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Typhoid fever is a life-threatening disease caused by the human-restricted pathogen
Salmonella enterica serovar Typhi (S. Typhi). The oral live-attenuated Ty21a typhoid
vaccine protects against this severe disease by eliciting robust, multifunctional cell
mediated immunity (CMI), shown to be associated with protection in wild-type S. Typhi
challenge studies. Ty21a induces S. Typhi-responsive CD8+ and CD4+ T cells but little is
known about the response to this vaccine in children. To address this important gap in
knowledge, we have used mass cytometry to analyze pediatric and adult pre- and postTy21a vaccination T cells with both an HLA-E restricted and an autologous S. Typhiantigen presentation model. Here, using conventional supervised analytical tools, we show
adult T cells are more multifunctional at baseline than those obtained from children.
Moreover, pediatric and adult T cells respond similarly to Ty21a vaccination, but adult
responders remain more multifunctional. The use of the unsupervised dimensionality
reduction tools allowed us to confirm these findings, as well as to identify increases and
decreases in well-defined specific CD4+ and CD8+ T cell populations that were not
possible to uncover using the conventional gating strategies. These findings evidenced ageassociated maturation of multifunctional S. Typhi-responsive T cell populations, including
those which have previously shown to be associated with protection from, and/or delayed
onset of, typhoid disease. Further, in depth analysis of control stimulation conditions also
found age-associated multifunctional T cell heterogeneity. These findings are likely to play
an important role in improving pediatric vaccination strategies against S. Typhi and other
enteric pathogens.
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Chapter 1
1.1

Introduction

Typhoid fever, caused by the human-restricted intracellular pathogen Salmonella enterica
serovar Typhi (S. Typhi), causes around 21-million illnesses and over 200,000 deaths per
year [1-3]. The pathogen is spread via contaminated food and water, so the global burden
of disease predominately lies among regions of the world with limited access to clean
sources of water. Indeed, much of the burden of reported disease come from the Indian
subcontinent where, particularly in urban slums, school-aged children are most at risk [3,
4]. The prevalence of typhoid fever in Africa is also significant, although shortfalls in
reporting lead to poorly defined epidemiological estimates [3, 5, 6]. While typhoid fever
mortality predominates in the very young, the elderly, and the immunocompromised,
school-aged children are severely impacted by typhoid-associated morbidity and likely act
as carriers to more susceptible individuals [1, 2, 7-9]. Critically, while effective treatment
is shown to greatly reduce mortality [5], the spread of antibiotic resistant S. Typhi
negatively impacts the efficacy of many traditional therapies [4].

S. Typhi are human-restricted facultative-intracellular gram-negative bacilli, and are
transmitted via the fecal-oral route [10]. The bacteria invade through microfold, or M, cells
located on Peyer’s patches within the terminal ileum [11, 12]. M cells are important for
transporting antigen from the lumen of the intestinal tract to the lamina propria to be taken
up by antigen presenting cells [13]. In the case of invasive Salmonella, the pathogen utilizes
this pathway to cross the epithelial barrier and be taken up by macrophages. From there, S.
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Typhi can travel to the mesenteric lymph nodes, leading to dissemination through the
bloodstream and resulting in systemic infection. The bacteria can seed in the liver, gall
bladder, and bone marrow and persist as an asymptomatic infection for many years. This
type of chronic infection can result in sporadic shedding of S. Typhi through the bile-duct
and back into the environment through the intestine [14, 15].

Cell mediated immunological (CMI) and humoral responses are induced following
infection with S. Typhi. Importantly, while typhoid fever can stimulate protective
immunity in some, the correlates of protection remain unclear. Because S. Typhi is capable
of inhabiting both intra- and extracellular niches, both helper (CD4+) and cytotoxic
(CD8+) T cell responses are likely to play critical roles in protection from the development
of typhoid disease. Indeed, the presence at baseline of robust, multifunctional S. Typhiantigen responsive CD8+ T memory cells in the periphery are associated with protection
from, and/or delayed onset of typhoid disease following challenge with wild-type (wt) S.
Typhi [16, 17]. Less is known about the quality of protective CD4+ T cell responses;
however S. Typhi responsive CD4+ T memory cells have been shown to produce
proinflammatory cytokines following immunization [18].

Bacterial chaperonin GroEL is among the S. Typhi antigens that are capable of inducing S.
Typhi-responsive T cells. Interestingly, the structure of GroEL is very similar to that of
eukaryotic heat shock protein (Hsp) 60. This similarity allows for recognition and
presentation of the GroEL by a conserved, non-classical class I major histocompatibility
complex (MHC), human leukocyte antigen-E (HLA-E). Canonically, HLA-E is capable of
presenting the MHC leader peptide to CD94/NKG2 as a means of regulating natural killer
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cell function [19]. In addition to this innate, inhibitory presentation of self-antigens, HLAE can present a limited repertoire of peptides from a variety of viral and bacterial pathogens
to CD8+ T cells. This presentation leads to activation of adaptive immune responses
separate from those that require classical HLA restriction [20-22]. Importantly, the
presence of baseline S. Typhi-responsive HLA-E-restricted T cells is associated with
delayed onset of disease in a low-dose human S. Typhi challenge model [16].

The oral, live-attenuated Ty21a vaccine aims to induce robust, multifunctional cell
mediated immunological (CMI) responses against S. Typhi. Interestingly, these responses
are only seen in approximately two-thirds of adults Ty21a recipient [18, 23, 24]. Further,
large scale field trials of Ty21a vaccination have shown that vaccine efficacy is lower in
younger children, and improves through adolescence [25, 26], in spite of T cell
proliferation shown in Ty21a recipients as young as 2 years old [8].

Relating to specific responses, studies have found that Ty21a vaccination is capable of
inducing multifunctional S. Typhi-reactive HLA-E restricted CD8+ T effector memory
(TEM) and T effector memory CD45RA+ (TEMRA) in adults for up to two years postvaccination [27]. Previous work from our laboratory identified seven HLA-E binding
peptides, derived from the S. Typhi GroEL sequence, that elicit cytotoxic CD8+ T
lymphocyte responses following Ty21a vaccination. This restricted response makes up
approximately 30% of the total CD8+ T cell response [28]. Additionally, HLA-E restricted
responders show an earlier post-Ty21a immunization peak than those responding to S.
Typhi infected autologous B-lymphoblastoid cell line (B-LCL) [27, 29].
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In addition to HLA-E restricted responses, previous studies have shown that oral liveattenuated Ty21a vaccination induces both CD8+ and CD4+ CMI responses to stimulation
with a variety of S. Typhi specific antigens [18, 23, 24]. Ty21a vaccination has also been
shown to induce expression of gut- and mucosal-homing markers on circulating CD4+ and
CD8+ T cells [18, 30], although little is known on the effect that this homing potential have
on protection from development of typhoid disease.

Ty21a has also been shown to induce IL-17A+ multifunctional CD8+ T cells in adult
vaccines [29]. Of note, pro-inflammatory cytokine IL-17A is involved in protection against
extracellular and intracellular bacterial pathogens at the mucosa and therefore may play an
important role in protection from S. Typhi [31-33]. An interesting feature of IL-17
producing Th17 immunity is their reciprocal balance with regulatory T cells [34]. Indeed,
CD39+ Treg have been shown to suppress Th17 responses in an inflammatory setting, and
impaired Treg function is known to play a role in autoimmunity [35]. The importance of
IL-17 for mucosal immune responses to bacterial pathogens, as well as the unique
reciprocal relationship between Treg and Th17, lead us to postulate that functional Treg
are a key immune response to explore in relation to Ty21a vaccination, particularly among
pediatric vaccinees.

Little is known about the impact of Ty21a immunization on circulating regulatory T cells
(cTreg); however the presence at baseline of gut-homing integrin-a4b7 on Treg prior to S.
Typhi challenge has been shown to be associated with the development of typhoid disease
[36]. Regulatory T cells are a subset of CD4+ T cells defined by their expression of
transcription factor Forkhead box protein (FoxP3) and interleukin (IL)-2 receptor a
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(CD25) [37-39]. In healthy individuals, Treg utilize a variety of immunosuppressive
functions to maintain homeostasis with effector T cells. In addition to CD25hi (IL-2
receptor) expression which out-competes IL-2 in the microenvironment from effector T
cells, Treg also express CD39, an endonucleotidase that is capable of hydrolyzing ATP to
AMP [40]. This is the first step in generating extracellular adenosine, an inhibitor of T
effectors and an enhancer of Treg, through increasing the stability of Treg under
inflammatory conditions [41, 42]. CD95, or Fas receptor, a member of the tumor necrosis
factor (TNF) receptor superfamily, has been shown to be a Treg activation marker, which
mediates a pro-apoptotic death pathway [43-45]. Cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4; CD152) is a surface-expressed inhibitory immune checkpoint
molecule that competes for binding of antigen presenting cell co-stimulatory molecules
CD80 and CD86, is present on Treg and some activated T effectors [46]. Of note, while
many groups have shown that the percentages of total Treg are maintained throughout life
[47-50], limited information has been reported regarding naive/effector FoxP3+ CD25+
Treg populations or their functionality in healthy children.

T follicular helper cells (TFH) of are particular interest since they represent a critical
interface between T- and B-cell immune responses, contributing to the formation of
germinal centers necessary for the development of long-lived antibodies [51-55]. T
follicular helper cells are CD4+ T cells that express the chemokine receptor CXCR5, which
endows T cells with the potential to home to follicles within secondary lymphoid organs.
TFH have also been shown to express surface CD154 (CD40 ligand, CD40L) and inducible
T-cell co-stimulator (ICOS) which are critical for their helper functions [56-60]. PD-1
expression is high in mature, follicular-located TFH compared to the low expression
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observed circulating TFH [51, 61, 62]. TFH secretion of interleukin (IL)-21 is important for
the differentiation of naïve and mature B cells into plasma cells [63, 64]. Of note,
circulating TFH are capable of adopting TH1, TH2, and TH17-like phenotypes based on the
underlying immune response [65, 66], with their resulting phenotypes being more plastic
than that of TFH found in follicles [62]. These phenotypes can be identified by surface
expression of CXCR3 (TH1-like), CCR6 (TH17-like), or lack of expression of both CXCR3
and CCR6 (TH2-like) [65]. TFH within the follicle are also less capable of exhibiting
conventional effector functions (e.g., production of tumor necrosis factor-α -TNFα-, IL-2)
than circulating TFH, likely due to lower PD-1 expression on TFH outside of the follicle [51,
62]. Production of TNFα and IL-2 by cTFH would therefore, along with CXCR3 expression,
be indicative of a TFH1-type response [62, 66].

Because typhoid fever is a disease that disproportionally impacts children in the developing
world, successful vaccination strategies require protecting pediatric populations in endemic
regions. Interestingly, studies have suggested that younger children may be less likely than
older children and adults to develop lasting, protective CMI following vaccination [67, 68],
and field trial data of Ty21a showed lower efficacy in children aged 9-14 than those aged
15 or older [2, 25, 26]. Interestingly, in a study that included twelve healthy pediatric
participants between the ages of 7- and 17-years old, mitogen-activated CD8+ TEM cell
multifunctionality was observed to be less robust in children than in adults [69].

Multifunctional T cells are defined as individual T cells which simultaneously exhibit
multiple effector functions, such as degranulation, as well as the production of
cytokines/chemokines. Multifunctionality has been observed in memory CD4+ and CD8+
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T cells following stimulation with their cognate antigen, as well as after superantigen
stimulation. Effector expression can vary within multifunctional T cells, but previous work
from our group has shown a robust IL-2, interferon (IFN) g, and tumor necrosis factor
(TNF)a triple-positive phenotype within CD8 effector memory T cells following
Staphylococcal enterotoxin B stimulation in adult peripheral blood mononuclear cells
(PBMC) [70]. Multifunctional CD4+ and CD8+ T cells are important in controlling a
variety of viral and bacterial pathogens [16, 17, 71, 72]. Additionally, there are data that
suggest that multifunctional T cells are more frequently observed in the elderly following
Staphylococcal enterotoxin B (SEB, a superantigen) stimulation, compared with younger
adults [73]. However, beyond preliminary data from our group [69], as far as we know,
there are no reports that have evaluated in great detail multifunctional T cell immune
responses in children.

Superantigens are molecules produced by viral and bacterial pathogens which are capable
of inducing massive non-specific, polyclonal T cell activation and effector molecule
release. They accomplish this by bypassing canonical antigen processing and directly
linking multiple MHC class II molecules to the TCR-b subunit outside of the traditional
antigen binding groove [74]. Further, superantigens bind the co-stimulatory CD28
homodimer at the immunological synapse, thus providing a second signal, necessary to
drive robust T cell proliferation, activation, and effector molecule production [75]. The
resulting non-clonal specific inflammatory T cell responses can activate more than 20% of
the peripheral T cell population [74-77]. Further, the induced pro-inflammatory response
leads to the recruitment and expansion of a variety of lymphocytes, including innate
immune cells such as macrophages and neutrophils. These innate immune cells contribute
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to the pro-inflammatory milieu while also providing the system with additional MHC
through which superantigen can bind to and activate more TCRs [76]. SEB is known to be
associated with food poisoning (preformed staphylococcal enterotoxin ingestion) and nonmenstrual TSS, including soft-tissue associated infections [77]. TSS is a severe, sometimes
fatal disease that results from the so called “cytokine storm” which follows superantigen
TCR/MHC cross-linking; however, the mechanism by which SEB induces TSS is not fully
understood. Pro-inflammatory cytokines are known to be important to TSS pathogenesis,
and SEB stimulation of T cells can induce the expression of multiple CD4+ and CD8+
TEM-associated effector molecules, including tumor necrosis factor (TNF)-a, interleukin
(IL)-2, IL-17A, interferon (IFN)-g, macrophage inflammatory protein (MIP)-1b, the
degranulation marker CD107a, and Granzyme B [70, 76-78]. Interestingly, TSS-associated
mortality has been shown to be less severe in children than in adults [79], but the
mechanism of this observed attenuated phenotype has remained unexplored. While S.
Typhi is not known to produce superantigen, SEB was used in our studies as a critical
positive control. Our analyses of T cell responses to SEB identified an unexpected disparity
between the functional capabilities of pediatric and adult T cells, which merited further
investigation into multifunctional T cell responses to Ty21a vaccination.

Given the rise of antibiotic resistant S. Typhi and the increased risk of transmission among
children, successful global health strategies require protective vaccination against S. Typhi
among pediatric populations in endemic regions, despite the apparent age-associated
maturation of multifunctional T cell responses. However, due to the difficulties associated
with obtaining pediatric samples, and the relatively limited scope of previous generations
of analytical instruments to study CMI in depth, there is little information comparing
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circulating pediatric and adult T cell populations, in particular following immunization
with oral, live-attenuated vaccines. Studies analyzing PBMC from healthy participants
show that the percentages of total T cells (CD3+) and CD8+ T cells remain relatively
constant from childhood through adulthood, while the percentages of CD4+ T cells
increase with age [80, 81]. Furthermore, among both CD4+ and CD8+ peripheral T cells,
naïve populations are present as a higher percentage in children than in adults, and the
inverse is true for effector memory populations [80-83]. Pediatric vaccination studies
following killed oral cholera vaccination [67] and to varicella vaccine [68] have both
suggested that younger children may be less likely to develop long-lasting protective CMI
than older children or adults. Of note, while many groups have shown that percentages of
total Treg are maintained throughout life [47-50], little has been found regarding
naive/effector FoxP3+ CD25+ Treg populations or functionality in healthy children. Much
less is known about healthy pediatric circulating CXCR5+ CD4+ T cells (cTFH); though
compared to adults, significantly lower numbers memory cTFH have been observed in
children up to 16 years of age [50]. Further, younger children are less likely to generate
antigen-specific memory cTFH following oral killed cholera vaccination than older children
[67]. Unfortunately, due to limited availability of samples and their relative scarcity within
PBMC, in depth analyses of pediatric T cell responses to oral live attenuated vaccination
have not been explored.

