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Human-restricted Salmonella entericaserovar Typhi §. Typhi) is the causative agent of
typhoid fever—a life-threatening disease of great global fadth signi cance, particularly in
the developing world. Ty21a is an oral live-attenuated vadae that protects against the
development of typhoid disease in part by inducing robust T ell responses, among which
multifunctional CD& cytotoxic T lymphocytes (CTL) play an important role. Folidng
Ty21a vaccination, a signi cant component of adult CTL haveshown to be targeted to
S. Typhi antigen presented by the conserved major histocompdbility complex (MHC)
class Ib molecule, human leukocyte antigen-E (HLA-E)S. Typhi challenge studies
have shown that baseline, multifunctional HLA-E responsiv T cells are associated
with protection from, and delayed onset of, typhoid disease However, despite the
overwhelming burden of typhoid fever in school-aged chilén, and due to limited
availability of pediatric samples, incomplete informatio is available regarding these
important HLA-E-restricted responses in children, even thugh studies have shown that
younger children may be less likely to develop protective demediated immune (CMI)
responses than adults following vaccination. To address ik gap, we have studied this
phenomenon in depth by using mass cytometry to analyze pedisic and adult T cell
responses to HLA-E-restrictedS. Typhi antigen presentation, before and after Ty21la
vaccination. Herein, we show variable responses in all agetrsita following vaccination
among T effector memory (Ev) and T effector memory CD45RA (Tewra) cells based on
conventional gating analysis. However, by utilizing themliensionality reduction tool tSNE
(t-distributed Stochastic Neighbor Embedding), we are alel to identify diverse, highly
multifunctional gut-homing- Tem and Temra clusters of cells which are more abundant in
adult and older pediatric participants than in younger chdren. These ndings highlight
a potential age-associated maturation of otherwise consered HLA-E restricted T cell
responses. Such insights, coupled with the marked importace of multifunctional T cell
responses to combat infection, may better inform future pethtric vaccination strategies
againstS. Typhi and other infectious diseases.

Keywords: T cell response, dimensionality reduction, Ty21a Salmonella
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Rudolph et al. Age-Associated HLA-E-Restricted Ty21a Responses

INTRODUCTION immunization peak than those responding ® Typhi infected
autologous B-lymphoblastoid cell line (B-LCL33). Finally, the
Salmonella entericaerovar Typhi § Typhi) is a human- presence of baselitBTyphi-responsive HLA-E-restricted T cells
restricted obligate-intracellular pathogen and is the @div® s associated with delayed onset of disease in a low-dose human
agent of typhoid fever, which causes around 21-million illesss g Typhi challenge modell().
and over 200,000 deaths per year4). The pathogen is spread | this study we utilized an establishe8 Typhi-infected
via contaminated food and water, and much of the diseasgiLA-E-restricted antigen presentation modél) 11, 30-32) to
burden lies on the developing world with signi cant morbiglit  explore the variability of CDB T cell responses among pediatric
associated among school-aged childrén §, 5-9). Challenge and adult Ty21a vaccine recipients. To explore these responses
studies have shown that robust, multifunctional baselirzs€ in depth we used a Comprehensive mass cytometry pane|
T cell responses t& Typhi antigen presentation are associatedyhich enables us to characterize T cell memory, activatind, a
with protection from, and/or delayed onset of typhoid diseaseyroliferation, as well as the expression of homing molecules an
(10, 12). Therefore, a successful attenuated typhoid vaccinge production of multiple e ector cytokines and chemokines.
should aim to induce these cell-mediated immunological (FMI Additionally, we used a variety of dimensionality reductio
responses. Indeed, the oral live-attenuated Ty21a vacase hechniques to characterize multifunctional responderswed
been shown to induce CMI in approximately two-thirds of adult as to further explore distinct Ty2la-responsive populations
recipients (2-14). within our participant cohorts. Herein we describe how Ty21a
Because typhoid fever is a disease that disproportionallyaccination elicits age-associated di erences among HLA-E
impacts children in the developing world, successful va¢mna restricted CD§ T cell e ector responses, multifunctionality,
strategies require protecting pediatric populations in endemignd homing potential, and discuss how these di erences may

regions. Unfortunately, limited information has been repm‘t in uence future pediatri§ Typh| vaccination Strategies_
addressing potential di erences between pediatric and adult T

cell responses to vaccination, especially regarding orad; “VMATERIALS AND METHODS
attenuated vaccines. Previous studies in healthy volusntesve
shown that the percentage of total T cells (¢Dand CD&  Participants and Isolation of PBMC
T cells in peripheral blood are stable throughout life5€17).  PBMC were collected before Ty2l1a vaccination, and between
However, in general peripheral naive T cell populations arg@4 and 42 days following Ty21a vaccination, from 18 healthy
higher in younger children, with memory T cell phenotypespediatric [6-17 years of age at the time of enrollment, reogivi
increasing throughout life 15-20). Previous work from our Ty21la vaccination for medically indicated reasons (i@vyeil
group has shown that following mitogenic stimulation, CH8 to endemic regions)] and 13 healthy adult (20-65 years of
T cell activation—as de ned by CD69 expression—increasesye at the time of enrollment) volunteers, as listedTable 1,
throughout adolescence, plateauing by the age of 15-yd@rs-dollowing recruitment from the Baltimore-Washington areada
(17). Further, we identi ed signi cantly lower mitogen-indwem  the University of Maryland at Baltimore campus. These studies
CD8® Tem multifunctional e ector responses in younger were approved by the University of Maryland at Baltimore
children compared to adults1(). Interestingly, studies have Institutional Review Board (IRB) and were carried out in
suggested that younger children may be less likely thanroldeccordance with the Declaration of Helsinki. Written and
children and adults to develop lasting, protective CMI follogi  informed consent was obtained from all adult participants,
vaccination g1, 22), and eld trial data of Ty2la showed as well as written informed consent from the parents of any
lower e cacy in children aged 9-14 than those aged 15 omparticipant under the age of 18 years old, and assent from
older (4, 23, 24). the pediatric participants, prior to the conduct of any study
HLA-E is a highly conserved non-classical class | MHCprocedures. PBMC were isolated immediately following blood
capable of presenting the MHC leader peptide to CD94/NKGZollection by density gradient centrifugation and storadiguid
as a means of regulating natural killer cell functiok5. In  nitrogen following standard cryopreservation techniqués 84)
addition to this innate, inhibitory presentation of self#gens, until used in the assays. Where cell numbers permitted, B-
HLA-E can present a limited repertoire of peptides from a varietyymphoblastoid cells generated from PBMC were HLA-E typed
of viral and bacterial pathogens to CBST cells, leading to by DNA exon sequencing at the University of Oklahoma Health
activation of adaptive immune responses separate from thosgciences Center's Sequence-Based Typing facility diregtBd
that require classical HLA restrictior26-29). Previous work William Hildebrand.
from our laboratory identi ed seven HLA-E binding peptides, . .
derived from theS Typhi GroEL sequence, that elicit cytotoxic Preparation of HLA-E-Restricted Target
CD& T lymphocyte responses following Ty21a vaccination—Cells
and that this restricted response makes uB0% of the total HLA class I-defective B cell line transfected with HLA-E flise
CD8C T cell response30). Further studies have found that to the HLA-A2 leader peptide (721.221.AEH), allowing for
Ty2la vaccination is capable of inducing multifunctioral expression of the HLA-E1:01 allele on the cell surfac), was
Typhi-reactive HLA-E restricted C38Tgy and Temrain adults — thawed in complete 1640 RPMI media (Gibco, Carlsbad, CA),
for up to 2 years post-vaccinatior81). Additionally, we have supplemented with 100 U/mL penicillin (Sigma), 196/mL
shown HLA-E restricted responders show an earlier post-Ty21streptomycin (Sigma, St. Louis, MO), 80/mL gentamicin
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TABLE 1 | Participant Ty21a vaccinees listed by age (years), sex, racand HLA-E

