paratyphi A (B) and S. Paratyphi
B (C)-infected targets were measured as described in the text. These functional cells were
segregated into Single+ cells (S+; producing only one cytokine or expressing just CD107a
[107a]) and multifunctional (MF; simultaneously producing two (2+), three (3+) or four (4+)
cytokines and/or expressing CD107a. Bar graphs represent the mean+SE (error bar) of
percentages of total functional cell for each of the subsets ( [subset]/[sum of S+ and MF
cells] X100). Post-vaccination peak increases were calculated as peak levels at days 42 or 84

post-vaccination minus the corresponding pre-vaccination levels. Statistical analysis:

***: p<0.001, **: p<0.01, *: p<0.05, #: p=0.06 by Wilcoxon paired t-test, 2 tail
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Figure 3. Post-vaccination increases in multifunctional (MF) CD4+T g cells
S. Typhi (A), S. Paratyphi A (B) and S. Paratyphi B (C) -infected target specific CD4+ tgpm

MF cells were subdivided into 11 different subsets based on the possible combinations of
simultaneous production IFN-y, TNF-a and/or IL-2- and/or expression of CD107a using the
FCOM analysis tool. Shown are the post-vaccination peak increases in the 5/11 dominant
subsets and sum of the remaining 6/11 (Others) subsets of specific MF cells. Data are
presented as mean percentages of total MF cells for each subset and “Others” in Ty21a
vaccinees (n=16).

Post vaccination increase: Peak level at days 42 or 84 post-vaccination minus the
corresponding pre-vaccination levels. No statistical significant differences were observed
among the various subsets with one way ANOVA (non parametric).
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Figure 4. Post-vaccination increases in multifunctional (MF) CD4+T gpRra cells
PBMC collected from Ty21a vaccinees (n=16) were stimulated ex-vivo with Sa/monella-

infected targets. Peak post-vaccination increases in single (S) and multifunctional (MF)
IFN-y+, CD107a+, TNF-a+ and IL2+ cells specific for S. Typhi (A)-, S. Paratyphi A (B)-
and S. Paratyphi B (C)-infected targets were measured in CD4+T gpmpra Subsets.
Salmonella-infected targets specific CD4+ tgpmra MF cells were further subdivided into 11
different subsets based on the possible combinations of simultaneous production IFN-y,
TNF-a and/or IL-2- and/or expression of CD107a using the FCOM analysis tool. Shown are
the post-vaccination peak increases in the 5/11 dominant subsets and sum of the remaining
6/11 (Others) subsets of specific MF cells. Data are presented as mean percentages of total
MF cells for each subset and “Others” in Ty21a vaccinees (n=16).

T emrA, CD45RA+ T effector/memory; Post vaccination increase: Peak level at days 42 or
84 post-vaccination minus the corresponding pre-vaccination levels

***p<0.001 **p<0.01. *p<0.05 compared with corresponding single-positive cells by
Wilcoxon signed rank test, two tailed. (A-C).

No statistical significant differences were observed among the various subsets with
nonparametric one-way ANOVA (D-F).
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Figure 5. Post-vaccination increases in MIP-1p producing CD4+ cells
Post-vaccination peak increases in Single (S+) and multifunctional (MF) MIP-1p producing

CD4+ T gpm (A) and T gmra (B) cells in Ty21a vaccinees (n=8) following stimulation with

S. Typhi (ST)-, S. Paratyphi A (PA)- and S.
Paratyphi B (PB)-infected targets.
Error bars indicate mean+SEM.

20] o8 E
] L
] %
1.0
i Ll .
ii L]
0.0{ @@ o°
T T T T T
S+ MF S+ MF S+ MF
ST PA PB

*p<0.05, MF compared to the corresponding single positive cells. Wilcoxon signed rank

test, 2-tail.

Clin Immunol. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wahid et al.

A. Total IL-17A+
0.4

0.3

0.2+

0.1

% of CD4 T, cells

ST PA PB
Total IL-17+ cells

Page 22

B. Multifunctionality of IL-17A+
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Figure 6. Post-vaccination increases in IL-17A producing CD4+ T g cells
Total IL-17A producing CD4+T T g cells responses (A) were measured in Ty21a

vaccinees (n=8) following stimulation with S. Typhi (ST)-, S. Paratyphi A (PA)- and S.
Paratyphi B (PB)-infected targets. Post-vaccination increases in Sa/monella-specific-IL17A
+ producing CD4+ T g cells were further categorized into Single positive (S+) and
multifunctional (MF) cells (sum of all subsets except S+) (B). Error bars represents Mean

+SEM.

The peak-post vaccination increases (days 42 or 84) were calculated by subtracting the

corresponding pre-vaccination (day 0) levels.

p values shown were determined by Wilcoxon signed rank test, 2-tail.
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Figure 7. Concomitant expression of the gut homing molecule integrin a4p7 by MF cells
PBMC collected from Ty21a vaccinees (n=12) were stimulated with S. Typhi-, S. Paratyphi

A-, and S. Paratyphi B-infected targets and the sum of all CD4+ T g\ MF subsets that co-
expressed integrin a4p7 (a4p7+) or not (a4f7-) were calculated using the FCOM analysis
tool.

Horizontal bars represents mean+SEM of the post-vaccination increases calculated as peak
responses at days 42 or 84 minus pre-vaccination [day 0] levels.

*p<0.05, # p=0.06, Wilcoxon signed rank test, 2-tail.
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