To address the multiple issues and gaps in knowledge discussed above, particularly those
related to immunization in children, we utilized an established S. Typhi-infected HLA-Erestricted antigen presentation model [16, 17, 27-29, 84] to explore whether there are
differences among CD8+ T cell responses to a conserved means of antigen presentation
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among pediatric and adult Ty21a vaccine recipients. The results from these studies are
presented in Chapter 2. We also utilized S. Typhi-infected autologous Epstein Barr virus
(EBV) transformed B-lymphoblastoid cell lines (B-LCL) as an antigen presentation model
[16, 17, 29, 84] to assess whether there are differences in S. Typhi-responsive CD4+ and
CD8+ CMI, and the homing potential of the responsive cells, between children and adults
following Ty21a immunization. The results from these studies are presented in Chapter 3.
The S. Typhi-infected autologous B-LCL model was also used to explore regulatory T cell
responses and homing potential among healthy pre- and post-Ty21a vaccinated pediatric
and adult participants. The results from these studies are presented in Chapter 4, which also
includes an evaluation of the differences and similarities between circulating TFH in
children and adults. To explore these responses in considerable depth, despite the scarcity
of pediatric PBMC, we utilized two comprehensive mass cytometry panels. The first, a
Teff/ cTFH cell panel encompasses not only a wide range of diverse CMI effector and
homing molecules, but also T cell memory, activation, and proliferation markers. The
regulatory T cell panel explores memory, activation, effector functions and homing
molecules. To best analyze such a wide breadth of data, we utilized unbiased
dimensionality reduction tools to study whether CD8+ subsets which we have previously
associated with protection [16, 17], as well as other multifunctional T cell responses differ
between Ty21a vaccinated children and adults.

This thesis presents data uncovering significant age-associated heterogeneity in the ability
of T cells to simultaneously produce multiple effector molecules, both in response to a
variety of stimuli and across multiple diverse T cell subsets. These findings, coupled with
the importance of robust multifunctional T cell responses seen in S. Typhi challenge
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studies, suggest possible mechanisms behind the observed age-associated diminished
efficacy among children in Ty21a field trials. Together, these results contribute greatly to
our understanding of pediatric T cell immunology, and suggest that this heretofore
undescribed heterogeneity between children and adults might play an important role in the
development of future vaccines against typhoid fever and other pathogens.

1.2 Materials and Methods
1.2.1 Participants and isolation of PBMC
PBMC were collected from 25 healthy pediatric (6-17 years of age at the time of
enrollment) and 14 healthy adult (20-65 years of age at the time of enrollment) participants
(Table 1.1), pre- and 14-42 days post-Ty21a vaccination, being recruited from the
Baltimore-Washington area and the University of Maryland at Baltimore campus. Pediatric
participants received Ty21a vaccination for medically indicated reasons (i.e., travel to
typhoid-endemic regions). These studies were approved by the University of Maryland at
Baltimore Institutional Review Board (IRB) and were carried out in accordance with the
Declaration of Helsinki. Written and informed consent was obtained from all adult
participants, as well as written informed consent from the parents of any participant under
the age of 18 years old, and assent from the pediatric participants, prior to the conduct of
any study procedures. PBMC were isolated immediately following blood collection by
density gradient centrifugation and stored in liquid nitrogen following standard
cryopreservation techniques [84, 85] until used in the assays. Where cell numbers
permitted, B-lymphoblastoid cells generated from PBMC were HLA-typed by DNA exon
sequencing at the University of Oklahoma Health Sciences Center’s Sequence-Based
Typing facility directed by Dr. William Hildebrand (Table 1.1).
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Experiment Set
Age
(Years)

Sex

Race

HLA-ERestricted

B-LCL T
Effectors

B-LCL
Regulatory T Cell

X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

X
X
X
X

X
X

X

X

X

X

X

X

6
10
10
11
11
13
13
13
13
14
14
14
14
14
15
15
15
16
16
16
16
16
17
17
17

Male
African American
Female
Hispanic
Male
Caucasian
Male
Caucasian
Female
Caucasian
Female African American
Female African American
Male
Caucasian
Male
Caucasian
Male
Hispanic
Female
Caucasian
Female
Caucasian
Male
Caucasian
Male
Caucasian
Female
Caucasian
Female
Caucasian
Female
Caucasian
Male
Caucasian
Male
Caucasian
Male
African American
Male
Caucasian
Male
Caucasian
Male
Caucasian
Male Caucasian/Hispanic
Female
Caucasian

X

20
25
27
31
33
36
41
43
43
44
51
62
65
65

Female
Female
Female
Female
Female
Male
Female
Male
Male
Female
Male
Male
Male
Male

X
X
X

African American
African American
African American
African American
Caucasian
Caucasian
Caucasian
African American
African American
African American
African American
n/a
n/a
n/a

X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

X

X
X
X
X
X
X
X
X
X
X
X

cTFH

HLA-E Haplotype

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

HLA-E*01:01
N/A
N/A
N/A
N/A
Heterozygous
Heterozygous
N/A
N/A
HLA-E*01:03
Heterozygous
Heterozygous
N/A
HLA-E*01:03
N/A
N/A
HLA-E*01:01
N/A
HLA-E*01:03
Heterozygous
Heterozygous
HLA-E*01:01
Heterozygous
Heterozygous
HLA-E*01:01

X
X
X
X
X
X
X
X
X
X
X
X
X
X

HLA-E*01:01
HLA-E*01:01
HLA-E*01:01
N/A
Heterozygous
HLA-E*01:01
HLA-E*01:03
HLA-E*01:01
Heterozygous
HLA-E*01:01
Heterozygous
HLA-E*01:03
Heterozygous
HLA-E*01:03

Table 1.1 Participant Demographics and HLA-E haplotype. Ty21a vaccine recipients sorted by
age. Table also contains data pertaining to participant sex, race, and HLA-E haplotype, as well as
which experimental studies were performed with each participant’s PBMC. HLA-E-restricted:
PBMC stimulation with S. Typhi-infected 721.221.AEH cell line (chapter 3); B-LCL effector and
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regulatory T cell: Autologous EBV-transformed S. Typhi-infected B-LCL (chapters 4 and 5). cTfh
studies are presented in Chapter 6.

1.2.2 Preparation of HLA-E-restricted target cells
An HLA class I-defective B cell line transfected with HLA-E fused to the HLA-A2 leader
peptide (721.221.AEH), allowing for expression of the HLA-E*01:01 allele on the cell
surface [86], was thawed in complete 1640 RPMI media (Gibco, Carlsbad, CA),
supplemented with 100 U/mL penicillin (Sigma), 100 µg/mL streptomycin (Sigma, St.
Louis, MO), 50 µg/mL gentamicin (Gibco), 2 mM L-glutamine (Gibco), 2.5 mM sodium
pyruvate (Gibco), 10 mM HEPES buffer (Gibco), non-essential amino acids (Lonza, Basel,
Switzerland) and 10% fetal bovine serum (Gemini Bioproducts, West Sacramento, CA)
and allowed to expand. HLA-E restricted targets were infected in RPMI without antibiotics
for 3 hours at 37oC with wild-type S. Typhi strain ISP1820 (wt S. Typhi) at a multiplicity
of infection (MOI) of 7:1 (3.5 x 107 wt S. Typhi strain ISP 1820 as determined by OD600:
5.0 x 106 721.221.AEH cells) [28]. Uninfected targets were used as controls. Following
the 3-hour incubation, all cells are washed twice and incubated at 37oC, 5% CO2 overnight
in cRPMI supplemented with 0.3% gentamycin. Expression of wt S. Typhi antigens on
live, infected targets (and not on uninfected targets) was confirmed by conventional flow
cytometry with LIVE/DEADTM yellow cell stain (ThermoFisher Scientific, Waltham, MA)
and BacTrace® FITC-labelled anti-Salmonella CSA-1 antibody (SeraCare, Milford, MA).
Cells were subsequently gamma-irradiated (6000 rad) and re-suspended in fresh cRPMI
before being used as targets in co-culture with effector cells.
1.2.3 Preparation of autologous B-lymphoblastoid cell line targets
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Stored PBMC from each of our participants was thawed in complete 1640 RPMI media. B
cells were then transformed with Epstein-Barr virus and expanded, generating autologous
EBV-transformed B-lymphoblastoid cell lines [36, 84]. These autologous B-LCLs were
infected with wt S. Typhi in RPMI without antibiotics for 3 hours at 37oC at an MOI of 7:1
(3.5 x 107 wt S. Typhi as determined by OD600: 5.0 x 106 B-LCL cells). Uninfected targets
cells acted as controls. Following incubation, cells were washed twice and incubated at
37oC, 5% CO2 overnight in 0.3% gentamycin-supplemented cRPMI. We used conventional
flow cytometry to detect the presence of wt S. Typhi antigens on live, infected targets cells
(and not on uninfected controls) with LIVE/DEADTM yellow cell stain (ThermoFisher
Scientific) and BacTrace® FITC-labelled anti-Salmonella CSA-1 antibody (SeraCare).
The B-LCL were then gamma-irradiated (6000 rad), washed, and re-suspended in fresh
cRPMI for use as co-culture targets for effector T cells.

1.2.4 In vitro stimulation of T cells
PBMC were thawed and rested overnight at 37oC, 5% CO2 in cRPMI 1640 media. After
an overnight rest, cells were washed and resuspended in cRPMI at a concentration of 1×106
cells/500µL in 5mL in cell culture tubes and incubated under one of the following
conditions:
1.

Staphylococcal enterotoxin B (SEB) (Toxin Technology, Sarasota, FL) at

10 µg/mL (used as a positive control) with 3 µl/mL anti-CD107a monoclonal
antibody (mAb) conjugated to 151Eu (Fluidigm, South San Francisco, CA) for 2
hours at 37oC in 5% CO2.
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2.

Infected or uninfected irradiated target 721.221.AEH cells with PBMC at

an effector-to-stimulator ratio of 5:1 in the presence of 3 µl/mL anti-CD107a mAb
conjugated to 151Eu (Fluidigm) for 2 hours at 37oC in 5% CO2 (Figure 1.1).
3.

Infected or uninfected irradiated B-LCL targets with PBMC at an effector-

to-stimulator ratio of 5:1, along with 3 µl/mL anti-CD107a mAb conjugated to
151Eu (Fluidigm)(anti-CD107a not used in Treg panel), for 2 hours at 37oC in 5%
CO2 (Figure 1.1).
4.

Media (cRPMI with 3 µl/mL anti-CD107a-151Eu mAb) was used as a

negative control.
Following the 2-hour incubation, 0.5 µl/mL each of GolgiStop (containing monensin) and
GolgiPlug (containing brefeldin A) from BD (San Jose, CA) were added to all tubes and
cultures were maintained at 37oC in 5% CO2 overnight.
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Figure 1.1. Graphical Representation of the co-culture system. Infected and uninfected target
cells (721.221.AEH or autologous B-LCL) are 𝛾-irradiated and co-cultured with participant’s
PBMC. Responses to uninfected co-culture controls are subtracted from responses to infected
co-culture controls following mass cytometry data collection.

1.2.5 Surface and intracellular T effector/ circulating T follicular helper cell
immune-labelling and mass cytometry analysis
Co-cultured PBMC were centrifuged and barcoded with anti-CD45 (Fluidigm) monoclonal
antibodies (mAbs), with pediatric samples labelled with CD45-154Sm and adult samples
labelled with CD45-156Gd for 30 minutes at 4oC. Cells were then washed twice: once with
flow cytometry buffer (1x PBS, Quality Biological, Gaithersburg, MD), 0.1% sodium azide
(Sigma), 2% fetal bovine serum (Gemini Bioproducts)), and once with serum-free RPMI
(Gibco), and were then combined into their barcoded layout, with like-stimulated adult
(CD45-156Gd) and pediatric (CD45-154Sm) PBMC combined into a single tube for
downstream staining. Mass cytometry staining was performed using the protocol described
in the Materials and Methods section titled, “Mass Cytometry Measurements” from
McArthur et al, 2017 using the mAb panel described in Table 1.2. In short, cells were
labeled with lanthanide metal-tagged antibodies against a number of surface and
intracellular targets. The viability marker cisplatin, and DNA intercalator iridium were
utilized for cell identification. Cells were then prepared and run in the UMB Flow
Cytometry and Mass Cytometry Core on a CyTOF instrument (Fluidigm). Mass cytometry
data were debarcoded and analyzed using Premium Cytobank (Cytobank, Inc, Santa Clara,
CA). Data was also analyzed using WinList version 9.0.1 (Verity Software House,
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Topsham, ME). tSNE analysis was run utilizing the Cytofkit package in biocLite on R [87].
WinList version 9.0.1 was used for downstream gating of individual tSNE clusters.
Target

Stable Metal
Isotope

Clone

Description

CD14

114 Cd (Qdot)

TüK4

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

a4 b7

FITC

ACT-1

FITC

144 Nd

FIT22

CD8

146 Nd

RPA-T8

Cytotoxic T lymphocyte marker

IL-6

147 Sm

MQ213A5

Proinflammatory proliferation-associated cytokine

CCR4

149 Sm

L291H4

Chemokine homing to the skin

MIP-1β

150 Nd

D21-1351

NK and monocyte recruiting chemokine

CD107a

151 Eu

H4A3

Degranulation marker

Gut-homing integrin

TNFα

152 Sm

Mab11

Proinflammatory 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

Ki67

161 Dy

B56

Intracellular marker of cell proliferation

CD69

162 Dy

FN50

Activation marker

CXCR3

163 Dy

G025H7

Chemokine homing to sites of inflammation

IL-17A

164 Dy

N49-653

Tc/h17 effector cytokine

IFN !

165 Ho

B27

Proinflammatory cytokine

IL-10

166 Er

JES3-9D7

Anti-inflammatory 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

171 Yb

GB11

Secreted cytotoxic effector molecule

IL-21

172 Yb

3A3-N2

Tfh effector cytokine (germinal center formation)

ICOS (CD278)

173 Yb

C398.4A

Tfh co-stimulatory marker (B cell help)

CD4

174 Yb

SK3

Helper T lymphocyte marker

PD-1*

175 Lu

EH12.2H7

T cell exhaustion/activation marker

CCR6

176 Yb

G034E3

Chemokine homing to mucosal surfaces

Cell I.D. (DNA)

191/193 Ir

n/a

DNA intercalator

Viability

194/195 Pt

n/a

Viability stain
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Table 1.2. Mass cytometry T effector/circulating T follicular helper cell panel. Showing
antibody target, stable metal isotope (or other label), antibody clone, and a brief description of the
target function. Primary surface antibodies are filled with blue, secondary surface antibodies with
green, and intracellular antibodies with orange (*anti-PD-1 is in both the surface and intracellular
antibody mixes). Barcoding antibodies are shaded in yellow, and anti-CD107a, which is added
during stimulation to best account for the active cycling between the surface and intracellular
vesicles, is highlighted in purple.

1.2.6 Surface and intracellular immune-labelling and mass cytometry analysis for
the study of regulatory T cells (Treg)
Co-cultured and stimulated PBMC were centrifuged and barcoded with anti-CD45
(Fluidigm) mAbs, with pediatric samples labelled with CD45-89Y and adult samples
labelled with CD45-156Gd, as well as FITC-labelled integrin-a4b7 for 30 minutes at 4oC.
Cells were then washed twice with Maxpar® Cell Staining Buffer (Fluidigm) before
barcoded like-stimulated adult and pediatric PBMC were combined into a single tube for
downstream staining as per the modified Maxpar® Nuclear Antigen Staining panel shown
in Table 1.3. Briefly, combined cells were washed once with PBS (Quality Biological,
Gaithersburg, MD) before being incubated with Cell-ID™ Cisplatin (Fluidigm) for 1
minute at room temperature. Cisplatin staining was then quenched with cRMPI and washed
twice with Maxpar® Cell Staining Buffer (Fluidigm). Cells were then Fc-blocked with
human IgG for 20 minutes at room temperature to prevent non-specific antibody binding.
50 µL surface antibody cocktail was added to each tube for 30 minutes at 4oC before being
washed twice with Maxpar® Cell Staining Buffer (Fluidigm). 100 µL of Maxpar® Nuclear
Antigen Staining Buffer (Fluidigm) was then added to each tube for 30 minutes at room
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temperature. Cells were then washed twice with Maxpar® Nuclear Antigen Staining Perm
(Fluidigm) before adding 50 µL intracellular antibody cocktail for 45 minutes at room
temperature. Cells were then washed twice with Maxpar® Cell Staining Buffer (Fluidigm)
before being incubated with 1 mL per tube of Cell-ID™ Intercalator-Ir for 1 hour at 4oC.
Cells were washed once with Maxpar® Cell Staining Buffer (Fluidigm) and twice with
Maxpar® Water (Fluidigm) before being prepared and run in the UMB Flow Cytometry
and Mass Cytometry core on a Helios instrument (Fluidigm). Debarcoding of mass
cytometry files was done using Premium Cytobank (Cytobank, Inc, Santa Clara, CA) and
the resulting data was analyzed using WinList version 9.0.1 (Verity Software House,
Topsham, ME). tSNE analysis was run utilizing the Cytofkit package [87] in biocLite on
R with WinList version 9.0.1 used for downstream gating of individual tSNE clusters.