fresh cRPMI before being used as targets in co-culture with

haplotype. e ector cells.

Age (Years) Sex Race HLA-E Haplotype

6 Male African American *01 In Vitro StimU|ati0n

13 Female African American Heterozygous PBMC were thawed and rested overnight at G7 5% CQ

13 Female African American Heterozygous in cRPMI. After the overnight rest, cells were washed and

13 Male Caucasian 03 resuspended in cRPMI at a concentration of 110° cells/500

14 Male Hispanic 03 mL in 5mL in cell culture tubes. Irradiated target cells were

14 Female Caucasian Heterozygous incubated with PBMC at an e ector-to-stimulator ratio of 5:1

14 Female Caucasian Heterozygous in the presence of &L/mL anti-CD107a monoclonal antibody

15 Female Caucasian nia (mADb) conjugated to 151Eu (Fluidigm, South San Franciscg, CA

15 Female Caucasian ‘o1 for 2h at 37C in 5% CQ. After the 2 h incubation, GolgiStop

15 Female Caucasian na (containing monensin), and GolgiPlug (containing brefeld\)

16 Male Caucasian ‘o1 from BD (San Jo;e, QA) were agded atroL3mL to.aII tubes and

16 Male Caucasian va cultures were maintained at 3C in 5% CQ overnight.

16 Male Caucasian *03

10 Male African American Heterozygous Surface and Intracellular Labeling and

16 Male Caucasian Heterozygous MaSS Cytometry AnalySiS

i; ;Zr:aale g:rccaa;:: Hcierozygous Co-_cultured PBI\_/IC were centrifuged _ and incubated with

17 Male Caucasian/Hispanic Heterozygous ant!-CD_45 (Fluidigm South _San Fre_mc!sco, CA) mor]oclonal

20 Female Aftican American ‘o1 aptlbodles (mADbs) for barcoding. Pediatric samples We.rlmeda

o5 Female African American w01 with CDA45-154Sm and adult samples were stained with CDA45-

07 Female Affican American w01 156Gd for 30min at 4C. Cells were then washed once with

a3 Comale Caucasian Heterozygous ow cytometry pu er [.1x PBS, Quality Blolog|cgl, Gaitherdig, .

a Viale caucasian w01 M'D), 0.1% sodium azide ($|gma), 2% fetal bovine serum (Gemini
) Bioproducts)] and once with serum-free RPMI (Gibco) before

a Female Caucasian :03 being combined into their barcoded layout. Like-stimuthte

a3 Male Alffican American o1 adult (CD45-156Gd) and pediatric (CD45-154Sm) PBMC were

43 Male Alftican American Heterozygous combined into a single tube for downstream staining. Mass

44 Female African American 01 cytometry staining was performed as described in the Materia

51 Male African American Heterozygous and Methods section “Mass Cytometry Measurements” from

62 Male na 03 McArthur et al. (36, 37) using the monoclonal antibodies

65 Male n/a Heterozygous listed in Table 2 Briey, cells were labeled with metal-tagged

65 Male n/a *03

n/a, not available.

antibodies against specic surface and intracellular tesget
cisplatin as a viability marker, and iridium as a DNA interatdr
for cell identi cation before preparation and running by the
UMB ow cytometry and mass cytometry core in a CyTOF
instrument (Fluidigm). Mass cytometry data were analyzsithg

(Gibco), 2mM L-glutamine (Gibco), 2.5mM sodium pyruvate WinList version 9.0.1 (Verity Software House, Topsham, ME)

(Gibco), 10mM HEPES buer (Gibco), non-essential aminofollowing debarcoding of the les, based on whether they were
acids (Lonza, Basel, Switzerland), and 10% fetal bovinenser tagged with 154Sm (pediatric)- or 156Gd (adult)-labeled CD45,
(Gemini Bioproducts, West Sacramento, CA) and allowed tavith Premium Cytobank (Cytobank, Inc, Santa Clara, CA).
expand. HLA-E restricted targets were infected in RPMI withoutNet responses were calculated by subtracting T cell responses
antibiotics for 3 h at 37C with wild-typeS Typhi strain ISP1820 to uninfected HLA-E-restricted antigen presenting cellsnfro
(wt S Typhi) at a multiplicity of infection (MQI) of 7:1 (3.5 responses to infected HLA-E-restricted targets. tSNE aimly
10’ wt S Typhi as determined by OD600: 5.01(f 721.221.AEH was run in R using the Cytofkit package in biocLit88).
cells). Uninfected targets were used as controls. Folloi@@ h  Gating of individual tSNE clusters was performed using WinList
incubation, all cells are washed twice and incubated a€3%% version 9.0.1.

COy overnight in cRPMI supplemented with 0.3% gentamycin.