Target

Stable Metal
Isotope

Clone

Description

CD45

89Y

HI30

Pan-leukocyte barcoding marker

Integrin-a4b7
FITC

FITC

ACT-1

Gut-homing integrin

144 Nd

FIT22

CD4

145Nd

RPA-T4

Helper T lymphocyte marker

CCR4

149Sm

L291H4

Chemokine homing to the skin

CD45RA

153Eu

HI100

T cell memory marker

CD3

154Sm

UCHT1

TCR co-receptor (T cell marker)

CD45

156 Gd

HI30

Pan-leukocyte barcoding marker

CD39

160Gd

A1

Endonucleotidase

FoxP3

162Dy

PCH101

Regulatory T cell transcription factor

CD95 (Fas)

164Dy

DX2

Tumor necrosis factor receptor member 6 (TNFRSF6)

CD45RO

165Ho

UCHL1

T cell memory marker

CD25

169Tm

2A3

High affinity IL-2 receptor α-chain

CD152 (CTLA-4) *

170Er

14D3

Inhibitory immune checkpoint molecule

HLA-DR

174Yb

L243

Class II MHC associated with terminal effector Treg

Cell I.D. (DNA)

191/193 Ir

n/a

DNA intercalator

Viability

194/195 Pt

n/a

Viability stain

Table 1.3. Mass cytometry regulatory T cell panel. Showing antibody target, stable metal isotope
(or other label), antibody clone, and a brief description of the target function. Primary surface
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antibodies are filled with blue, secondary surface antibodies with green, and intracellular antibodies
with orange (*anti-CD152 is in both the surface and intracellular antibody mixes). Barcoding
antibodies are shaded in yellow.

1.2.7 Statistical analyses
Baseline and response over baseline data were collected as illustrated in Figure 1.2.
Unpaired t-tests, paired t-tests, and correlation analyses were performed using GraphPad
Prism version 7.0c (GraphPad softward, La Jolla, CA, USA). P values of < 0.05 were
considered significant. Because relatively low numbers of children were available for these
translational immunological studies, P values of < 0.1 are also presented in figures as
possible trends. This approach follows the recommendation of the American Statistical
Association’s statement regarding the context and purpose of p-values, particularly in data
with low n-numbers [88, 89].
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Figure 1.2. Diagrammatic representation of the calculations for baseline responses and
responses over baseline. Pre-vaccination responses to uninfected target cells are subtracted from
pre-vaccination responses to infected target cells to generate the pre-vaccination net, or baseline
response. Post-Ty21a vaccination net responses are generated by subtracting post-vaccination
uninfected from infected responses. Response over baseline is calculated by subtracting postvaccination net responses from baseline responses.
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Chapter 2- Differences Between Pediatric and Adult T Cell Responses to in
vitro Staphylococcal Enterotoxin B Stimulation
2.1 Age-dependent variability among baseline T cell populations
We stained unstimulated PBMC from healthy pediatric and adult participants with metalconjugated monoclonal antibodies followed by acquisition on a mass cytometer (Table
1.2). Total T cells (CD3+CD14-CD19-) were sub-divided into helper T cells (TH;
CD4+CD8-) and cytotoxic T cells (TC; CD4-CD8+) populations.

We further used

expression of CD62L and CD45RA to define T cell memory subsets including naïve (TN;
CD62L+CD45RA+), central memory (TCM; CD62L+CD45RA-), effector memory (TEM;
CD62L-CD45RA-), and effector memory CD45RA+ (TEMRA; CD62L-CD45RA+). The
identification of T memory subsets using the CD62L/CD45RA classification is an
established methodology, as CD62L-/lo populations map well with effector memory as
defined by CCR7 (27). In order to better identify differentiated memory T cells, CD27 is
included in our panel (28-30). T cell populations and memory subsets were compared
among 6-15-year-old pediatric (n=11), 16-17-year-old pediatric (n=9), and adult (20-65year-old; n=14) participants (Figure 2.1).

All 34 participants showed similar total T cell percentages regardless of age (Figure 2.1A).
As previously described [80, 81], we observed a relationship between age and TH with a
significantly lower percentage of CD4+ T cells in younger pediatric participants compared
to adults (Figure 2.1B). Although 16-17-year-old pediatric participants had a significantly
higher percentage of CD8+ T cells than adults, the trend did not extend to the younger
pediatric participants (Figure 2.1C). The CD8+ TN and TEM subsets differed significantly
according to age (and trended among CD4+) with younger participants demonstrating a
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higher percentage of TN and a lower percentage of TEM (Figures 2.1D, E). However, TCM
and TEMRA did not show any significant age-dependent trends in either CD4+ or CD8+
populations (Figures 2.1D, E). Furthermore, when we graphed percent memory subsets as
a function of age, TN cells consistently decreased with age while TEM consistently increased
with age (Figures S2A, B in Supplementary Material).

Fig 2.1. Baseline T cell populations. Scatter plots showing the percentages of A. baseline CD3+ T
cells, B. CD3+CD4+ helper T cells, and C. CD3+CD8+ cytotoxic T cells, as well as D. CD4+ and E.
CD8+ naive (CD45RA+CD62L+), T central memory (TCM; CD45RA-CD62L+), effector memory
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(CD45RA-CD62L-), and EMRA (CD45RA+CD62L-) populations among 6-15 year-old pediatric
(n=11), 16-17 year-old pediatric (n=9) and adult (n=14) participants (media). Bars represent
medians with whiskers indicating interquartile ranges. Statistics were analyzed by unpaired t-test.
(* p < 0.05; ** p < 0.01)

2.2 T cell activation following SEB stimulation increases throughout childhood
We used CD69 expression to define activated T cell populations following SEB
stimulation. To calculate net expression, we subtracted the percentages of CD69+ cells in
media controls from the percentages of CD69+ cells in SEB-stimulated cultures. Net
activation of CD4+ T cells was significantly lower in younger pediatric participants than in
older pediatric participants; however, there were no significant differences between the
pediatric age groups and the adult participants (Figure 2.2A). When we focused on net
activation following SEB stimulation as a function of age within the pediatric participants,
there was a significant increase of net CD69 expression to approximately 25% of CD4+ T
cells (Figure 2.2B). In contrast, SEB-induced CD69 expression remained consistent
throughout adulthood (Figure 2.2C). CD8+ T cells demonstrated significant increases in
net CD69 expression among both pediatric age strata compared to adults, (Figure 2.2D)
and as a function of aging throughout childhood (Figure 2.2E). As with activated CD4+ T
cells, net activation of CD8+ T cells by SEB stimulation reached adult levels (~25%) by
around the age of 15 years and are maintained throughout adulthood (Figure 2.2F).
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Fig 2.2. CD69 expression following SEB stimulation. Scatter plots showing the percentages of
CD69+ in A. CD4+ and D. CD8+ T cells. Net CD69+ cells represent the % CD69+ cells in SEBstimulated cultures minus expression in the corresponding media controls. Populations are shown
for 6-15-year-old pediatric (n=11), 16-17-year-old pediatric (n=9) and adult (n=14) participants.
Bars represent medians with whiskers indicating interquartile ranges. Scatter plot statistics were
analyzed by unpaired t-test (* p < 0.05; ** p < 0.01). Line graphs represent linear regression with
95% confidence intervals among net CD69+ CD4+ (B + C) and CD8+ (E + F) T cell populations in
participants between the ages of 6-17 (B + E; n=20) and 20-65 (C + F; n=14) years old. Line graph
statistics were analyzed by Spearman r correlation (* p < 0.05; ** p < 0.01).

2.3 SEB stimulated CD4+ TEM show increased functionality throughout childhood
To explore the functionality of CD4+ TEM, we first determined the percent net expression
of effector molecules MIP1β, CD107a, TNF-α, IL-2, IL-17A, IFN-𝛾, and Granzyme B
following SEB stimulation (Figure 2.3A). Of these effector functions, IFN-𝛾 demonstrated
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a strongly significant age-dependence with lower levels of net IFN-g expression in younger
pediatric participants than both the older pediatric and adult participants. IL-17A also
trended toward an age-dependent increase in net expression following SEB stimulation but
did not reach statistical significance (p=0.07). Interestingly, older pediatric participants
showed significantly greater TNF-α and IFN-𝛾 expression than adults, as well as lower
CD107a expression than adults and younger children.

We used the FCOMTM feature of WinList version 9.0.1 to explore all possible combinations
of the seven aforementioned biomarkers.

These results were used to tabulate the

percentages of CD4+ TEM that expressed 1, 2, 3, or greater than 3 (>3) of the measured
effector functions to determine if increased functionality is impacted by age. Similar to our
previous age-dependent observations of CD4+ TEM activation by net CD69 expression, the
net functionality of CD4+ TEM, as characterized by MIP1β, CD107a, TNF-α, IL-2, IL-17A,
IFN-𝛾, and Granzyme B, was lower in younger children, but increased to adult levels by
~15 years (Figures 2.3B-I). The CD4+ TEM expressing a single measured effector function
showed an increase from the age of 6 to 17 that approached statistical significance (p =
0.053) (Figure 2.3B), whereas CD4+ TEM expressing 2, 3, or >3 effector functions all
showed direct, significant correlations between increasing age through adolescence and
multifunctional responses (Figures 2.3D, F, H). In contrast, in adults, net functional
responses did not correlate with increasing age, maintaining similar levels from 20 to 65
years of age (Figures 2.3C, E, G, I).
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Fig 2.3. CD4+ T Effector Memory Response. A. Scatter plot showing the net percentages of CD4+
TEM producing MIP1β, CD107a, TNFα, IL-2, IL-17A, IFN𝛾, and Granzyme B (GzmB) following
SEB stimulation. Results are shown for the following populations: 6-15-year-old pediatric (n=11),
16-17-year-old pediatric (n=9) and adult (n=14) participants. Bars represent medians with whiskers
indicating interquartile ranges. Scatter plot statistics were analyzed by unpaired t-test (* p < 0.05;
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** p < 0.01; *** p < 0.001). Line graphs represent linear regression with 95% confidence intervals
among CD4+ T effector memory cell mono- (B + C), bi- (D + E), tri- (F + G), and >3- (H + I)
functional populations following SEB stimulation within participants between the ages of 6-17
(n=20) and 20-65 (n=14) years old. Line graph statistics were analyzed by Spearman r correlation
(* p < 0.05; ** p < 0.01).

2.4 SEB stimulated CD8+ TEM effector responses and functionality increase
significantly throughout childhood
To analyze the functionality of CD8+ TEM, we again looked at the percent net expression
of effector molecules MIP1β, CD107a, TNF-α, IL-2, IL-17A, IFN-𝛾, and Granzyme B
following SEB stimulation (Figure 2.4A). In contrast to the majority of the CD4+ TEM
effector responses, CD8+ TEM net MIP1β, CD107a, and IL-2 expression, in addition to IFN𝛾 expression, were significantly higher in adults than in younger participants following
SEB stimulation. Further, while the net effector responses between the older pediatric (1617 years old) and adult participants differed less, significant age dependence was seen with
IL-2 expression.

We again used FCOMTM to explore percentages of CD8+ TEM that expressed 1, 2, 3, or >3
of the measured effector functions to determine if increased functionality correlated with
age. CD8+ TEM expressing 1, 2, 3, or >3 of the measured effector functions all showed
direct significant correlations between increasing age through adolescence and percent net
functionality, with the most significant correlations demonstrated by the populations
expressing >1 effector function (Figures 2.4B, D, F, H). Similar to CD4+ TEM, the adult
net functional CD8+ TEM responses showed no correlation between age and functionality
and maintained similar levels from 20 to 65 years of age (Figures 2.4C, E, G, I).
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Fig 2.4. CD8+ T Effector Memory Response. A. Scatter plot showing the net percentages of CD8+
TEM producing MIP1β, CD107a, TNFα, IL-2, IL-17A, IFN𝛾, and Granzyme B (GzmB) following
SEB stimulation. Results are shown for the following populations: 6-15-year-old pediatric (n=11),
16-17-year-old pediatric (n=9) and adult (n=14) participants. Bars represent medians with whiskers
indicating interquartile ranges. Scatter plot statistics were analyzed by unpaired t-test (* p < 0.05;
** p < 0.01; *** p < 0.001). Line graphs represent linear regression with 95% confidence intervals
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among CD8+ T effector memory cell mono- (B + C), bi- (D + E), tri- (F + G), and >3- (H + I)
functional populations following SEB stimulation within participants between the ages of 6-17
(n=20) and 20-65 (n=14) years old. Line graph statistics were analyzed by Spearman r correlation
(* p < 0.05; *** p < 0.001).

2.5 Gender is not associated with major differences in CD4+ and CD8+ TEM effector
responses and functionality following SEB stimulation
To explore whether gender may play a role in the previously observed heterogeneous
responses to SEB, we compared CD4+ and CD8+ TEM effector responses between male and
female participants. As our two youngest pediatric participants were both male (ages 6 and
11 respectively), and likely pre-pubescent, we excluded them from these analyses. We
further performed gender comparisons between like-age groups to avoid confounding
gender- and age-associated heterogeneity. Pediatric males had higher net CD4+ TEM
expression of TNF-α, IL-2, and IFN-𝛾 than pediatric females (Figure S2.3A in
Supplementary Material).

However, there were no significant gender-associated

differences in CD4+ TEM expressing 1, 2, 3, or >3 effector functions in the pediatric
participants (Figure S3B in Supplementary Material).

Of interest, there were no

significant gender-associated differences in the CD4+ TEM effector functionality among the
adult participants (Figures S3C, D in Supplementary Material). While pediatric males
demonstrated significantly higher net CD8+ TEM IFN-𝛾 expression than pediatric females,
there were no significant gender-associated differences in CD8+ TEM expressing 1, 2, 3, or
>3 effector functions in the pediatric participants (Figures S3E, F in Supplementary
Material). Similar to CD4+ TEM, there were no significant gender-associated differences
in CD8+ TEM effector functionality among the adult participants (Figures S3G, H in
Supplementary Material).
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2.6 Circulating TFH populations and functions show variability across ages
The percentages of circulating TFH cells (cTFH), defined by CXCR5 expression on CD4+ T
cells, did not change significantly throughout childhood (Figure 2.5A). However, cTFH
percentages peaked in early adulthood and decreased slightly throughout aging (Figure
2.5B). Interestingly, aging correlated strongly with an increase in the percentage of effector
cTFH (CD4+CXCR5+CD27+CD45RA-) among total cTFH (Figure 2.5C). Effector cTFH are
a subset of the total cTFH population, and have shown to expand, as well as produce more
of IL-21, in an antigen-specific manner following vaccination [51, 52, 64]. There were no
significant differences in cTFH percentages between unstimulated and SEB stimulated
conditions; however, younger and older pediatric participants had a significantly lower
percentage of effector cTFH than did adults under both unstimulated and SEB-stimulated
conditions (Figure 2.5D). To address age-related differences between expression
functional cTFH markers, we explored IL-21, IL-2, CD154 (also known as CD40 ligand),
ICOS (CD278), and TNFa. TFH expression of IL-21 and IL-2 play important roles in B cell
maturation and isotype switching through transcriptional upregulation of BLIMP1 and AID
[64]. CD154 acts as a signal-two for B cell activation [90]. ICOS interacts with ICOS
ligand during cTFH development [51, 52, 90]. TNFa-expression indicates a TH1-like cTFH
phenotype, which may lead to preferential development of antibodies more capable of
inducing further cytotoxicity [91]. Age-associated differences in effector cTFH responses
following SEB stimulation were less striking; however, younger pediatric participants
showed significantly lower IL-21 and trending lower IL-2 expression than did adult
participants (Figure 2.5E). Of note, higher net cTFH expression of CD154 and TNF-α
occurred in the older pediatric participants despite the lower percentage of effector cTFH in
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this group compared to adults (Figures 2.5D, E). No significant differences have been
observed in the levels of ICOS expression in effector cTFH cells between children and
adults. Similarly, gender had no significant impact on effector cTFH populations or effector
responses (Figures S4A - D in Supplementary Material).

Fig 2.5. Circulating T Follicular Helper (cTFH) Cell Response. A + B. Line graphs represent
linear regression with 95% confidence intervals among baseline CD4+CXCR5+ T cells in children
between 6-17 years old (n=20) and adults between 20-65 years old (n=14). C. Line graph represents
linear regression with 95% confidence intervals among CD4+CXCR5+CD27+CD45RA- effector
cTFH in all volunteers (n=34) between 6-65 years old. Line graph statistics were analyzed by
Spearman r correlation (* p < 0.05; ** p < 0.01). D. Scatter plots showing percent effector cTFH
under both unstimulated (media) and SEB stimulated conditions. E. Scatter plots showing net
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percentages of effector cTFH producing CD154 (CD40L), TNFα, IL-2, ICOS, and IL-21.
Populations are shown for 6-15-year-old pediatric (n=11), 16-17-year-old pediatric (n=9) and adult
(n=14) participants. Bars represent medians with whiskers indicating interquartile ranges. Scatter
plot statistics were analyzed by unpaired t-test (* p < 0.05; *** p < 0.001).

2.7 Unsupervised comparison of multifunctionality between age groups
We used the cluster identification, characterization, and regression (CITRUS) tool to
identify and further analyze differences in SEB stimulated CD8+ T cell responses between
pediatric and adult participants [92]. The analyses were performed by supervised gating of
CD8+CD69+ TEM and TEMRA separated into adult (20-65 y/o; n=14) and young pediatric (615 y/o; n=11) participant groups. We then used CITRUS to perform unsupervised
clustering based on MIP1β, CD107a, TNF-α, IL-2, IL-17A, IFN-𝛾, and Granzyme B in
abundance mode to distinguish cell signatures between pediatric and adult participants. We
subsequently ran a predictive Nearest Shrunken Centroid (PAMR) association model with
equal event sampling per file, using a minimum cluster size of 3% of the total events
clustered and a cross-validation rate of 1.

The resulting model error rate graphs for the activated CD8+ TEM and TEMRA analyses
showed minimum cross-validation error rates below 20% and false-discovery rate
constrained points with more than one model feature (Figures 2.6A, E). Nested clusters
start with the largest, central most node, and branch into one or two child node(s),
continuing until the maximum number of clusters greater than the minimum cluster size is
generated. Feature plots showed clusters that were significantly different between analyzed
groups (Figures 2.6B, F). To focus on multifunctionality, we analyzed the most
multifunctional parent clusters that were significantly different between adult and pediatric
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groups: cluster 7848 for CD8+ TEM, and cluster 9773 for CD8+ TEMRA. The chosen clusters
showed significantly lower abundance among pediatric participants than among adults
(Figures 2.6C, G). We assessed multifunctionality by analysis of the CITRUS trees
colored by channel, wherein heat maps indicate the relative intensity of each clustered
effector on each node (Figures S5A, B in Supplementary Material). Further, histograms
generated for the chosen clusters showed a highly multifunctional phenotype (in red)
compared to background (originating parent node) expression in blue (Figures 2.6D, H).
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Fig 2.6. CITRUS Analyses of Peripheral Multifunctional CD8+ T Cell Memory Subsets. A +
E. Model error rate graphs showing false discovery rate constrained data points (yellow triangle-from which subsequent data is analyzed). This model analyzes the highest number of features
(upper x axis) and the lowest cross validation error rate (red line) to determine the point at which
the false discovery rate (blue line) increases. B + F. Feature plots showing of which significant
differences (model features) between populations (i.e., 6-15-year-old pediatric (n=11) and 20-65year-old adult (n=14) volunteers) are shaded. The clusters are nested from the center cluster, so the
largest, most significanclusterst multifunctional clusters were chosen for analysis. The differences
between the two populations within each of the chosen clusters for memory subsets C. TEM, and G.
TEMRA are shown, with each point in the box plot representing a separate participant. Values are a
decimal equivalent of a percentage between 0 and 1, with median and interquartile ranges. Plot
statistics were analyzed by Mann-Whitney test (* p < 0.05; *** p < 0.001). Chosen cluster features
for each memory subset are shown (D + H) with the red histogram representing the effector
expression within the chosen cluster and the blue histogram representing the average effector
expression across the sampled population.

Taken together, these analyses identified highly multifunctional activated CD8+ TEM and
TEMRA populations that are significantly more abundant in adults than in children. We
extracted these populations for analyses in order to validate our unsupervised data analyses
and further explore the characteristics of these highly multifunctional cells.

2.8 Downstream identification of cytotoxic and proliferative cellular phenotypes
from within highly multifunctional CD8+ T cell populations
The previously described highly multifunctional CITRUS clusters 7848 (CD8+ TEM) and
9773 (CD8+ TEMRA), were exported as individual FCS files and analyzed by supervised
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gating using Winlist 9.0.1 software. We used CD27 expression to characterize CD8+ T
cells as either generally cytotoxic and more mature (CD27-) or generally more naïve
(CD27+) phenotypes [93-95]. Ki67 expression was used in this analysis to measure cell
proliferation [96]. We analyzed the correlation between CD27+ and Ki67+ (proliferating)
TEM and TEMRA cells between pediatric and adult populations to determine whether T cell
maturation trends varied between the groups. While Ki67+ levels are generally higher in
adult TEM and TEMRA, the trends between proliferation and CD27+ (more naïve) cells were
conserved between children and adults (Supplemental Figure 6A-D). Cells from the
highly multifunctional CD8+ TEM cluster did not demonstrate significant differences in the
percentage of CD27 expression between pediatric and adult participants (Figure 2.7A).
However, there was a trend toward higher Ki67 expression in adult participants compared
to children (p = 0.07; Figure 2.7A). In contrast, significant differences in CD27 and Ki67
expression levels were observed between children and adults in cells from the highly
multifunctional CD8+ TEMRA node (Figure 2.7B). Canonically, highly differentiated TEMRA
are thought of as being less proliferative (Ki67+) and more cytotoxic and multifunctional
(CD27-) [97]. However, our data show that SEB stimulation can induce high levels of
proliferation among cytotoxic CD27- TEMRA in adults, while TEMRA in children retain a
more naïve-like state (CD27+).

Additionally, in order to normalize the observed phenotypes based on their presence within
the total sampled memory populations (TEM or TEMRA), we represented the total number of
events from within the highly multifunctional clusters as a percentage of the total memory
population sampled by CITRUS before clustering. These data confirmed our previous
observations from CITRUS analyses that the pediatric participants exhibited a lower
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proportion of highly multifunctional CD8+ TEM and TEMRA, compared to adults (Figures
2.6C, G). Further, we observed significantly higher total percentages of proliferative
(Ki67+), cytotoxic (CD27-), and more naïve (CD27+) phenotypes among the total activated
CD8+ TEM and TEMRA populations in adult participants as compared to children (Figure
2.7C, D), indicative of the observation that events from within the multifunctional nodes
are predominately made up of cells from adults.

Fig 2.7. Highly Multifunctional CD8+ T Cell Functional States. Scatter plots showing the
percentages of highly multifunctional CD8+ T cells as defined by CITRUS node isolation. A. TEM
and B. TEMRA cells within the chosen highly multifunctional nodes (see Figure 2.6) showing
proportions of cytotoxic (CD27-) or proliferative (CD27+ and Ki67+) multifunctional CD8+ T cells
in adults and children. C. TEM and D. TEMRA populations showing highly multifunctional CD27+,
CD27-, and Ki67+ cells from within the total CITRUS sampled CD8+ memory T cell subsets,
exhibiting the proportion of highly multifunctional cytotoxic or proliferative phenotypes from
within each memory subset. Populations split among 6-15-year-old pediatric (n=11) and adult
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(n=14) participants. Bars represent medians with whiskers indicating interquartile ranges. Scatter
plot statistics were analyzed by unpaired t-test (* p < 0.05; ** p < 0.01; ***p < 0.001).

A summary of the findings from Chapter 2 can be found in Figure 2.8.

Figure 2.8: SEB responses
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Chapter 3:

Age-Associated Heterogeneity of Ty21a-Induced T Cell

Responses to HLA-E Restricted Salmonella Typhi Antigen Presentation

3.1 CD8+ T cell populations before and after Ty21a vaccination in different age strata
Unstimulated PBMC from pre- and 14-42-days post-Ty21a vaccinated healthy pediatric
and adult participants were labeled with metal-conjugated mAbs (Table 1.2) and analyzed
on a mass cytometer. Percentages of total T cells (CD3+ CD14- CD19-), total CD8+ T cells
(CD4- CD8+), CD8+ TEM (CD62L- CD45RA-), and TEMRA (CD62L- CD45RA+) cells
showed no changes between vaccination states within either 6-15-year-old children (n=10),
16-17-year-old children (n=8), or adult (20-65 years old; n=13) participants (Figure 3.1A
- D). CD62L-/lo populations are capable of defining effector memory populations similar to
CCR7 expression, and the identification of T memory subsets using CD62L and CD45RA
is well established [98]. While no differences were observed comparing pre- and postvaccinated pediatric age groups, we note that, as has been previously reported by us and
others [81-83, 93, 94, 99], the percentage of CD8+ TEM are lower in children than in adults
(Figure 3.1C). Further, while we see no differences within groups following vaccination,
among unstimulated T cell populations divided by both sex and age (Figures S3.1A – D),
we observed that the greatest differences among the CD8+ TEM are between pediatric males
(ages 6-17; n=10) and females (ages 11-17; n=8), and adult males (ages 36-65; n=7),
regardless of vaccination status (Figure S3.1C). Finally, the percentages of CD8+ TEM and
TEMRA populations are not significantly different, nor does vaccination alter those
percentages, among participants with different HLA-E haplotypes (Figures S3.1E & F).
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Fig 3.1. Change in CD8 T cell Populations Following Ty21a Vaccination. Scatter plots showing
the percentages of A. pre- and post-vaccination CD3+ T cells, B. total T cells, C. CD8+ T effector
memory (TEM; CD45RA- CD62L-), and D. CD8+ T EMRA (TEMRA; CD45RA+ CD62L-)
populations among 6-15-year-old pediatric (n=10), 16-17-year-old pediatric (n=8) and adult (n=13)
participants (media). Bars represent medians with whiskers indicating interquartile ranges.
Statistics were analyzed by unpaired t-test. (* p<0.05; ** p<0.01)

3.2 Change in activated CD8+ T cell populations following Ty21a vaccination
CD69 expression was used to define activated CD8+ T cell populations among participants
pre- and post-vaccination. Unstimulated adult PBMC pre-vaccination showed significantly
higher CD69 expression than 6-15-year-old pediatric participants, and trended towards
significance within the post-Ty21a time point (Figure 3.2A). These differences were
maintained between pediatric females and adult males but were not seen among other
gender and age divisions (Figure S3.2A). There was no change in CD69 expression
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between pre- and post-vaccination in any of the age groups (Figure 3.2A). We then
explored whether Ty21a vaccination induced higher levels of S. Typhi-responsive
activation among different age groups by co-culturing PBMC obtained pre- or postvaccination with S. Typhi-infected HLA-E-restricted target cells. None of the ageassociated changes among the pre- and post-vaccination activated CD8+ T cell percentages
were significant (Figure 3.2B). However, when using a z-score between events collected
in S. Typhi-infected vs non-infected targets with a p<0.05 and a cutoff of 0.1%, over
baseline, we observed a slightly higher percentage of adult responders than were found in
either pediatric age group (Figure 3.2C).

Fig 3.2. Changes in Activated CD8+ CD69+ T cell Populations Following Ty21a Vaccination.
A. Scatter plot showing the percentages of CD69+ CD8+ T cells among pre- and post-Ty21a
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unstimulated PBMC (media). Bars represent medians with whiskers indicating interquartile ranges.
B. Connected dot plots showing each participants’ pre- and post-Ty21a CD8+ CD69+ expression
levels following co-culture with S. Typhi-infected HLA-E restricted antigen presenting target cells.
Data divided among 6-15-year-old pediatric (n=10), 16-17-year-old pediatric (n=8) and adult
(n=13) participants. C. Bars representing the proportion of CD8+ CD69+ responders over baseline
levels (cut-off of 0.1%) following co-culture with S. Typhi-infected HLA-E restricted antigen
presenting target cells. Statistics were analyzed by unpaired t-test. (* p<0.05)

No significant differences were observed between the percentages of CD69+ T cells at
baseline or following vaccination based on sex or age (Figure S3.2B). Further, the z-score
between events collected in S. Typhi-infected vs non-infected targets with a p<0.05 and a
cutoff of 0.1%, over baseline, did not show significant differences among gender- and ageparsed populations, despite some trends observed in the percentages of responders
(particularly among pediatric females), likely due to insufficient numbers of participants
in each group (Figure S3.2C). Interestingly, while there were no differences in
unstimulated CD8+ activation percentages among pre- and post-vaccination HLA-E
haplotypes (Figure S3.2D), we observed significant differences following stimulation with
S. Typhi-infected targets between HLA-E*01:01 or heterozygous individuals and HLAE*01:03 before immunization (Figure S3.2E). However, when dividing the populations
into HLA-E haplotypes, we observed that HLA-E*01:03 participants pre-vaccination show
almost no baseline activation (as defined by CD69 expression), yet nearly all of these
participants show greater than 0.1% increases in the percentage of CD69+ CD8+ T cells
over baseline following vaccination, suggesting a possible Ty21a-induced change in
activation threshold among these HLA-E mismatched individuals (Figures S3.2E, F).
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3.3 CD8+ TEM responses following Ty21a vaccination
We then analyzed the functionality of HLA-E-restricted antigen-responsive CD8+ TEM
cells. We identified increases in MIP-1b, CD107a, TNFa, IL-2, IL-17A, IFNg, and
Granzyme B post-Ty21a vaccination responses to HLA-E restricted S. Typhi antigen
presentation over pre-vaccination responses (response over baseline) in many individual
participants. Among individual effector functions, Granzyme B was significantly higher in
16-17-year-old participants than in 6-15-year-olds, but no other significant age-associated
differences were observed (Figure 3.3A). Additionally, among observed mono- and multifunctional activation states -as defined by the increased expression of one or more of the
aforementioned effector functions identified with the FCOM function in Winlist- the
percentage of responses over baseline showed no significant overall age-associated
differences (Figure 3.3B). Finally, we analyzed specific multifunctional responses over
baseline in the HLA-E restricted co-culture model, which were shown in a previous S.
Typhi challenge study to be associated with protection from developing, and/or delayed
onset of, disease [16, 17]. Among these six multifunctional populations, as identified with
FCOM, there were no significant differences among age groups (Figure 3.3C).
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Fig 3.3. CD8+ T Effector Memory Responses. Scatter plots showing A. the increases over
baseline percentages of CD8+ CD69+ TEM producing/expressing MIP1β, CD107a, TNFα, IL-2, IL17A, IFN𝛾, and Granzyme B (GzmB); B. CD8+ CD69+ TEM observed mono-, bi-, tri-, and >3functional populations; and C. specific CD8+ CD69+ TEM selected multifunctional responses
following co-culture with HLA-E restricted S. Typhi infected antigen presenting targets. These MF
populations were selected based on those shown in a previous S. Typhi challenge study to be
associated with protection from developing disease (10,11). Bars represent medians with whiskers
indicating interquartile ranges. Results are shown for the following populations: 6-15-year-old
pediatric (n=10), 16-17-year-old pediatric (n=8) and adult (n=13) participants. Scatter plot statistics
were analyzed by unpaired t-test. (* p<0.05)

Similarly, no significant differences among CD8+ TEM effectors were observed when
dividing the participants by sex or by age, although Granzyme B+ expression trended
towards significance comparing pediatric and adult male participants to female pediatric
participants (Figure S3.3A). Interestingly, the observed monofunctional CD8+ TEM
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population among adult males was significantly higher than either of the female age-groups
(Figure S3.3B), likely due to the observed higher Granzyme B expression in this group.
Further, when comparing the specific, multifunctional populations associated with
protection, we observed that males -especially pediatric males- were more likely to have
higher percentages of HLA-E restricted S. Typhi-responsive CD107a/MIP-1b doublepositive cells following vaccination than pediatric females (Figure S3.3C). Among the
HLA-E haplotype divided populations, no significant individual CD8+ TEM effector
responses-over-baseline were seen (Figure S3.3D). HLA-E*01:03 exhibited significantly
higher monofunctional responses than heterozygous participants (Figure S3.3E), but there
were no significant differences in Ty21a-induced multifunctional populations, including
those which has been associated with protection in previous studies [16, 17] (Figure
S3.3F), among the HLA-E haplotypes.