Expression of wETyphi antigens on live, infected targets (and

not on uninfected targets) was con rmed by conventional ow Statistical Analyses

cytometry with LIVE/DEAD™ yellow cell stain (ThermoFisher All analyses were performed using GraphPad Prism version 7.0c.
Scienti ¢, Waltham, MA) and BacTrace FITC-labeled anti- Unpairedt-tests, paired-testsz-scores, and/or chi squared tests
Salmonell&CSA-1 antibody (SeraCare, Milford, MA). Cells werewere performed depending on the analysis as indicdRedlues
subsequently gamma-irradiated (6,000 rad) and re-suspkimde of < 0.05 were considered signi cant.
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TABLE 2 | Mass cytometry panel showing antibody target, stable metakotope (or other label), antibody clone, and a brief desgtion of the target function.

Target Stable metal isotope Clone Description
CD14 114 Cd (Qdot) TuK4 Monocyte marker
CD19 114 Cd (Qdot) SJ25-C1 B cell marker
IL-4 142 Nd MP425D2 Tc/h2 effector cytokine
CXCR5 Biotin RF8B2 Follicular homing chemokine receptor
Biotin 143 Nd 1D4-C5
47 FITC ACT-1 Gut-homing integrin
FITC 144 Nd FIT22
CD8 146 Nd RPA-T8 Cytotoxic T lymphocyte marker
IL-6 147 Sm MQ213A5 Proin ammatory proliferation-associated cytokine
CCR4 149 Sm L291H4 Chemokine homing to the skin
MIP-1b 150 Nd D21-1351 NK and monocyte recruiting chemokine
CD107a 151 Eu H4A3 Degranulation marker
TNFRa 152 Sm Mab11 Proin ammatory cytokine
CD62L 153 Eu DREG-56 Lymphoid-tissue homing selectin
CD45 154 Sm HI30 Pan-leukocyte barcoding marker
CD27 155 Gd L128 TNF superfamily—costimulatory molecule
CD45 156 Gd HI30 Pan-leukocyte barcoding marker
IL-2 158 Gd MQ1-17H12 Induction of T cell differentiation and proliferation
CD69 162 Dy FN50 Activation marker
CXCR3 163 Dy GO025H7 Chemokine homing to sites of in ammation
IL-17A 164 Dy N49-653 Tc/h17 effector cytokine
IFN 165 Ho B27 Proin ammatory cytokine
IL-10 166 Er JES3-9D7 Anti-in ammatory cytokine
CD154 (CD40L) 168 Er 24-31 Co-stimulatory molecule; Tfh induction of B cell
maturation
CD45RA 169 Tm HI-100 T cell memory marker
CD3 170 Er UCHT1 TCR co-receptor (T cell marker)
Granzyme B 171Yb GB11 Secreted cytotoxic effector molecule
IL-21 172Yb 3A3-N2 Tth effector cytokine (germinal center formation)
ICOS (CD278) 173Yb C398.4A Tfh co-stimulatory marker (B cell help)
CD4 174Yb SK3 Helper T lymphocyte marker
PD-1* 175 Lu EH12.2H7 T cell exhaustion/activation marker
CCR6 176 Yb GO034E3 Chemokine homing to mucosal surfaces
Cell I.D. (DNA) 191/193 Ir n/a DNA intercalator
Viability 194/195 Pt n/a Viability stain

Primary surface antibodies are lled with blue, secondary surfacantibodies with green, and intracellular antibodies with orangégnti-PD-1 is in both the surface and intracellular antibody
mixes). Barcoding antibodies are shaded in yellow, and anti-CD107a, hich is added during stimulation to best account for the active cycling betwen the surface and intracellular
vesicles, is highlighted in purple.

RESULTS using CD62L and CD45RA is well-establishéd)( While no

C . di erences were observed comparing pre- and post-vaccinated
CD8*> T Cell Populations Before and After pediatric age groups, we note that, as has been previously

Ty21a Vaccination in Different Age Strata reported by us and others 6, 17, 19, 20, 40, 41), the percentage
Unstimulated PBMC from pre- and 14 to 42-days post-Ty21af CD&® Tgy are lower in children than in adultsRigure 10).
vaccinated healthy pediatric and adult participants werelibe Further, while we see no di erences within groups following
with metal-conjugated mAbs and analyzed on a mass cytometefaccination, among unstimulated T cell populations divided by
Percentages of total T cells (C@:@:D]A CD19 ), total CDE  poth sex and ageSupplemental Figures 1A-I) we observed
T cells (CD4 CD8®), CD& Tgy (CD62L CD45RA ), and  that the greatest di erences among the CDb8gy are between
Temra (CD62L  CD45RA) cells showed no changes betweerpediatric males (ages 6-1vD 10) and females (ages 11—
vaccination states within either 6-15 year-old children @  8), and adult males (ages 36—-6%) 7), regardless of vaccination
10), 16-17 year-old childrem(D 8), or adult (20—-65 years old; status Supplemental Figure 1¢. Finally, the percentages of
n D 13) participants Figures 1A-D). CD62L ™ populations CD8® Tgy and Temra populations are not signi cantly di erent,
are capable of de ning e ector memory populations similar to nor does vaccination alter those percentages, among pantisipa
CCR7 expression, and the identi cation of T memory subsetsvith di erent HLA-E haplotypes Supplemental Figures 1E
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FIGURE 1 | Change in CD8T cell Populations Following Ty21a VaccinatioScatter plots showing the percentages of(A) pre- and post-vaccination CD3C T cells, (B)
total CD8C T cells, (C) CD8C T effector memory (Ep; CD45RA- CD62L-), and(D) CD8C T EMRA (Emra; CD45RAC CD62L-) populations among 6-15 year-old
pediatric ( D 10), 16-17 year-old pediatric§ D 8), and adult o D 13) participants (media). Bars represent medians with whiers indicating interquartile ranges.
Statistics were analyzed by unpaired-test (*p < 0.05; **p < 0.01).