Taken together, we observed few significant response-over-baseline trends associated with
Ty21a vaccination among HLA-E restricted S. Typhi-responsive CD8+ TEM, based on
traditional TC1 and TC17 effector molecules. The trends that were observed were likely
due to the wide dispersion of the responses in individual volunteers seen within age groups,
sex, and HLA-E haplotypes.

3.4 CD8+ TEMRA responses following Ty21a vaccination
We then analyzed the functionality of HLA-E-restricted antigen-responsive CD8+ TEMRA
cells. We identified increases over baseline of HLA-E-restricted CD8+ TEMRA expression
of MIP-1b, CD107a, TNFa, IL-2, IL-17A, IFNg, and Granzyme B among many Ty21avaccinated participants. Interestingly, MIP-1b and TNFa responses were significantly
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higher among CD8+ TEMRA from adults than in our younger pediatric participants, and
Granzyme B expression was significantly higher in 16-17-year-old participants than among
either adults or younger pediatric vaccinees (Figure 3.4A). Further, when analyzing
functional states, we found that younger pediatric vaccinees show significantly fewer
observed mono- and bi-functional CD8+ TEMRA than both adult and older adolescent
participants, while 16-17-year-old individuals show significantly greater tri-functional
populations than the younger participants (Figure 3.4B). There were no significant
differences across age groups in the induction of defined protection-associated
multifunctional populations; however, adults trended (p=0.07) towards a greater
percentages of TNFa/MIP-1b/IFNg triple-positive CD8+ TEMRA than either pediatric group
(Figure 3.4C).

Fig 3.4. CD8+ T Effector Memory RA Responses. Scatter plots showing A. the increases over
baseline percentages of CD8+ CD69+ TEMRA producing/expressing MIP1β, CD107a, TNFα, IL-2,
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IL-17A, IFN𝛾, and Granzyme B (GzmB); B. CD8+ CD69+ TEMRA observed mono-, bi-, tri-, and
>3-functional populations; and C. specific CD8+ CD69+ TEMRA selected multifunctional responses
following co-culture with HLA-E restricted S. Typhi infected antigen presenting targets. These MF
populations were selected based on those shown in a previous S. Typhi challenge study to be
associated with protection from developing disease (10,11). Bars represent medians with whiskers
indicating interquartile ranges. Results are shown for the following populations: 6-15-year-old
pediatric (n=10), 16-17-year-old pediatric (n=8) and adult (n=13) participants. Scatter plot statistics
were analyzed by unpaired t-test. (* p<0.05)

As with the CD8+ effector memory cells, we divided our participant by sex and age. Adult
males showed significantly greater percentages of MIP-1b and TNFa, and pediatric males
showed significantly more Granzyme B expression, when compared to pediatric females
(Figure S3.4A). These low percentages of functional CD8+ TEMRA in pediatric females
were also seen in the analysis of observed mono- and multifunctional responses over
baseline, where their monofunctional responses were significantly lower than adults of
both sexes, and their bifunctional responses were lower than adult males (Figure S3.4B).
Among defined protection-associated multifunctional populations, adult males have
significantly higher percentages of TNFa/MIP-1b/IFNg triple-positive CD8+ TEMRA than
both male and female pediatric participants (Figure S3.4C). Further, the adult males also
have significantly greater TNFa/MIP-1b/CD107a/IFNg responsiveness than pediatric
females (Figure S3.4C). There were, however, no significantly distinct effector responses
among the various HLA-E haplotypes (Figure S3.4D). Both homozygous haplotypes
showed greater monofunctional responses over baseline compared to the heterozygous
participants (Figure S3.4E). Among the specific multifunctional subsets, the HLAE*01:03 quintuple-positive response was significantly higher than the heterozygous
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participants; however, the significance of these findings is unclear given the relatively
small number of individuals in this cohort and the low magnitude of responses (Figure
S3.4F).

Taken together, the CD8+ TEMRA response over baseline to HLA-E restricted S. Typhiinfected target cells are variable among individuals but in general show more significant
age- and gender-associated differences than observed with TEM, particularly between adult
males and pediatric females.

3.5 Protection-associated multifunctional T cells with Granzyme B expression
The S. Typhi challenge study that found a correlation of certain multifunctional T cell
responses and protection did not include Granzyme B expression [16, 17]. However,
because it is likely that the expression of cytotoxic Granzyme B would aid in defining the
protective capabilities of multifunctional T cells, the current studies also included
Granzyme B expression to complement the analyses of “protection-associated”
multifunctional responses previously described for both CD69+CD8+ TEM and TEMRA
(Figure S3.5). Interestingly, the analyses of Granzyme B production identified
significantly greater percentages of TNFa/MIP-1b/GzmB triple-positive by CD8+ TEM
from adult participants, as well as TNFa/MIP-1b/CD107a/IFNg/GzmB quintuple-positive
CD8+ TEM cells in adult and 16-17-year-old pediatric participants than those observed in
the 6-15-year-old participants (Figure S3.5A). TEMRA responsiveness shows fewer
significant differences with the addition of Granzyme B than without (Figure S3.5B).
Similar to previous observations, the bulk of these differences appear to be between adult
males and pediatric females, among TEM (Figure S3.5C) and TEMRA (Figure S3.5D). There
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were no significant differences between HLA-E haplotypes with Granzyme B-added to the
study of TEM multifunctional populations (Figure S3.5E).

However, HLA-E*01:01

participants showed a significantly higher percentage of TNFa/MIP-1b /IFNg/GzmB
quadruple-positive TEMRA than heterozygous participants. Of note, no HLA-E*01:03
participants were considered vaccine responders (Figure S3.5F).

3.6 tSNE analysis of activated CD8+ TEM populations
Activated (CD69+) CD8+ TEM cell data were exported and processed on the Cytofkit
package [87] available in the R biocLite module. Sixteen clusters were identified following
tSNE visualization using the ClusterX unbiased clustering method on the following
markers: IL-4, CXCR5, a4b7, IL-6, CCR4, MIP-1b, CD107a, TNFa, IL-2, CXCR3, IL17A, IFNg, IL-10, CD154 (CD40L), Granzyme B, IL-21, ICOS, PD-1, and CCR6 (Figure
S3.6A). Individual participants were parsed into pre- and post-Ty21a vaccinated age
groups (6-15 years old, 16-17 years old, and 20-65 years old) and cells were pooled into a
single cluster analysis. To ensure that the proportions of the various clusters were
representative of the various age and treatment groups, similar numbers of cells from each
of the participants and time points were included in the tSNE analyses shown in Fig. 3.5.
Of note, the younger pediatric participants clearly showed much fewer cells in clusters 2,
3, 8, and 9 compared to the older pediatric and adults at both pre- and post-vaccine
timepoints (Figure 3.5A). This is clearly shown by enumerating the average number of
cells per volunteer per cluster in each age group, divided among pre- and post-Ty21a
vaccination (Figure 3.5B). This analysis also shows that clusters 11-16 have very few
relative total cells per individual. We then analyzed the median expression of conventional
cytotoxic CD8+ T cell (TC1) effectors in each cluster, thus characterizing the phenotype of
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the cells within the clusters regardless of age or vaccination-state. Through this analysis, it
became clear that clusters 2, 3, 7, and 9 are made up of cells capable of co-expressing
several TC1 functions (Figure 3.5C). By gating and analyzing each cluster with FCOM in
Winlist, we are able to identify the percentage of cells that express one or more of each of
the six TC1 functions. This downstream supervised analysis identified clusters 2, 7, 9, and
13 as those that contain the greatest percentage of multifunctional CD8+ CD69+ TEM
(Figure 3.5D). In addition to conventional TC1 effectors, we also studied the homing
characteristics of the cells in each cluster. This analysis showed that most multifunctional
clusters also contain cells with high median expression of the gut-homing molecule integrin
a4b7, as well as inflammation-associated homing chemokine CXCR3 and, in the case of
clusters 2 and 9, the mucosal-homing chemokine CCR6 (Figure 3.5E). Finally, we also
explored the median expression of non-TC1 cytokines within our CD8+ CD69+ TEM and
found many clusters capable of producing some levels of IL-4 and IL-6. Of significance,
we observed that multifunctional cluster 9 contained nearly all of the IL-17A producing
cells, though cluster 3 was found, together with cluster 9, to produce the TC17-associated
cytokine IL-21 (Figure 3.5F). Although some IL-21 production was also observed in
cluster 14, it should be noted that this cluster contained very few CD3+ CD8+ TEM cells.
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Fig 3.5. tSNE Analysis of Activated CD8+ T Effector Memory Populations. A. tSNE maps of
pre- and post-Ty21a vaccinated 6-15-year-old, 16-17-year old, and adult participants. B.
Populations represented by bar graphs identifying the average number of cells per volunteer per
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cluster divided into age group and vaccination status. C-F. Functions of individual tSNE clusters,
divided into: C. median expression of Tc1 effectors MIP1β, CD107a, TNFα, IL-2, IFN𝛾, and
Granzyme B (GzmB), D. Winlist FCOM-analysis determined Tc1 mono- and multifunctional
cytokine expression, E. median expression of homing markers, and F. median expression of nonTc1 associated cytokines.

By grouping 16-17-year-old pediatric participants with adults, with whom their responses
best aligned, we re-analyzed clusters based on whether they are more populated (greater
than 50% difference in abundance) by 16-65 years-old (labeled adults) vs pediatric (6-15
years-old) cells, or if they are equally represented between the two (Figure S3.7A). We
then reordered the graphs to better visualize differences between the clusters more
populated by the two age groups (Figure S3.7 B - E). As we saw previously, clusters
dominated by adult cells tended to be more diverse and multifunctional, and exhibit more
robust expression of gut/inflammation homing molecules, than those that are equally
represented or more populated by cells from children.

We then performed supervised gating and FCOM analyses of the most multifunctional
clusters to explore the percentages of the multifunctional populations associated with
protection as described previously. Interestingly, cluster 2 seemed to be populated by many
of the more protective phenotypes with or without Granzyme B included in the analyses
(Figure S3.8 A + B), but cluster 9 is also representative of the Granzyme B-containing
populations (Figure S3.8B). In addition to TC1 effectors, non-TC1 effectors, and homing
markers, we also explored expression of follicular-associated molecules such as CXCR5,
activation molecules CD154 (CD40L) and ICOS, as well as the exhaustion/activation
marker PD-1. Interestingly, ICOS (which has been shown to be important for maintenance
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of TC17 in mice [100]) was present in many clusters (Figure S3.8C). Further, PD-1 was
present in the highly multifunctional cluster 9, and CXCR5 is seen in the low-abundance
multifunctional cluster 13. Finally, in addition to dividing by age, we also parsed activated
CD8+ TEM tSNE maps based on gender and HLA-E haplotype to determine the presence of
Ty21a associated relationships. Marked differences were observed in the dominance of
various clusters between males and females, whether pre- or post-vaccination (Figure
S3.8D). Of note, clusters 2, 3, 5, and 13 are more highly represented in males, whereas
cluster 8 is overrepresented in females, many of those from the vaccinated pool (Figure
S3.8 D+E). Marked differences were observed in the dominance of various clusters
between unmatched HLA-E*01:03 and both HLA-E*01:01 and heterozygous, whether
pre- or post-vaccination (Figure S3.8F). Unmatched HLA-E*01:03 participants showed a
low average number of cells in several clusters, particularly in the more multifunctional
clusters (Figure S3.8 F+G).

3.7 tSNE analysis of activated CD8+ TEMRA populations
Activated (CD69+) CD8+ TEMRA were analyzed using the same methods and clustering
markers as utilized for the TEM data above (Figure S3.6B) and generated 19 distinct
clusters. To ensure that the proportions of the various clusters were representative of the
various age and treatment groups, similar numbers of cells from each of the participants
and time points were included in the tSNE analyses shown in Fig. 3.6. The pre- and postvaccine tSNE maps of younger pediatric participants are rather sparse compared with the
older pediatric and adult maps, particularly within clusters 1, 2, 3, 5, and 7 (Figure 3.6A).
By looking at the average number of cells per volunteer per cluster in each age group,
divided among pre- and post-Ty21a vaccination, we clearly observed these differences, as
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well as the relatively large younger pediatric populations in clusters 6, 9, and 13 (Figure
3.6B). We then analyzed the median expression of conventional TC1 effectors in each
cluster. We observed that clusters 1, 5, and 15 represent the most diverse (Figure 3.6C),
and the most multifunctional, as determined by FCOM analyses of CD8+ CD69+ TEMRA
(Figure 3.6D). It is important to note, however, that cluster 15 has a very low average
number of cells per participant (Figure 3.6B). Exploration of the median expression of
homing molecules show that the more multifunctional clusters contain cells capable of
homing to the gut (integrin a4b7 expression) and sites of inflammation (CXCR3
expression) (Figure 3.6E). Further, while many clusters contain TEMRA capable of
producing IL-4 and/or IL-6, cluster 1 contains cells capable of producing IL-17A, which
previous reports have shown might play an important role in protection against S. Typhi
(Figure 3.6F) [16, 17, 29]. Interestingly, clusters that are more frequently observed in
younger participants (clusters 6, 9, and 13) show little-to-no median expression of TC1
effectors, gut-homing molecules, or non-TC1 cytokines (with the exception of cluster 9 and
TC17-associated IL-21). Of note, these populations generally decreased in abundance
following Ty21a vaccination (Figure 3.6A-F).
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Fig 3.6. tSNE Analysis of Activated CD8+ T Effector Memory RA Populations. A. tSNE maps
of pre- and post-Ty21a vaccinated 6-15-year old, 16-17-year old, and adult participants. B.
Populations represented by bar graphs identifying the average number of cells per volunteer per
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cluster divided into age group and vaccination status. C-F. Functions of individual tSNE clusters,
divided into: C. median expression of Tc1 effectors MIP1β, CD107a, TNFα, IL-2, IFN𝛾, and
Granzyme B (GzmB), D. Winlist FCOM-analysis determined Tc1 mono- and multifunctional
cytokine expression, E. median expression of homing markers, and F. median expression of nonTc1 associated cytokines.

As we discussed for TEM, we grouped the older pediatric participants with adults and
reanalyzed the TEMRA clusters based on whether they are more populated (greater than 50%
difference) by adult or pediatric cells, or if they are roughly equivalent (Figure S3.9A).
The analyses of the ten clusters with the higher numbers of cells was then organized based
on these differences to better visualize the effect of age on TEMRA functionality (Figure
S3.9 B - E). As we observed in Figure 3.6, as well as in the analysis of TEM, median
expression of CD8+ effectors, as well as multifunctionality, is very limited in clusters that
predominate in pediatric participants. This is in contrast to the robust, multifunctional guthoming TEMRA cells that make up clusters abundantly populated in adults (ages 16 to 65).

Similarly to the TEM analysis, we explored multifunctional populations which have been
associated with protection, and identified cluster 5 as containing the greatest percentage of
“protective phenotypes” with and without the addition of Granzyme B as one of the
parameters (Figure S3.10 A+B). Additionally, we explored non-TC1 effectors expression
of CXCR5, CD154 (CD40L), ICOS, and PD-1 among our CD8+ CD69+ TEMRA. ICOS was
less frequently observed among TEMRA than among TEM, but it was present in
multifunctional clusters 1 and 15 (Figure S3.10C). Exhaustion and activation marker PD1 is also abundant within cluster 1. Interestingly, cluster 10 contains nearly all of the
CXCR5 observed among the TEMRA, a very small cluster by number of cells, present mostly
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in older adolescents and adults, that also contain cells expressing MIP1-b, IL-4, and
abundant integrin a4b7 (Figures 3.6A-F, S3.10A). In the analyses of the TEMRA tSNE
maps divided by gender, we observed that females have fewer numbers of cells than males
in multifunctional clusters 2, 3 and 5 (Figure S3.10 D+E). Finally, we observed that
mismatched HLA-E*01:03 participants had a very low average number of cells for many
clusters, especially multifunctional clusters 1, 2, 3 and 5 (Figure S3.10 F+G).

A summary of the findings from Chapter 3 can be found in Figure 3.7.

Figure 3.7: HLA-E-restricted CD8+ responses
APC
721.221.AEH

S. Typhi Antigen

CD8+
T cell

HLA-E MR-1

T Cell Subtype

CD8+ T Cells

Children

Adults*

• ↓ Baseline activation (CD69+)

• ↑ Baseline activation (CD69+)

• Heterogeneous TEM post-Ty21a

• Heterogeneous TEM post-Ty21a

• ↓ TEMRA MIP1β, TNFα

• ↑ TEMRA MIP1β, TNFα

• Fewer cells in TEM and TEMRA tSNE clusters
dominated by gut/inflammation homing MF
populations

• More cells in TEM and TEMRA tSNE clusters
dominated by gut/inflammation homing MF
populations

* 16-17 year old T cell activation and functions are more adult-like
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Chapter 4: Diversity of Salmonella Typhi-Responsive CD4 and CD8 T cells
Before and After Ty21a Typhoid Vaccination in Children and Adults

4.1 S. Typhi-responsive CD8+ TEM in children and adults prior to Ty21a vaccination
Pre-Ty21a vaccinated (baseline) PBMC were co-cultured with wild-type S. Typhi strain
1820-infected participant-specific (autologous) B-lymphoblastoid cell lines (B-LCLs), and
then labeled with metal-conjugated monoclonal antibodies (Table 1.2) before being
analyzed by mass cytometry. Uninfected B-LCL co-cultures were used to subtract non-S.
Typhi-associated effector responses. We identified S. Typhi-associated baseline activated
CD8+ TEM (CD62L- CD45RA-) effector responses among most pediatric (6-17 years old; n
= 15) and adult (20-65 years old; n = 14) participants, with adults being more likely to
express IL-2, and trending towards greater baseline expression of CD107a and IFNg,
particularly when comparing them to children under 16 years old (Figure 4.1A). Indeed,
when exploring multifunctionality based on expression or production of MIP-1b, CD107a,
TNFa, IL-2, IL-17A, IFNg, and/or Granzyme B, adults show significantly higher
percentages of baseline tri- and greater-than tri-functional CD8+ TEM than children,
particularly when compared to younger pediatric participants (Figure 4.1B). Further, we
analyzed particular multifunctional populations that, when present at baseline, have been
shown in wt S. Typhi challenge studies to be associated with protection from, and/or
delayed onset of, the development of typhoid disease [16, 17]. While MIP-1b/ TNFa
double positive populations are higher in pediatric participants at baseline, more
multifunctional populations such as MIP-1b/CD107a/TNFa/IL-2/IFNg quintuple positive
cells trend to be higher in adults (Figure 4.1C). Further, when Granzyme B, which was not
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included in the panel used in the aforementioned challenge studies, is included in the
protection-associated

populations,

highly

multifunctional

MIP-

1b/CD107a/TNFa/IFNg/Granzyme B expressing TEM cells are significantly higher in adult
participants at baseline (Figure 4.1D). Differences among baseline activated CD8 TEM S.
Typhi-responsive effectors are not observed when dividing our participants parsed by sex
(male: n = 15; female: n = 14) (Figures S4.1 A-D).

Fig 4.1. Baseline CD8+ T Effector Memory Responses in Children and adults. Scatter plots
showing pre-Ty21a vaccination S. Typhi responsive activated (CD69+) CD8+ T effector memory
cell (CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα, IL-2, IL-17A,
IFN𝛾, and Granzyme B (GzmB); B. observed populations with mono-, bi-, tri-, and >3-functions,
as defined by production/expression of one or more of the seven effector functions; C. Defined
multifunctional populations shown in a previous S. Typhi challenge study to be associated with

59

protection from developing typhoid disease following wt challenge; and D. those same
multifunctional populations also including Granzyme B expression (not explored in the challenge
study). Bars represent medians with whiskers indicating interquartile ranges. Results are shown for
the following populations: 6-15 year-old pediatric (n=13), 16-17 year-old pediatric (n=2) and adult
(n=14) participants. Scatter plot statistics were analyzed by unpaired t-test. (* p<0.05; ** p<0.01;
***p<0.001). Significant differences between children 6-15 yrs are shown with blue numbers
(trends) or asterisks (significant). Significant differences between children 6-17 yrs are shown with
orange numbers (trends) or with asterisks (significant).

4.2 S. Typhi-responsive CD4+ TEM in children and adults prior to Ty21a vaccination
We also explored baseline S. Typhi-responsive activated CD4+ TEM among pediatric and
adult participants. As observed in CD8+ TEM, adults produce significantly more IL-2 than
children (Figure 4.2A). Interestingly, adults also produce significantly more IFNg than
children between 6-15 years old, but the significance is lost when the two 16-17-year-old
participants are included in the analysis (Figure 4.2A). Additionally, S. Typhi-responsive
baseline multifunctional CD4+ TEM are significantly higher in adults than in children,
particularly among younger pediatric participants (Figure 4.2B). Despite the fact that the
aforementioned protective populations [16, 17] were originally identified in CD8+ T cells,
we also studied whether these subsets of S. Typhi-responsive baseline multifunctional
effector responses in CD4+ TEM were differentially represented in children and adults.
Interestingly, the magnitude of these responses was lower than we previously showed in
CD8+ TEM, and very few differences were observed between pediatric and adult
participants (Figure 4.2C+D). Interestingly, when dividing our participant pool by sex,
females seem to show stronger baseline CD4+ TEM responses than their male counterparts.
This is particularly true with respect to expression of MIP-1b, and is also seen among
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observed mono- and bi-functional CD4+ TEM, as well as in two defined multifunctional
populations which for CD8+ cells were associated with protection (Figures S4.2 A-D).

Fig 4.2. Baseline CD4+ T Effector Memory Responses in Children and adults. Scatter plots
showing pre-Ty21a vaccination S. Typhi responsive activated (CD69+) CD4+ T effector memory
cell (CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα, IL-2, IL-17A,
IFN𝛾, and Granzyme B (GzmB); B. observed populations with mono-, bi-, tri-, and >3-functions,
as defined by production/expression of one or more of the seven effector functions; C. Defined
multifunctional populations shown in a previous S. Typhi challenge study to be associated with
protection from developing typhoid disease following wt challenge; and D. those same
multifunctional populations also including Granzyme B expression (not explored in the challenge
study). Bars represent medians with whiskers indicating interquartile ranges. Results are shown for
the following populations: 6-15 year-old pediatric (n=13), 16-17 year-old pediatric (n=2) and adult
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(n=14) participants. Scatter plot statistics were analyzed by unpaired t-test. (* p<0.05; ** p<0.01;
***p<0.001). Significant differences between children 6-15 yrs are shown with blue numbers
(trends) or asterisks (significant). Significant differences between children 6-17 yrs are shown with
orange numbers (trends) or with asterisks (significant).

4.3 Baseline correlation of CD107a and Granzyme B expressing TEM
Because Granzyme B and CD107a expression are two of the best characterized indicators
of CTL activity [101, 102], we then explored the correlation of degranulation-marker
CD107a and the cytotoxic secreted serine-protease Granzyme B among baseline
circulating activated CD8+ and CD4+ TEM cells among all participants. We observed that
Granzyme B and CD107a correlate strongly within CD8+ TEM (Figure 4.3A), but less
strongly among CD4+ TEM (Figure 4.3B) based on Pearson correlation coefficients with
two-tailed p-values. Interestingly, the correlation within the CD8+ TEM seems driven by
the pediatric and female participants, both of whom show strong correlations, to a greater
extent than adult and male participants, which do not reach significance (Figure S4.3AD). Among CD4+ TEM, only the pediatric group shows significant correlations between
Granzyme B and CD107a expression (Figure S4.3E-H).
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Fig 4.3. Baseline Activated T Effector Memory Cell Correlation of CD107a and Granzyme B.
Scatter plots showing correlation of pre-Ty21a vaccination S. Typhi responsive activated (CD69+)
CD8+ (A) and CD4+ (B) T effector memory cell (CD45RA-/CD62L-) production/expression of
CD107a and Granzyme B (GzmB) across all participants. Pearson correlation coefficients were
calculated for each analysis with two-tailed p-values.

4.4 S. Ty21a-induced CD8+ TEM effector responses in children and adults
In order to explore the effects of Ty21a vaccination on S. Typhi-responsive CD8+ TEM, we
compared pediatric and adult CTL effector responses at baseline to those 14-42 days
following vaccination. First, we explored overall activation as defined by CD69 expression
in pre- and post-Ty21a immunization CD8+ TEM. While there were no significant
differences in activation levels above baseline in children, CD8+ TEM exhibited
significantly increased levels of CD69 expression in adults following vaccination (Figure
4.4A). By setting a 0.1% cutoff as responders over baseline [103], we observed that around
60% of adults exhibited increases in S. Typhi-responsive CD69+ CD8+ TEM following
Ty21a immunization, compared to only 40% among pediatric participants (Figure 4.4B).
We next analyzed effector functions and multifunctionality within activated CD8+ TEM
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cells. Among the seven TC1/TC17 effector functions analyzed, only IL-2 expression in
adults showed a significant difference by paired t-test, decreasing following vaccination
(Figure 4.4C). Both tri- and greater-than-tri-functional effector responses exhibited trends
to show higher responses following vaccination, but neither reached a significant p-value
of less than 0.05 (Figure 4.4D). By defining differences from baseline as being either
above or below 0.1%, we show that greater-than-or-equal-to half of adult participants show
increases in MIP-1b, CD107a, TNFa, IFNg, and Granzyme B among circulating activated
CD8+ TEM, while pediatric participants tend to show decreases, particularly among TNFa
and Granzyme B (Table 4.3, Table S4.1).
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Fig 4.4 Pre- and Post-Ty21a CD8+ T Effector Memory Responses in children and adults.
Scatter plots showing pre- and post-Ty21a vaccination S. Typhi-responsive A. CD69 expression
within CD8+ T effector memory cells (CD45RA-/CD62L-); B. percent activated (CD69+)
responders over baseline based on a 0.1% cutoff; and production/expression within activated CD8+
TEM of: C. MIP1β, CD107a, TNFα, IL-2, IL-17A, IFN𝛾, and Granzyme B (GzmB); D. observed
mono-, bi-, tri-, and >3-functional populations, as defined by production/expression of one or more
of the seven effector molecules. Results are shown for the following populations: 6-15 year-old
pediatric (n=13), 16-17 year-old pediatric (n=2) and adult (n=14) participants. Statistics are nonparametric Wilcoxon matched-pairs signed rank paired t-tests between pre- and post-vaccinated
participants. * p<0.05

To further analyze CD8+ TEM effector responses-over-baseline we subtracted the responses
at baseline from those post-Ty21a vaccination. Through this analysis, we show that adult
TNFa responses are significantly higher, and the majority positive, compared to those
mostly below baseline responses seen in 6-15-year-old pediatric participants (Figure
4.5A). As a group, multifunctional responses-over-baseline do not show significant
differences between age groups, but adult greater-than-trifunctional effectors exhibited a
trend to show higher responses than pediatric participants, regardless of whether or not the
older children are included in unpaired t-tests (Figure 4.5B). Concerning the CD8+
populations that we had previously shown to be associated with protection [16, 17], MIP1b/TNFa double-positive (with or without Granzyme B production) were significantly
decreased with respect to baseline in younger pediatric participants than in adults, but that
significance was lost when 16-17-year-old children are included in the pediatric group
(Figure 4.5C+D).
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Fig 4.5. Response over Baseline CD8+ T Effector Memory Responses in Children and adults.
Scatter plots showing responses over baseline of S. Typhi responsive activated (CD69+) CD8+ T
effector memory cell (CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα,
IL-2, IL-17A, IFN𝛾, and Granzyme B (GzmB); B. observed populations with mono-, bi-, tri-, and
>3-functions, as defined by production/expression of one or more of the seven effector functions;
C. Defined multifunctional populations shown in a previous S. Typhi challenge study to be
associated with protection from developing typhoid disease following wt challenge; and D. those
same multifunctional populations also including Granzyme B expression (not explored in the
challenge study). Bars represent medians with whiskers indicating interquartile ranges. Results are
shown for the following populations: 6-15 year-old pediatric (n=13), 16-17 year-old pediatric (n=2)
and adult (n=14) participants. Scatter plot statistics were analyzed by unpaired t-test. (* p<0.05; **
p<0.01; ***p<0.001). Significant differences between children 6-15 yrs are shown with blue
numbers (trends) or asterisks (significant). Significant differences between children 6-17 yrs are
shown with orange numbers (trends) or with asterisks (significant).
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By dividing participants by sex instead of age, we observed that female participants showed
significant increases in TNFa and greater-than-trifunctional S. Typhi-responsive CD8+
TEM following Ty21a vaccination. Male participants, on the other hand, showed increases
in Granzyme B and bifunctional responses following vaccination (Figure S4.4 A+B). Of
note, by applying a 0.1% cutoff as above, we observed increases over baseline of MIP-1b,
CD107a, IFNg, and Granzyme B in more than 50% of male participants -adult and
pediatric- following vaccination. This is in contrast with the female vaccinees, who show
decreases in CD107a, IL-2, IL-17A, IFNg, and Granzyme B, but strong increases in TNFa
(Tables S4.1, S4.2). Despite these differences, responses-over-baseline analyses showed
few significant differences between male and female participants among individual
effectors or multifunctional populations (Figure S4.5 A+B). Females showed significantly
greater percentages of TNFa/MIP-1b double-positive and TNFa/MIP-1b/CD107a/IFNg
quadruple-positive CD8+ TEM responses, but these differences do not extend to Granzyme
B expressing populations (Figure S4.5 C+D).

4.5 S. Ty21a-induced CD4+ TEM effector responses in children and adults
We then analyzed the effects of Ty21a vaccination on S. Typhi-responsive CD4+ TEM, by
directly comparing pediatric and adult effector responses at baseline to responses 14-42
days after vaccination. When analyzing the levels of overall activation using CD69
expression, we observed that both adults and children exhibited significant increases in
CD69+ CD4 TEM following vaccination (Figure 4.6A). Further, using a cutoff of 0.1% to
define positive response over baseline, we observed that approximately 50% of Ty21a
recipients show increases in circulating S. Typhi-responsive CD69+ CD4+ TEM cells 1467

42 days post-vaccination (Figure 4.6B). Of the seven TH1/TH17 effector functions
analyzed, MIP-1b and CD107a expression in adults decreased compared to baseline levels
following vaccination (Figure 4.6C). Interestingly, pediatric bi- and greater-thantrifunctional CD4+ TEM responses significantly increased following vaccination, although
inclusion of the 16-17-year-old children eliminate the significance from the greater-thantrifunctional analysis (Figure 4.6D). In contrast to the observations in CD8+ TEM, a
majority of adult participants show decreases with respect to baseline in MIP-1b, CD107a,
IL-2, IL-17A, and Granzyme B production among circulating CD4+ TEM. Further, most
children also show decreases in MIP-1b and CD107a but show increases in IFNg and
Granzyme B (Table 4.3, Table S4.1). No significant CD4+ TEM response-over-baseline
differences were observed among individual or multifunctional effector responses (Figure
4.7).
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Fig 4.6. Pre- and Post-Ty21a CD4+ T Effector Memory Responses in children and adults.
Scatter plots showing pre- and post-Ty21a vaccination S. Typhi-responsive A. CD69 expression
within CD4+ T effector memory cells (CD45RA-/CD62L-); B. percent activated (CD69+)
responders over baseline based on a 0.1% cutoff; and production/expression within activated CD4+
TEM of C. MIP1β, CD107a, TNFα, IL-2, IL-17A, IFN𝛾, and Granzyme B (GzmB); D. observed
mono-, bi-, tri-, and >3-functional populations, as defined by production/expression of one or more
of the seven effector molecules. Results are shown for the following populations: 6-15 year-old
pediatric (n=13), 16-17 year-old pediatric (n=2) and adult (n=14) participants. Statistics are nonparametric Wilcoxon matched-pairs signed rank paired t-tests between pre- and post-vaccinated
participants. * p<0.05
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Fig 4.7. Response over Baseline CD4+ T Effector Memory Responses in Children and adults.
Scatter plots showing responses over baseline of S. Typhi responsive activated (CD69+) CD4+ T
effector memory cell (CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα,
IL-2, IL-17A, IFN𝛾, and Granzyme B (GzmB); B. observed populations with mono-, bi-, tri-, and
>3-functions, as defined by production/expression of one or more of the seven effector functions.
Bars represent medians with whiskers indicating interquartile ranges. Results are shown for the
following populations: 6-15 year-old pediatric (n=13), 16-17 year-old pediatric (n=2) and adult
(n=14) participants. Scatter plot statistics were analyzed by unpaired t-test. (* p<0.05; ** p<0.01;
***p<0.001). Significant differences between children 6-15 yrs are shown with blue numbers
(trends) or asterisks (significant). Significant differences between children 6-17 yrs are shown with
orange numbers (trends) or with asterisks (significant).