Change in Activated CD8 © T Cell and age-parsed populations, despite some trends observed in

Populations Following Ty21a Vaccination the percentages of responders (particularly among pediatric
CD69 expression was used to de ne activated EDB cell females), likely due to insu cient numbers of participants in
populations among participants pre- and post-vaccination€ach group $upplemental Figure 2¢. Interestingly, while

Unstimulated adult PBMC pre-vaccination showed signi cantl there were no dierences in unstimulated CB8activation
higher CD69 expression than 6-15 year-old pediatrif?@rcentages among pre-and post-vaccination HLA-E haplotypes
participants, and trended toward signicance within the (Supplemental Figure 20), we observed signi cant di erences
post-Ty21a time point Kigure 2A). These dierences were following stimulation with S. Typhi-infected targets between
maintained between pediatric females and adult malesILA-E 01:01 or heterozygous individuals and HLA@:03
but were not seen among other gender and age division@efore immunization $upplemental Figure 2f  However,
(Supplemental Figure 2. There was no change in CD69 When dividing the populations into HLA-E haplotypes, we
expression between pre- and post-vaccination in any of the agserved that HLA-ED1:03 participants pre-vaccination show
groups Figure 2A). almost no baseline activation (as de ned by CD69 expression)

We then explored whether Ty21a vaccination induced higheyet nearly all of these participants show0.1% increases in
levels of S Typhi-responsive activation among di erent age the percentage of CDE9CDE" T cells over baseline following
groups by co-culturing PBMC obtained pre- or post-vaccinationvaccination, suggesting a possible Ty2la-induced change
with S Typhi-infected HLA-E-restricted target cells. None ofin activation threshold among these HLA-E mismatched
the age-associated changes among the pre- and post-vaoainatindividuals Supplemental Figures 2E f-
activated CD8 T cell percentages were signi carfEigure 2B).

However, when using a-score between events collected inCD8C Tgym Responses Following Ty21a

S. Typhi-infected vs. non-infected targets withpa< 0.05 and \/gccination

a cuto of 0.1%, over baseline, we observed a trend for highafye then analyzed the functionality of HLA-E-restricted ayet-
percentage of adult responders than were observed in eithegsponsive CD8 Tgyw cells. We identi ed increases in MIP-
pediatric age groupHigure 20). 1b, CD107a, TNR, IL-2, IL-17A, IFNg, and Granzyme B

No signicant dierences were observed between thepost-Ty21a vaccination responses to HLA-E restrickedyphi
percentages of CDEAT cells at baseline or following vaccination antigen presentation over pre-vaccination responses (regpons
based on sex or ageS(pplemental Figure 2. Further, the over baseline) in many individual participants. There were no
z-score between events collectedSnTyphi-infected vs. non-  signi cant age-associated di erences observed among iddal
infected targets with @ < 0.05 and a cuto of 0.1%, over e ector functions Figure 3A). Additionally, among observed
baseline, did not show signi cant di erences among gender-mono- and multi-functional activation states -as de ned the
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FIGURE 2 | Changes in Activated CD& CD69C T cell Populations Following Ty21a Vaccinatior(A) Scatter plot showing the percentages of CD6@ CD8C T cells
among pre- and post-Ty21a unstimulated PBMC (media). Barsepresent medians with whiskers indicating interquartileanges. (B) Connected dot plots showing each
participants' pre- and post-Ty21a CD8C CD69C expression levels following co-culture wittS. Typhi-infected HLA-E restricted antigen presenting taret cells. Data
divided among 6-15 year-old pediatricif D 10), 16—17 year-old pediatricif D 8), and adult D 13) participants.(C) Bars representing the proportion of CD&
CD69C responders over baseline levels (cut-off of 0.1%) followgnco-culture with S. Typhi-infected HLA-E restricted antigen presenting taref cells. Statistics were
analyzed by unpairedt-test. (*p < 0.05).

increased expression of one or more of the aforementionedigher monofunctional responses than heterozygous partitga
e ector functions identied with the FCOM function in (Supplemental Figure 3, but there were no signicant
Winlist- the percentage of responses over baseline showed oerences in Ty2la-induced multifunctional populations,
signi cant overall age-associated di erenc&gfure 3B). Finally, including those which has been associated with protection in
we analyzed speci ¢ multifunctional responses over baselingrevious studies1(, 11) (Supplemental Figure 3f, among the
in the HLA-E restricted co-culture model, which were shownHLA-E haplotypes.
in a previousS Typhi challenge study to be associated with Taken together, we observed few signi cant response-over-
protection from developing, and/or delayed onset of, diséaSe baseline trends associated with Ty21a vaccination amonyHL
11). Among these six multifunctional populations, as identi ed restrictedS Typhi-responsive CO8 Tgy, based on traditional
with FCOM, there were no signi cant di erences among ageTc1 and Tc17 e ector molecules. The trends that were observed
groups Figure 30). were likely due to the wide dispersion of the responses in
Similarly, no signicant dierences among COB Tgy  individual volunteers seen within age groups, sex, and HLA-
e ectors were observed when dividing the participants by se¥ haplotypes.
or as age, although Granzymé& Rexpression trended toward .
signi cance comparing pediatric and adult male participantsCD8C Temra Responses Following Ty21a
to female pediatric participants Supplemental Figure 34.  Vaccination
Interestingly, the observed monofunctional CB8Tem  We then analyzed the functionality of HLA-E-restricted ayeti-
population among adult males was signi cantly higher thanresponsive CDB Temra cells. We identi ed increases over
either of the female age-groupsSypplemental Figure 3B,  baseline of HLA-E-restricted CI¥8Tgmra expression of MIP-
likely due to the observed higher Granzyme B expression & thilb, CD107a, TNR, IL-2, IL-17A, IFNg, and Granzyme B among
group. Further, when comparing the specic, multifunctional many Ty21a-vaccinated participants. Interestingly, MiPahd
populations associated with protection, we observed thalNFa responses were signi cantly higher among CDBevra
males—especially pediatric males—were more likely to hayem adults than in our younger pediatric participants, and
higher percentages of HLA-E restrictéfl Typhi-responsive Granzyme B expression was signi cantly higher in 16-17 year-
CD107a/MIP-b double-positive cells following vaccination old participants than among either adults or younger pediatric
than pediatric females Supplemental Figure 3¢. Among  vaccinesKigure 4A). Further, when analyzing functional states,
the HLA-E haplotype divided populations, no signi cant we found that younger pediatric vaccines show signi cantly
individual CD& Tgy e ector responses-over-baseline were seeffewer observed mono- and bi-functional CB8Tevra than
(Supplemental Figure 30). HLA-E 01:03 exhibited signi cantly both adult and older adolescent participants, while 16-17
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FIGURE 3 | CD8C T Effector Memory Responses. Scatter plots showindgA) the responses over baseline percentages of CD8 CD69C Tg)y, producing/expressing
MIP1b, CD107a, TNR, IL-2, IL-17A, IFN , and Granzyme B (GzmB)(B) CD8C CD69C Tg), observed mono-, bi-, tri-, and > 3-functional populations; and(C).
speci c CD8C CD69C Tg)y selected multifunctional responses following co-culturevith HLA-E restrictedS. Typhi infected antigen presenting targets. These MF
populations were selected based on those shown in a previou$. Typhi challenge study to be associated with protection frondeveloping disease {0, 11). Bars
represent medians with whiskers indicating interquartileanges. Results are shown for the following populations: 65 year-old pediatric 0 D 10), 16-17 year-old
pediatric (1 D 8), and adult D 13) participants. Scatter plot statistics were analyzed byinpairedt-test. (*p < 0.05).

year-old individuals show signi cantly greater tri-funohal haplotypes showed greater monofunctional responses
populations than the younger participant&igure 4B). There over baseline compared to the heterozygous participants
were no signi cant di erences across age groups in the inducti  (Supplemental Figure 4 Among the speci ¢ multifunctional
of de ned protection-associated multifunctional populatigns subsets, the HLA-B1:03 quintuple-positive response was
however, adults trended toward a greater percentages signi cantly higherthan the heterozygous participants; lewer,
TNFa/MIP-1b/IFNg triple-positive CD§ Tgvra than either  the signi cance of these ndings is unclear given the relaty
pediatric group Figure 40). small number of individuals in this cohort and the low magrdt!

As with the CD§ e ector memory cells, we divided our of responsesupplemental Figure 4f.
participant by sex and age. Adult males showed signi cantly Taken together, the CD8 Tevra response over baseline
greater percentages of MIBxland TNFa, and pediatric males to HLA-E restricted S Typhi-infected target cells are
showed signi cantly more Granzyme B expression, whervariable among individuals but in general show more
compared to pediatric femalesS@pplemental Figure 4A.  signicant age- and gender-associated dierences than
These low percentages of functional CD8gvra in pediatric  observed with Ey, particularly between adult males and
females was also seen in the analysis of observed monpediatric females.
and multifunctional responses over baseline, where their . . . .
monofunctional responses were signi cantly lower than asul Protection-Associated Multifunctional T
of both genders, and their bifunctional responses were loweCells With Granzyme B Expression
than adult males Qupplemental Figure 4B Among dened TheS Typhi challenge study that found a correlation of certain
protection-associated multifunctional  populations, adultmultifunctional T cell responses and protection did not ind&u
males have signicantly higher percentages of BNWP-  Granzyme B expressioni@ 11). However, because it is likely
1b/IFNg triple-positive CD& Temra than both male and that the expression of cytotoxic Granzyme B would aid in
female pediatric participants SQpplemental Figure 4Q.  de ning the protective capabilities of multifunctional T cgll
Further, the adult males also have signicantly greatethe current studies also included Granzyme B expression
TNFa/MIP-1b/CD107a/IFNy responsiveness than pediatricto complement the analyses of “protection-associated”
females $upplemental Figure 4¢. There were, however, no multifunctional responses previously described for both
signi cantly distinct e ector responses among the variousAL CD69CD& Tgy and Tewra (Supplemental Figure 5.
E haplotypes $upplemental Figure 40). Both homozygous Interestingly, the analyses of Granzyme B production
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FIGURE 4 | CD8C T Effector Memory RA Responses. Scatter plots showingA) the responses over baseline percentages of CD8 CD69C Tgpmra
producing/expressing MIP, CD107a, TNFRg, IL-2, IL-17A, IFN , and Granzyme B (GzmB)(B) CD8C CD69C Tgpra observed mono-, bi-, tri-, and > 3-functional
populations; and (C). speci c CD8C CD69C Tgpra selected multifunctional responses following co-culturevith HLA-E restrictedS. Typhi infected antigen presenting
targets. These MF populations were selected based on thoselown in a previousS. Typhi challenge study to be associated with protection fronteveloping disease
(10, 11). Bars represent medians with whiskers indicating intercartile ranges. Results are shown for the following populaths: 6—15 year-old pediatric f D 10), 16-17
year-old pediatric 0 D 8), and adult o D 13) participants. Scatter plot statistics were analyzed bynpaired t-test. (*p < 0.05).

identied signicantly greater percentages of TMMIP-  biocLite module. Sixteen clusters were identi ed followbSINE
1b/GzmB triple-positive by PBMC from adult participants, visualization using the ClusterX unbiased clustering method
as well as TN&MIP-1b/CD107a/IFNg/GzmB quintuple- on the following markers: IL-4, CXCR34b7, IL-6, CCR4,
positive Tepm cells in adult and 16-17 year-old pediatric MIP-1b, CD107a, TNB, IL-2, CXCR3, IL-17A, IFN, IL-10,
participants than those observed in the 6-15 year-oldCD154 (CD40L), Granzyme B, IL-21, ICOS, PD-1, and CCR6
participants Supplemental Figure 5A. Temra responsiveness (Supplemental Figure 6A. Individual participants were parsed
shows fewer signicant dierences with the addition of into pre- and post-Ty2la vaccinated age groups (6-15, 16-17,
Granzyme B than without Supplemental Figure 5B. and 20-65 years old) and cells were pooled into a single cluster
Similar to previous observations, the bulk of theseanalysis. To ensure that the proportions of the various clusters
di erences appear to be between adult males and pediatriwere representative of the various age and treatment groups,
females, among dv (Supplemental Figure 5¢ and Temra  Similar numbers of cells from each of the participants and time
(Supplemental Figure 50). There were no signi cant di erences points were included in the tSNE analyses showrFigure 5.
between HLA-E haplotypes with Granzyme B-added to the stud®f note, the younger pediatric participants clearly showed much
of Tem multifunctional populations Supplemental Figure 5 fewer cellsin clusters 2, 3, 8, and 9 compared to the older pedia
However, HLA-E01:01 participants showed a signi cantly and adults at both pre- and post-vaccine timepoirfglre 5A).
higher percentage of TNEMIP-1b /IFNg/GzmB quadruple- Importantly, older pediatric and adult tSNE populations areywer
positive Temra than heterozygous participants. Of note, nosimilar. Thus, all downstream analysis was focused on coimgar
HLA-E 01:03 participants were considered vaccine respondetBe responses of 6-15 year-old participants with those obderve

(Supplemental Figure 5 in 16—65 year-old participants.