Female participants exhibited decreases in circulating CD107a, IL-17A, and Granzyme B
producing S. Typhi-responsive CD4+ TEM following Ty21a vaccination, whereas male
participants show increases in Granzyme B effector responses (Figure S4.6A). No
significant sex-associated differences were observed among mono- or multifunctional
effector responses following Ty21a vaccination (Figure S4.6B). Interestingly, applying
the 0.1% cutoff for positive increases/decreases with respect to baseline, most males have
increased production of Granzyme B, even among CD4+ TEM, and pediatric males also
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tend to show increased expression of IL-2, IL-17A, and IFNg. This is in contrast to female
participants, either pediatric or adults, who showed decreases in expression or production
of MIP-1b, CD107a, IL-17A, and Granzyme B (Tables S4.1, S4.2). As a group, sexassociated CD4+ TEM response-over-baseline data show no significant differences except
for the greater, more positive Granzyme B production in males than females (Figure S4.7).

4.6 tSNE analysis of S. Typhi-responsive CD8+ TEM
Pre- and post-Ty21a vaccinated S. Typhi-infected B-LCL co-cultured activated CD8+ TEM
cell data were exported and tSNE was run utilizing the Cytofkit package [87] available in
the R biocLite module. Thirty clusters were identified following visualization using the
ClusterX unbiased clustering method on the following markers: IL-4, CXCR5, a4b7, IL6, CCR4, MIP-1b, CD107a, TNFa, CD27, Ki67, IL-2, CXCR3, IL-17A, IFNg, IL-10,
CD154 (CD40L), Granzyme B, IL-21, ICOS, PD-1, and CCR6. Clusters of interest were
identified based on significant differences between percentage of cells per cluster among
pediatric and adult participants either pre (Figure 4.8A)- or post (Figure 4.8B)-vaccination
(unpaired t-test), as well as significant increases or decreases within age groups (paired ttest, Figure 4.8C). These significant clusters are shown on tSNE maps divided by adult
and pediatric, pre- and post-vaccination groups in order to better highlight the differences
between groups (Figure 4.8D). Median expression of Tc1 effectors within clusters of
interest identify clusters 3, 9, 12, 22, and 26 as containing CD8+ TEM producing a diverse
array of effector molecules (Figure 4.8E). Of note, a majority of the significant clusters
contain CXCR3-expressing cells, indicative of homing to sites of inflammation (Figure
4.8F). Among non-Tc1 associated interleukins, there was little expression in any of the
dominant clusters, but cluster 15 contained cells producing IL-21, and cluster 17 contained
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cells producing IL-4 and IL-10 (Figure 4.8G). Interestingly, the low-abundance cluster 17
is also the only cluster with cells expressing integrin a4b7 (a gut homing molecule) or
CXCR5 (present in circulating T follicular/helper cells) (Figure 4.8F) and is notable it
separation from the rest of the tSNE map (Figures 4.8D, S4.8B). Clusters containing cells
expressing CD27, which are not as terminally differentiated [94, 95, 104, 105], as expected
exhibit fewer effector functions, while the cluster high in median expression of
costimulatory marker CD154 (12) shows high levels of IL-2 and TNFa expression (Figure
4.8H). We used the FCOM function in Winlist to identify multifunctional clusters based
on Tc1 effectors (Figure 4.8I), and as expected they map closely to the more diverse
clusters seen in Figure 4.8E. Finally, we analyzed the significant clusters based on
multifunctional populations which we previously found associated with protection from
challenge [16, 17], both with and without Granzyme B. These, too, map closely to the
diverse clusters seen above, with cluster 3, 9, and 22 containing particularly robust
multifunctional populations (Figure 4.8J). Of note, clusters 3, 9, and 22 are all
significantly more abundant in our adult participants than in our pediatric participants,
though neither age group shows a significant change in cluster abundance following Ty21a
vaccination (Figure 4.8A-C). The complete data set for all CD8+ TEM clusters is shown in
Fig. S4.8.
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Fig 4.8. tSNE Analysis of Activated CD8+ T Effector Memory Populations. Percentage of cells
per significant clusters showing differences between pediatrics and adults divided among pre- (A)
and post- (B) Ty21a vaccinated pediatric (blue) and adult (black) participants. C. Percentage
change of cells per significant cluster as in A following vaccination among pediatric (blue) and
adult (black) participants. D. tSNE maps of significant clusters as in A-C. divided among pre- and
post-Ty21a vaccinated pediatric and adult participants. (E-J) Functions of individual significant
tSNE clusters, divided into: median expression of E. Tc1 effectors MIP1β, CD107a, TNFα, IL-2,
IFN𝛾, and Granzyme B (GzmB), F. homing molecules CCR6, CXCR3, CCR4, α4β7, and CXCR5,
G. interleukins IL-21, IL-10, IL-17A, IL-6, and IL-4, and H. activation/exhaustion/additional
molecules PD-1, ICOS, CD154, Ki67, and CD27. (I+J) Expression percentages of Winlist FCOManalysis determined I. Tc1 mono- and multifunctional cytokine expression and J. multifunctional
populations associated with protection from developing typhoid disease following S. Typhi
challenge studies. Statistics were analyzed by unpaired t-test (A, B) and non-parametric (C) paired
t-test. Shown are mean +/ SE error bars. *p < 0.05, **p < 0.01, ***p < 0.001.

4.7 tSNE analysis of S. Typhi-responsive CD4+ TEM
We next performed a similar tSNE analyses with identical parameters on isolated, pre- and
post-Ty21a vaccinated S. Typhi-infected B-LCL co-cultured activated CD4+ TEM with
ClusterX generating a total of 18 unique clusters. We again identified clusters of interest
based on significant differences between pre (Figure 4.9A)- and post (Figure 4.9B)vaccinated adult and pediatric participants with paired (Figure 4.9A+B) and unpaired
(Figure 4.9C) analyses and visualized the clusters on a divided set of tSNE maps (Figure
4.9D). Within CD4+ TEM, clusters 2, 4, and 16 contain cells with the most diverse array of
effector functions (Figure 4.9E). Clusters 2 and 4 show low median expression of the
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inflammation homing marker CXCR3, while clusters 16 and 18 are dominated by the
mucosa homing marker CCR6 (Figure 4.9F). Additionally, cluster 16 contains cells with
high median expression of IL-17A (Figure 4.9G). The more functional clusters contain
cells with high median expression of CD154, whereas CD27-high cluster 7 has very few
Th1 effectors (Figure 4.9H). Clusters 2, 4, and 16 are the most multifunctional as
determined by FCOM analysis (Figure 4.9I). Clusters 2, 4, and 16 are all significantly
higher in adult participants than in pediatric participants, both pre- and post-Ty21a
vaccination. However, vaccination does not significantly impact the cluster abundance of
any of these clusters as observed in the increases in cluster 7 among both children and
adults (Figure 4.9C). The complete data set for all CD4+ TEM clusters is shown in Fig.
S4.9.
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Fig 4.9. tSNE Analysis of Activated CD4+ T Effector Memory Populations. Percentage of cells
per significant clusters showing differences between pediatrics and adults divided among pre- (A)
and post- (B) Ty21a vaccinated pediatric (blue) and adult (black) participants. C. Percentage
change of cells per significant cluster as in A following vaccination among pediatric (blue) and
adult (black) participants. D. tSNE maps of significant clusters as in A-C. divided among pre- and
post-Ty21a vaccinated pediatric and adult participants. (E-I) Functions of individual significant
tSNE clusters, divided into: median expression of E. Tc1 effectors MIP1β, CD107a, TNFα, IL-2,
IFN𝛾, and Granzyme B (GzmB), F. homing molecules CCR6, CXCR3, CCR4, α4β7, and CXCR5,
G. interleukins IL-21, IL-10, IL-17A, IL-6, and IL-4, and H. activation/exhaustion/additional
molecules PD-1, ICOS, CD154, Ki67, and CD27. Expression percentages of Winlist FCOManalysis determined I. Tc1 mono- and multifunctional cytokine expression. Statistics were
analyzed by unpaired t-test (A, B) and non-parametric (C) paired t-test. Shown are mean +/ SE
error bars. *p < 0.05, **p < 0.01, ***p < 0.001.

4.8 tSNE analysis of S. Typhi-responsive CD8+ TEMRA
We next analyzed pre- and post-Ty21a vaccinated activated CD8+ TEMRA
(CD45RA+/CD62L-) with the same conditions and protocol as above. Of the 27 resulting
distinct clusters, 15 were significantly different based on unpaired pre- (Figure 4.10A) and
post- (Figure 4.10B) Ty21a and/or paired (Figure 4.10C) analysis. These differences are
shown as a percentage of cells per cluster (Figure 4.10A-C) and as tSNE maps divided by
age and vaccination state (Figure 4.10D). Clusters 5, 7, 11, and 18 represent the most
diverse clusters based on median expression of Tc1 effector functions (Figure 4.10E). As
with CD8+ TEM, inflammation-homing chemokine CXCR3 is the most commonly
expressed homing molecule, and cluster 10 shows high median expression of lymph-

77

homing chemokine CXCR5 (Figure 4.10F). Non Tc1-associated interleukins are present
in very low-abundance clusters 21 (IL-21), 23, and 26 (IL-6) (Figure 4.10G). Clusters 5,
7, and 11 are the most multifunction clusters based on FCOM analysis (Figure 4.10I) with
cluster 5 containing TNFa/IFNg double-positive cells we found in previous studies
associated with protection [16, 17] (Figure 4.10J). As with CD8+ and CD4+ TEM, the most
multifunctional cluster (5) is higher in adults than in children. Interestingly, multifunctional
cluster 7 increases significantly in adults, and trends towards significant increases in
children, following Ty21a vaccination (Figure 4.10C). The complete data set for all CD8+
TEMRA clusters is shown in Fig. S4.10.
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Fig 4.10. tSNE Analysis of Activated CD8+ T Effector Memory RA Populations. Percentage
of cells per significant clusters showing differences between pediatrics and adults divided among
pre- (A) and post- (B) Ty21a vaccinated pediatric (blue) and adult (black) participants. C.
Percentage change of cells per significant cluster as in A following vaccination among pediatric
(blue) and adult (black) participants. D. tSNE maps of significant clusters as in A-C. divided among
pre- and post-Ty21a vaccinated pediatric and adult participants. (E-J) Functions of individual
significant tSNE clusters, divided into: median expression of E. Tc1 effectors MIP1β, CD107a,
TNFα, IL-2, IFN𝛾, and Granzyme B (GzmB), F. homing molecules CCR6, CXCR3, CCR4, α4β7,
and

CXCR5,

G.

interleukins

IL-21,

IL-10,

IL-17A,

IL-6,

and

IL-4,

and

H.

activation/exhaustion/additional molecules PD-1, ICOS, CD154, Ki67, and CD27. (I+J)
Expression percentages of Winlist FCOM-analysis determined I. Tc1 mono- and multifunctional
cytokine expression and J. multifunctional populations associated with protection from developing
typhoid disease following S. Typhi challenge studies. Statistics were analyzed by unpaired t-test
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(A, B) and non-parametric (C) paired t-test. Shown are mean +/ SE error bars. *p < 0.05, **p <
0.01, ***p < 0.001.

4.9 tSNE analysis of S. Typhi-responsive CD4+ TEMRA
Utilizing the same tSNE protocol with activated CD4+ TEMRA results in 15 ClusterX
generated unique populations, five of which show significant differences. While cluster 8
is consistently more populated by adult cell cells than pediatric cells (Figure 4.11A+B), a
majority of the differences within this subset are paired decreases from pre-to post-Ty21a
vaccinated states among both pediatric and adult participants (Figure 4.11C). tSNE maps
that are parsed between age and vaccination states are shown to better visualize these
differences (Figure 4.11D). Cluster 8 is the most diverse cluster in terms of Th1 effector
functions, containing high median expression of IL-2 and TNFa (Figure 4.11E). The
CD4+ TEMRA have low expression of homing molecules throughout, with some
inflammation-homing CXCR3 in clusters 8 and 11 (Figure 4.11F). None of the clusters
show any non-Th1 interleukin expression (Figure 4.11G). CD154 is high in cluster 8, and
is also present in cluster 1, and CD27 is present at low levels in all but cluster 8 (Figure
4.11H). As expected, cluster 8 is the most multifunctional (Figure 4.11I). As seen in the
other tSNE analysis, the most multifunction cluster (8) is significantly higher in adults than
in the pediatric participants but does not change significantly in either group following
Ty21a vaccination (Figure 4.11A+B). Interestingly, abundant multifunctional cluster 1
increases in children following Ty21a vaccination, but not in adults (Figure 4.11C). The
complete data set for all CD4+ TEMRA clusters is shown in Fig. S4.11.
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Fig 4.11. tSNE Analysis of Activated CD4+ T Effector Memory RA Populations. Percentage
of cells per significant clusters showing differences between pediatrics and adults divided among
pre- (A) and post- (B) Ty21a vaccinated pediatric (blue) and adult (black) participants. C.
Percentage change of cells per significant cluster as in A following vaccination among pediatric
(blue) and adult (black) participants. D. tSNE maps of significant clusters as in A-C. divided among
pre- and post-Ty21a vaccinated pediatric and adult participants. (E-I) Functions of individual
significant tSNE clusters, divided into: median expression of E. Tc1 effectors MIP1β, CD107a,
TNFα, IL-2, IFN𝛾, and Granzyme B (GzmB), F. homing molecules CCR6, CXCR3, CCR4, α4β7,
and

CXCR5,

G.

interleukins

IL-21,

IL-10,

IL-17A,

IL-6,

and

IL-4,

and

H.

activation/exhaustion/additional molecules PD-1, ICOS, CD154, Ki67, and CD27. Expression
percentages of Winlist FCOM-analysis determined I. Tc1 mono- and multifunctional cytokine
expression. Statistics were analyzed by unpaired t-test (A, B) and non-parametric (C) paired t-test.
Shown are mean +/ SE error bars. *p < 0.05, **p < 0.01, ***p < 0.001.

A summary of the findings from Chapter 4 can be found in Figure 4.12.
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Figure 4.12: Autologous CD4+ and CD8+ responses
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dominated by inflammation homing MF
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Chapter 5: Diversity of Salmonella Typhi-Responsive Regulatory T-Cells
Before and After Ty21a Typhoid Vaccination in Children and Adults

5.1 Age-associated heterogeneity in baseline regulatory T cell phenotypes
Labeled unvaccinated (baseline) unstimulated PBMC with metal-conjugated mAbs (Table
1.3) before being analyzed with mass cytometry. Cells were gated to identify total, naïve,
effector, and terminal effector Treg populations based on their expression of FoxP3, CD25,
CD45RA, CD45RO, and HLA-DR as previously described [37]. The gating strategy for a
representative unstimulated pediatric participant is shown in Figure S5.1. We observed
no differences in the percentages of total Treg among CD4+ T cells between pediatric (617 years old; n = 14) and adult (27-65 years old; n = 11) participants (Figure 5.1A). Of
note, we and others have previously shown that the percentage of CD4+ T cells within the
periphery is higher in adults than in children [80-83, 99, 103]. Thus, while the percentages
of total Treg may not differ by age, the total numbers of circulating Treg is likely to be
higher in adults. Interestingly, children have a significantly higher percentage of circulating
naïve regulatory T cells than adults, while adults have significantly higher percentages of
terminal effector Treg (Figure 5.1B). Additionally, these differences within naïve and
terminal effector regulatory T cell percentages are significantly correlated with age (Figure
5.1C). There is no significant heterogeneity among pediatric and adult HLA-DR negative
effector Treg (Figure 5.1B+C). Together, this data characterized novel age-associated
differences in circulating Treg memory populations in healthy individuals.
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Fig 5.1. Age-associated heterogeneity in baseline regulatory T cell phenotypes. Scatter plots
showing baseline unstimulated percentages of A. Total Treg (FoxP3+ CD25+) within CD4+ T cells
and B. naïve (CD45RA+), effector (CD45RO+ HLA-DR-) and terminal effector (CD45RO+ HLADR+) Treg within total Treg. Scatter plot bars represent medians with whiskers indicate
interquartile ranges. C. Correlation analysis between percentages of baseline unstimulated Treg
memory subsets and age of participants. Results are shown for the following populations: 6-15
year-old pediatric (n=12, blue circles), 16-17 year-old pediatric (n=2, orange circles) and adult
(n=11, black squares) participants. Scatter plot statistics were analyzed by unpaired t-test, and
correlation analysis were run with two-tailed Pearson correlation coefficients. Significant
differences between children 6-15 yrs and adults are shown with blue asterisks. Significant
differences between children 6-17 yrs and adults are shown with orange asterisks. (* p<0.05; **
p<0.01)
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5.2 Baseline S. Typhi-responsive regulatory T cells
Next, we explored baseline S. Typhi-responsive regulatory T cell functions among
pediatric and adult participants. Gut-homing integrin-a4b7 expression by Treg have been
shown to be important for the development of typhoid disease in a wt S. Typhi challenge
model [29]. We observed low baseline expression levels and no age associated differences
in S. Typhi –responsive cells with respect to their expression of integrin-a4b7 (Figure
5.2A), CD39 (Figure 5.2B) or CD95 (Figure 5.2C). In contrast, we show that at baseline
nearly all participants have some level of S. Typhi-responsive CTLA-4-expressing Treg
over its expression in co-cultures with uninfected B-LCL. However, pediatric and adult
Treg, regardless of memory status, show no significant differences in their CTLA-4
baseline expression levels (Figure 5.2D).
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Fig 5.2. Age-associated differences in baseline regulatory T cell functions. Scatter plots
showing percentages of A. integrin α4β7, B. CD39, C. CD95 (FasR), and D. CTLA-4 among
baseline S. Typhi-responsive total, naïve, effector, and terminal effector Treg. Scatter plot bars
represent medians with whiskers indicating interquartile ranges. Results are shown for the
following populations: 6-15 year-old pediatric (n=12, blue circles), 16-17 year-old pediatric (n=2,
orange circles) and adult (n=11, black squares) participants. Scatter plot statistics were analyzed by
unpaired t-test.