Clusters were then analyzed based on the average percentage
tSNE Analysis of Activated CD8 © Tgpy of cells per cluster, split by age group, and vaccination status
Populations (Figures 5B,3. Of note, clusters 11 through 16 have much

Activated (CD6%) CD8® Tgm cell data were exported fewer percentage of cells per cluster than clusters 1 through 10.
and processed on the Cytofkit package available in the Rdults show signi cantly higher percentages of cells in cliste
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FIGURE 5 | tSNE analysis of activated CD& T effector memory populations.(A) tSNE maps of pre- and post-Ty21a vaccinated 6—15 year old, 1617 year old, and
adult participants. (B,C) Signi cantly different clusters between age groups (6—15 yar old and 16 years and over) represented by bar graphs ideifying the average
percent of cells per volunteer per cluster in pre-Ty214B) and postTy21a(C) immunization timepoints.(D—G) Functions of signi cantly different tSNE clusters from
(B,C), divided into: (D) median expression of Tcl effector functions MIP, CD107a, TNR, IL-2, IFN , and Granzyme B (GzmB)(E) Winlist FCOM-analysis
determined Tc1 mono- and multifunctional cytokine expresen. (F) median expression of homing markers, andG) median expression of non-Tcl associated
cytokines. (H) Clusters showing signi cant net changes in the percent of cés following Ty21a vaccination(l-L) Functions of signi cantly different tSNE clusters from
(H), divided into: (I). median expression of Tc1 effector functions . MIP, CD107a, TNR, IL-2, IFN , and Granzyme B (GzmB)(J) Winlist FCOM-analysis determined
Tcl mono- and multifunctional cytokine expression(K) median expression of homing markers, andL) median expression of non-Tcl associated cytokines.
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3 and 5 pre-vaccination, whereas younger children have high@on-Tc1 e ectors, and homing markers, we also explored
percentages of cells in clusters 6, 7, 10, 12, and~itfie 5B).  expression of follicular-associated molecules such as CXCR5,
Following Ty21a vaccination, clusters 3 and 9 are signitban activation molecules CD154 (CD40L) and ICOS, as well as the
more abundant in adults, while clusters 6, 7, 10, and 1@xhaustion/activation marker PD-1. Interestingly, ICQO&h[ch
remain signi cantly higher among younger childreRigure 5C.  has been shown to be important for maintenance gL T in mice
Interestingly, although the tSNE graphs show some clusteg?)] was present in many clusterS@pplemental Figure 7.
(e.g., 2 and 9) that appear di erent between age groups, theyurther, PD-1 was present in the highly multifunctional cleist
approachedi D 0.15), but did not reach statistically signi cant 9, and CXCRS5 is seen in the low-abundance multifunctional
di erences between groups, likely due to over-representaition cluster 13. Finally, in addition to dividing by age, we also
these clusters of a few individuals. We then analyzed theanedi parsed activated CI¥8 Tgy tSNE maps based on gender
expression of conventional cytotoxic CB cell (Tc1) e ectors  and HLA-E haplotype to determine the presence of Ty2la
in each signi cant cluster, thus characterizing the phempatyf associated relationships. Marked di erences were obsermed i
the cells within the clusters that are di erentially repretsth the dominance of various clusters between males and females,
among age groups. Through this analysis, it became clear thatether pre- or post-vaccinationSpplemental Figure 7D).
clusters 3, 7, and 9 are made up of cells capable of co-exmgyessdf note, clusters 2, 3, 5, and 13 are more highly represented in
several E1 functions Figure 5D). By gating and analyzing males, whereas cluster 8 is overrepresented in females, ofiany
each cluster with FCOM in Winlist, we are able to identify those from the vaccinated pooBypplemental Figures 7D,k
the percentage of cells that express one or more of each bfarked dierences were observed in the dominance of
the six Tcl functions. This downstream supervised analysivarious clusters between unmatched HLAGE:03 and
identi ed clusters 3, 7, and 9, as those that contain the ggta both HLA-E 01:01 and heterozygous, whether pre- or
percentage of multifunctional CB8CD6Y Tgy (Figure 5B).  post-vaccination  $upplemental Figure 7F Unmatched
In addition to conventional E1 e ectors, we also studied the HLA-E 01:03 participants showed a low average number of
homing characteristics of the cells in each cluster. Thislysis cells in several clusters, particularly in the more multigtianal
showed that clusters with signi cantly higher percentagés oclusters Supplemental Figures 7F,
adult cells also contain cells with high median expressiothef
gut-homing molecule integrira4b7, as well as in ammation- . .
associated homing chemokine CXCR3 and, in the case of cluster NE Ar_]alySIS of Activated CD8  © Tewra
9, the mucosal-homing chemokine CCREigure 5P. We also Populations
explored the median expression of nor-T cytokines within Activated (CD6§) CD8 Temra Were analyzed using the
our CD&® CD6F Tgm and found that multifunctional cluster same methods and clustering markers as utilized for thg T
9 contained nearly all of the IL-17A producing cells, thoughdata abovegupplemental Figure 6B and generated 19 distinct
cluster 3 was found, together with cluster 9, to produce thé7-  clusters. To ensure that the proportions of the various clisster
associated cytokine IL-2Figure 5G). Of note, both of these Wwere representative of the various age and treatment groups,
clusters are more represented by adult cells. similar numbers of cells from each of the participants and time

We next explored signi cant changes in cluster abundanceoints were included in the tSNE analyses showrFigure 6.
following Ty2l1a vaccination by identifying the net change i The pre- and post-vaccine tSNE maps of younger pediatric
the percentage of cells per clustétigure 5H). Of note, only participants are rather sparse compared with the older pediatric
16-65 year old participants showed any signi cant di erencesand adult maps, particularly within clusters 1, 2, 3, 5, and 7
in Tewm clusters following Ty21a vaccination. These signi cant(Figure 6A). Again, due to their similarity, 16—17 year-olds were
clusters were then analyzed asHigures 5D-G here based on combined with adults for downstream comparisons to the 6-15
whether they increased or decreased from circulation falgw year-old participants.
vaccination Figures 51-1). Cluster 9, which increases in adults  aAg with the Tem, clusters were analyzed based on average
fOllOWIng VaCCinatiOn, |S made up Of mu|tlfunCtI0nal Eﬂ7|, percentage Of Ce"s per Cluster’ Sp“t between age group, and
capable of expressing multiple Tcl and Tcl7 e ectors, and @accination statusRigures 6B,3. Here, clusters 10 through 12,
variety of homing molecules. With the exception of cluster 7gnd 15 through 19 have much fewer percentage of cells per cluster
the clusters that decrease following Ty21a vaccinatiod ten than clusters 1 through 9, 13, and 14. Among the pre-Ty21la
contain Tgy that are less functional based on the e ecmrstime-point, clusters 9, 11, 13, 18, and 19 are signi cantlyreno
measured in these experiments. abundant in children, while only cluster 3 is signi cantlygdtier

We then performed supervised gating and FCOMin adults (with clusters 7 and 10 trending toward signi canc
analyses of the most multifunctional clusters to explore thesigure 6B). Following Ty21a vaccination, clusters 6, 9, 13, 14, 17,
percentages of the multifunctional populations associatedg, and 19 are all made up of a signi cantly higher percentage
with protection as described previously. Interestingly,stdn  of pediatric Temra, While cluster 3 again is the only population
2 seemed to be populated by many of the more protectivgigni cantly higher in adults (with clusters 1 and 10 trendin
phenotypes with or without Granzyme B included in thetoward signi cance;Figure 6C). As discussed above regarding
analyses upplemental Figures 7A,B but cluster 9 is also the Tgy data, although the tSNE graphs show striking di erences
representative of the Granzyme B-containing populationsn certain clusters (e.g., 1 and 5), only trends which didcrea
(Supplemental Figure 7B In addition to Tcl e ectors, statistical signi canceg< 0.05), or trend toward signi cancep(
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FIGURE 6 | tSNE analysis of activated CD& T effector memory RA (Emra) populations. (A) tSNE maps of pre- and post-Ty21a vaccinated 615 year old, 1617
year old, and adult participants.(B,C) Signi cantly different clusters between age groups (6—15 yar old and 16 years and over) represented by bar graphs iderfying
the average percent of cells per volunteer per cluster in pr@y21a (B) and post-Ty21a (C) immunization timepoints.(D—G) Functions of signi cantly different tSNE

clusters from (B,C), divided into: (D) median expression of Tel effector functions MIP4, CD107a, TNFg, IL-2, IFN , and Granzyme B (GzmB)(E) Winlist
(Continued)
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FIGURE 6 | FCOM-analysis determined Tc1 mono- and multifunctional dgkine expression,(F) median expression of homing markers, andG) median expression of
non-Tcl associated cytokines.(H) Clusters showing signi cant net changes in the percent of cé$ following Ty21a vaccination(I-L) Functions of signi cantly different
tSNE clusters from(H), divided into: (I) median expression of Tc1 effector functions MIPf, CD107a, TNR, IL-2, IFN , and Granzyme B (GzmB)(J) Winlist
FCOM-analysis determined Tc1 mono- and multifunctional ¢gkine expression,(K) median expression of homing markers, andL) median expression of non-Tcl
associated cytokines.

< 0.1), were observed for di erences in these clusters betweenaps divided by gender, we observed that females have fewer
age groups. Only post-Ty2la cluster 1 exhibited a close tremtimbers of cells than males in multifunctional clusters 2, 3,
toward a signi cant dierence p D 0.09). We then analyzed and 5 Supplemental Figures 8D,E Finally, we observed that
the median expression of conventionatT e ectors in each mismatched HLA-E01:03 participants had a very low average
cluster. We observed that clusters made up mostly of adutiumber of cells for many clusters, especially multifunctional
Temra are more diverseRigure 6D), and more multifunctional, clusters 1, 2, 3, and S(@pplemental Figures 8F,
as determined by FCOM analysdsiqure 6E). Exploration of
the median expression of homing molecules show that the more
multifunctional clusters more abundant in adults contaialls DISCUSSION
capable of homing to the gut (integrindb7 expression) and
sites of in ammation (CXCR3 expressiofjgure 6F). Further, ~The oral live-attenuated Ty21% Typhi vaccine protects against
Temra capable of producing non-Tc1 cytokines, including clusteithe development of typhoid disease, at least in part, by inducing
1 which contains cells capable of producing IL-17A, previouslyobust T cell responses. Challenge studies with wild-§dgphi
reported to play an important role in protection agair&tTyphi, have shown tha& Typhi-antigen-responsive HLA-E-restricted
are only seen in clusters higher in adul&idure 6G (10, 11, CD&F T cells are associated with protection from, and/or delayed
32). Interestingly, clusters that are more frequently obserin  onset of, typhoid diseasé&( 11), and thus are likely important
younger participants show little-to-no median expression gl T for e ective vaccination. However, there is no information the
e ectors, gut-homing molecules, or noncll cytokines. function and magnitude of these restricted CD¥ cells within
We also explored signi cant changes in cluster abundancgediatric Ty21a recipients. In this study we compared pediatric
following Ty21a vaccination by identifying net changes et and adultS Typhi-antigen-responsive HLA-E-restricted CO8
percentage of cells per clustdfigure 6H). Interestingly, only T cells, pre- and post- Ty21a vaccination, to better undeistan
two clusters signi cantly increased in circulation follawg the impact of age and gender on the immunity elicited by
vaccination, and those were only found 16-65 year old’y2la vaccination.
participants. The signi cant clusters were analyzed based on This study conrms and extends previous observation by
Tcl eector, Tcl multifunctionality, homing, and non-Tcl us and others that children have a lower proportion of ¢D8
cytokines, here based on whether they increased or decreasEzy cells than adults, while the proportions of CB8Tevra
from circulation following vaccinationKigures 61-1). Cluster show fewer age dependent traits5¢17, 19, 20). Interestingly,
1, which increases in adults following vaccination, is cépald by dividing our participants by sex as well as age, we show
expressing multiple Tc1 and Tcl17 e ectors, integadb7, and  that adult males have the greatest proportion of EDBgy,
CXCR3, and shows high multifunctional potential. Themka  particularly compared to pediatric males and females. Further
clusters that decrease following Ty2la vaccination areemomve show that Ty21a vaccination does not signi cantly impaet t
variable in their functional and homing characteristicsitlare  overall proportions of total T cells, CI58T cells, CD§ Tgy, or
not of the same magnitude as seen in cluster 1. CDS& Temra, regardless of age, sex, or HLA-E haplotype.
Similar to the Ty analysis, we explored multifunctional  CD69 expression increases following T cell receptor (TCR)
populations which have been associated with protectionrand costimulatory molecule engagement, and it is thereby a
and identied cluster 5 as containing the greatestuseful marker to explore T cell activation. In this study, we
percentage of “protective phenotypes” with and withoutshow that unstimulated cells from adults, particularly adult
the addition of Granzyme B as one of the parametersnales, have higher baseline percentages of €D6®8" T
(Supplemental Figures 8A,B  Additionally, we explored cells than children in the absenceiafvitro stimulation. These
non-Tcl e ectors expression of CXCR5, CD154 (CD40L)percentages do not change in Ty2la vaccinated individuals.
ICOS, and PD-1 among our CI58 CD6Y Tgyra ICOS  Further, when looking at CD8 T cell activation over baseline
was less frequently observed amongmka than among following in vitro stimulation with a S. Typhi-infected cell
Tewm, but it was present in multifunctional clusters 1 and 15line expressing HLA-E in the absence of classical class la
(Supplemental Figure 8¢. Exhaustion and activation marker HLA molecules, the global response to vaccination is observe
PD-1 is also abundant within cluster 1. Interestingly, tduslO in variable numbers of individuals, and the responses are
contains nearly all of the CXCR5 observed among tegida,  of varying magnitude, independently of age or sex. Both
a very small cluster by number of cells, present mostly itHLA-E 01:01 and heterozygous participants showed baseline
older adolescents and adults, that also contain cells esipges activation followingS Typhi antigen presentation, possibly the
MIP1-b, IL-4, and abundant integriradb7 (Figures 6A-Fand result of previous exposure to HLA-E-restricted activatioh o
Supplemental Figure 8A. In the analyses of theglyra tSNE  cross-reactive antigens. In contrast, HLAGE:03 participants
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had no positive CD69 CD8® T cell responses at baseline, likelymight be less responsive to bacterial pathogens -even ifiukare
due to their mismatch with the HLA-ED1:01-homozygous B- pathogens such a& Typhi. Future investigations will be
LCL cell line used. However, nearly all Ty21a-vaccinated-HL required to address these possibilities. Further, we coredrthe
E 01:03 participants showed positive activated €DB cells  observations utilizing conventional gating ofira responses;
after vaccination, suggesting tBeTyphi-infected targets express namely that these cells are less functional in circulation i
antigens/peptides which can be presented by both HLAIE)1 younger children. Finally, using downstream gating of both
and HLA-E 01:03 molecules. Interestingly, a recent publicatiomr memory subsets, we observed that phenotypes previously
showed distinct peptide repertoires between the HLA-E allelidescribed to be associated with protection from the develagme
variants @3), although these studies did not explore Belyphi  of typhoid disease are present in the most multifunctional
peptides shown in our lab to mediate at least some o8fgphi-  clusters, particularly among those most abundant in adutts a
HLA-E-restricted response8(). Further studies will be needed older pediatric participants. Interestingly, many of the crst
to fully understand these observations. identi ed by tSNE seem to decrease in abundance following
Previous work from our lab has shown th& Typhi- Ty2lavaccination. Previous work from our laboratory hasvgh
responsive CMI, including HLA-E-restricted T CMI, might play uctuations in circulating e ector T cells followingS Typhi
an important role in protection from typhoid diseas&{ 11, 30- challenge or Ty2la immunization, likely due to homing and
32). Further, multiple studies have shown that multifunctiona accumulation in the gut followed by a rebound &f Typhi-
T cell responses are critical for protection against pathogenspeci c cells in circulation 10, 11, 32), but the kinetics and
including S. Typhi (0, 11, 44-46). Thus, we investigated how magnitude of a potential homing to the gut in children remains
Ty21a vaccination in uences C[%Tgy and Temra responses unclear. This is largely due to the cell number limitationkted
to S Typhi-infected HLA-E restricted targets across age-groupso the di culty in obtaining serial blood draws in this populéin.
sex, and among HLA-E mismatched recipients. Our data showSNE analysis allowed us to identify di erences among groups
that CD& Tgwm responses over baseline are variable among ahhat would otherwise have been very di cult, if not impossittio
groups, with respect to individual e ector molecules (e.gN4F uncover. In fact, our results provide additional data in suppor
g, TNF-a) and multifunctionality. However, in general, CB8 of the contention that dimensionality reduction tools wiie
TeMRrA responses over baseline tend to be stronger in adulsver more critical in future studies as high multiparamettata
than children, particularly in adult males. These data berad becomes more extensive and commonplace.
our understanding of how Ty21a vaccination in uences T cell Taken together, these data show that post-Ty&ldyphi-
responses depending on the age and sex of the individuadtigen-responsive HLA-E-restricted CB8Tgyra show the
through a conserved means of antigen presentation. Howevegreatest di erences between age groups, with adults and
the variability among individuals suggested that convemail older pediatric recipients exhibiting higher percentages of
“supervised” analyses of only a single or a handful of adgtimat multifunctional cells as observed by both conventionairgaand
molecules at a time might not be sucient to uncover the tSNE analysis. These results suggest the possibility of eatsscr
complex immune responses at play. Thus, we developed ime cacy among children vaccinated with Ty21a; however th
35C parameter mass cytometry panel to explore in depth théimited scope of this antigen presentation system meritshieirt
ne granularity of the HLA-E-restricted immune responsesinvestigation into canonical classical class la MHC-resd@
elicited by Ty21a immunization. However, it was not possible t Typhi antigen presentation models among pediatric vaccinees.
evaluate such a complex set of key phenotypic, activation, arkthe present observations of decreased multifunctional IT-ce
homing molecular markers with conventional ow cytometry potential in children, present until late teenage years, couiive
analytical tools. This prompted us to use dimensionalityof greatimportance in the development of new, e ective ora liv
reduction tools in an “unsupervised” fashion to further diss attenuated vaccines for use in pediatric populations.
these responses. Speci cally, here we utilized tSNE to igenti
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