5.3 Changes in S. Typhi-responsive regulatory T cell subsets following Ty21a
vaccination
We next explored whether Ty21a vaccination induced changes in circulating S. Typhiresponsive naïve, effector and terminal effector Treg populations. Although the % of total
Treg, as well as their various subsets, increased or decreased in individual volunteers, as a
group Treg did not significantly change in either pediatric or adult participants following
Ty21a vaccination (Figure 5.3A+B). Indeed, a near-equal proportion of participants show
increases and decreases among their percentages of memory Treg phenotypes (Figure
5.3A+B). This heterogeneity is likely to represent the dynamic, ongoing homing of T cells,
including regulatory T cells, into and out from circulation following vaccination which is
dependent on individual volunteers.
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Fig 5.3. Age-associated changes in regulatory T cell phenotypes following Ty21a vaccination.
Before-and-after scatter plots showing unstimulated pre- (closed symbols) and post-Ty21a (open
symbols) vaccination percentages of A. total Treg, and B. naïve (CD45RA+), effector (CD45RO+
HLA-DR-) and terminal effector (CD45RO+ HLA-DR+) Treg within total Treg. Results are shown
for the following populations: 6-15 year-old pediatric (n=12, blue circles), 16-17 year-old pediatric
(n=2, orange circles) and adult (n=11, black squares) participants. Scatter plot statistics were
analyzed by paired t-test.

5.4 Changes in S. Typhi-responsive regulatory T cell functional profiles following
Ty21a vaccination.
Next, we examined S. Typhi-responsive regulatory T cell functions following Ty21a
vaccination by subtracting 14-42-day expression of integrin-a4b7, CD39, CD95, and
CTLA-4 responses from those present at baseline. No changes were observed in the
expression of integrin-a4b7 among circulating Treg, nor were any significant differences
observed between age groups (Figure 5.4A). In contrast, adult Treg generally showed
increased CD39 expression, particularly among the effector Treg populations, whereas
pediatric Treg were more heterogenous (Figure 5.4B). CD95 expression following Ty21a
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vaccination generally increased in both pediatric and adult terminal effectors (albeit not
significantly), but the responses were more variable among naïve and pediatric effector
Treg populations (Figure 5.4C). CTLA-4 responses compared to baseline were variable in
adults, but generally showed decreases, albeit not significant, particularly in the naïve
population (Figure 5.4D); however, expression of CTLA-4 generally decreased in
pediatrics naïve and effector Treg populations.

p = 0.09

P
=
0.
0
9
*

Fig 5.4. Age-associated differences in regulatory T cell functional responses compared to
baseline. Scatter plots showing percentage responses as compared to baseline of A. integrin α4β7,
B. CD39, C. CD95 (FasR), and D. CTLA-4 among S. Typhi-responsive total, naïve, effector, and
terminal effector Treg. Scatter plot bars represent medians with whiskers indicating interquartile
ranges. Results are shown for the following populations: 6-15 year-old pediatric (n=12, blue
circles), 16-17 year-old pediatric (n=2, orange circles) and adult (n=12, black squares) participants.
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Scatter plot statistics were analyzed by unpaired t-tests of variance. A trend towards significant
differences between children 6-15 yrs and adults is shown with a blue number. A significant
difference between children 6-17 yrs and adults is shown with an orange asterisk. (* p<0.05)

5.5 tSNE analysis of S. Typhi-responsive regulatory T cells
As we have demonstrated in chapters 3 and 4. dimensionality reduction tools are invaluable
for the examination of larger and more complex biological datasets. Tools such as tSNE
allow for unbiased exploration and discovery within multi-parametric cytometry data [106,
107]. Thus, to further characterize Treg responses we performed tSNE analysis utilizing
the Cytofkit package [87] available in the R biocLite module on pre- and post-Ty21a
vaccinated S. Typhi-infected B-LCL co-cultured regulatory T cells from both children and
adults. Twenty-two clusters were identified following visualization using the ClusterX
unbiased clustering method on the following markers: CD45RA, CD45RO, HLA-DR,
integrin-a4b7, CCR4, CD39, CD95, and CTLA-4. Clusters of interest were identified
based on significant differences among pre- or post-Ty21a vaccinated pediatric and adult
participant percentages of cells per cluster (unpaired t-test). We also explored significant
increases or decreases within age groups following vaccination (paired t-test) but found
none (Figure 5.5A). tSNE maps showing the significant clusters are divided by adult and
pediatric, pre- and post-vaccination groups to best highlight the differences between groups
(Figure 5.5B). Of note, the adult participants preferentially clustered on the left of the map
(clusters 2, 9, and 11) while the pediatric participants more densely populated the clusters
on the right (4, 7, and 15). In order to determine the characteristics of these clusters showing
significant differences between pediatrics and adult participants, we determined the median
expression levels of memory, homing, and functional Treg markers. Among clusters 2, 9,
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and 11 (higher in adults), there was a high median expression of CD45RO, indicative of
effector Treg (Figure 5.5C). Clusters overrepresented in children (4, 7, and 15) were
conversely comprised of cells containing high median expression of naïve cell marker
CD45RA (Figure 5.5C). Interestingly, CCR4 (skin homing) expression dominated the
effector-like clusters which were more populated by adults, whereas integrin-a4b7 was
found in the naïve-like clusters that dominated significantly in pediatric participants
(Figure 5.5D). While all six clusters with significant differences showed CTLA-4
expression, all three adult-dominated clusters also had notable median expression levels of
CD95 and CD39, which was not the case in the pediatric-dominated clusters (Figure 5.5E).
Further, we utilized the FCOM feature in Winlist to analyze the multifunctionality of our
clusters of interest based on expression of integrin-a4b7, CCR4, CD39, CD95, and CTLA4. As expected, and despite the very low percentages of CCR4/integrin-a4b7 doublepositive cells, the three clusters more populated by adult participants had approximately
50% or greater simultaneously expressing three or four functions (Figure 5.5F). In
contrast, the predominant clusters in pediatric participants exhibited close to 60-70%
observed mono- and bi-functional Treg (Figure 5.5F). Together, these data suggest that
adult circulating S. Typhi-responsive Treg, present both at baseline and following Ty21a
vaccination are more mature, more functional, and less likely to home to the gut than the
naïve, less functional, gut-homing phenotypes more frequently found within pediatric
Treg. The complete data set for all Treg clusters is shown in Fig. S5.2.
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Fig 5.5. tSNE Analysis of Total Treg. A. Percentages of cells in clusters showing significant
differences parsed among pre- (closed bars) and post- (open bars) Ty21a vaccinated S. Typhiresponsive pediatric (blue) and adult (black) participants. B. tSNE maps of significant differences
among clusters parsed into pre- and post-Ty21a vaccinated pediatric and adult participants. (C-F)
Phenotypes and functionality of individual tSNE clusters with significant differences, parsed into:
median expression of Treg C. memory markers (CD45RA, CD45RO, HLA-DR), D. homing
molecules (integrin-α4β7, CCR4), and E. functional markers (CD39, CD95, CTLA-4), as well as
F. FCOM-calculated multifunctionality (based on expression of integrin-α4β7, CCR4, CD39,
CD95, and CTLA-4) divided by whether the clusters exhibit higher proportions of cells in adult or
pediatric participants. Statistics were analyzed by unpaired t-test (blue) and non-parametric paired
t-test (black and red). (*p < 0.05, **p < 0.01)
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A summary of the findings from Chapter 5 can be found in Figure 5.6.

Figure 5.6: Autologous regulatory CD4+ T cell responses
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Chapter 6- Age-Associated Heterogeneity within Unstimulated Circulating
T Follicular Helper Cells
6.1 Age-associated heterogeneity in circulating T follicular helper cell phenotypes
We labeled PBMC from children and adults with lanthanide metal-conjugated monoclonal
antibodies (Table 1.2) and analyzed the cells with mass cytometry. The overall gating
strategy is presented in Figure S6.1. CD4+ helper T cells were gated from total T cells
and, as we have shown previously [99], children between the ages of 6-15 years-old (n =
16) have lower percentages of helper T cells than adults (20-65 years old; n = 13) (Figure
6.1A). However, probably because of the relatively low number of volunteers, this
significant differences in percentages of helper T cells exhibited a trend (p=0.077) when
correlated with age (Figure 6.1B). Of note, previous studies with younger cohorts have
shown age-correlated increases in total circulating CD4+ T cell percentages [47-49, 82,
99]. Analyses of the percentages of total circulating TFH, as defined by CXCR5+ CD4+ T
cells, showed no significant differences between pediatric and adult participants, nor do
they show an age-associated correlation (Figure 6.1C + D). However, the percentages of
memory cTFH (CD45RA- cTFH) among total CD4+ T cells was significantly higher in
adults, and increased as a function of age (Figures 6.1E + F). In contrast, these associations
were not observed for naïve (CD45RA+) cTFH among total CD4+ T cells (Figure 6.1G +
H). However, among all CXCR5+ CD4+ cTFH, the ratios of cTFH memory to naïve cells
were significantly higher in adults than in children (approximately 60:40 in children, and
75:25 in adults, Figure 6.1I) and these ratios among total cTFH were found to significantly
correlate with age (Figure 6.1J).
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Fig 6.1. Age-associated heterogeneity in unstimulated cTFH phenotypes. Baseline unstimulated
percentages of A. Total CD3+ CD4+ T cells per age group and B. correlated with age; C. total cTFH
(CD4+ CXCR5+) per age group among CD4+ T cells, and D. correlated with age; E. CD45RAmemory cTFH per age group among total CD4+ T cells, and F. correlated with age; G. CD45RA+
naive cTFH per age group among total CD4+ T cells, and H. correlated with age; and I. memory
and naïve cTFH per age group among total cTFH cells, and J. correlated with age. Results are shown
for the following populations: 6-15 year-old pediatric (n=17, blue circles) and adult (n=13, black
squares) participants. Scatter plot statistics were analyzed by unpaired t-test, and correlation
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analysis were run with two-tailed Pearson correlation coefficients. (* p<0.05; ** p<0.01; ***
p<0.001)

6.2 Functional differences in circulating TFH in children and adults
Next, we characterized total, memory, and naïve cTFH subsets based on their expression of
ICOS, CD154, and PD-1. Among total cTFH, we observed that CD154 and PD-1 are
expressed at higher levels in adults than in children, but do not quite reach significance
(Figure 6.2A).

These differences in expression are not attributable to the memory

(CD45RA-) cTFH (Figure 6.2B), and instead are driven from within naïve (CD45RA+)
cTFH, wherein CD154 (CD40L) is significantly higher, and PD-1 expression approaches
significance, in adults than in children (Figure 6.2C).

Yrs 6-15 (n=17)
Yrs 20-65 (n=13)

Fig 6.2. Age-associated heterogeneity in unstimulated cTFH functions. Baseline unstimulated
percentages of ICOS, CD154, and PD-1 among: A. Total, B. memory, and C. naïve cTFH. Results
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are shown for the following populations: 6-15 year-old-pediatric (n=17, blue circles) and adult
(n=13, black squares) participants. Scatter plot statistics were analyzed by unpaired t-test. (*
p<0.05; ** p<0.01)

We next explored the relationship between the expression of cTFH effector molecules and
age. Stronger PD-1 expression was significantly correlated with increasing age among
total, memory, and naïve cTFH (Figure 6.3A-C). Interestingly, ICOS expression was
associated with increasing age only among naïve cTFH (Figure 6.3C).

Fig 6.3. Age-associated unstimulated cTFH functional correlations with age. Unstimulated ageassociated correlations of ICOS, CD154, and PD-1 among A. total, B. memory, and C. naive cTFH.
Results are shown for the following populations: 6-15 year-old pediatric (n=17, blue circles) and

97

adult (n=13, black squares) participants. Correlation analysis were run with two-tailed Pearson
correlation coefficients. (* p<0.05)

6.3 Age-associated differences among circulating cTFH T helper-like subsets and
homing potential
We then analyzed the various cTFH populations based on their expression of chemokine
receptors CXCR3 and CCR6. Within the total, memory, and naïve cTFH, adults had higher
percentages of CXCR3+ (CCR6-), or TH1-like cTFH (Figure 6.4A-C). The greatest
significant differences were observed among naïve cTFH, wherein percentages of CXCR3+
cells are nearly twice as high in adults as in children (Figure 6.4C). Expression of CCR6
(TH17-like cTFH) and the lack of expression of both CXCR3 and CCR6 (TH2-like cTFH)
show no age associated differences among total, memory, or naïve cTFH (Figure 6.4A-C).
Further, we observed that the expression of CXCR3 in total and naïve cTFH increases
significantly throughout life; this correlation was not observed among memory cTFH
(Figure 6.4D). Expression of CCR6, as well as lack of expression of both CXCR3 and
CCR6, did not show any significant correlations with age among total, naïve, or memory
cTFH cells.
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Fig 6.4. Age-associated heterogeneity in unstimulated cTFH T helper-like subsets. Baseline
unstimulated percentages of CXCR3+, CCR6+, and CXCR3- CCR6- cells among A. total, B.
memory, and C. naïve cTFH. D. Age-associated correlations with CXCR3 expression among total,
memory, and naïve cTFH. Results are shown for the following populations: 6-15-year-old pediatric
(n=17, blue circles) and adult (n=13, black squares) participants. Scatter plot statistics were
analyzed by unpaired t-test, and correlation analysis were run with two-tailed Pearson correlation
coefficients. (* p<0.05; ** p<0.01; *** p<0.001)

A summary of the findings from Chapter 6 can be found in Figure 6.5.
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Chapter 7- Discussion

Differences between the immune system of children and that of adults represents a critical
gap in knowledge in clinical and translational immunology. Previous efforts to characterize
age-associated similarities and differences within T cell populations have been limited by
difficulties in obtaining healthy pediatric samples, the relatively low volume of blood that
can be collected compared to adults, and the limited number of test parameters that could
be studied with previous technologies. T cell subset and memory population analyses are
among the limited data sets available in pediatric samples. Previous publications have
described age-dependent increases in the proportions of CD4+ helper T cells throughout
life [80, 81]. Further, a greater proportion of naïve T cells, and a lesser proportion of
effector memory T cells, has been widely observed in children within both the lymphatic
and circulatory systems [80-83]. Our studies confirm and expand these findings within
peripheral T cells among children and adults, even in a pediatric cohort that reaches into
the mid-teenage years.

Cell mediated immune responses in healthy pediatric populations are a critical, yet
underexplored, area of research, especially among school-aged children. SEB, a mediator
of non-menstrual TSS, stimulates a robust, non-clonally specific multifunctional T cell
immune response in adult PBMC. In Chapter 2, we analyzed SEB-stimulated PBMC to
better understand similarities and differences in the magnitude and functionality of
pediatric and adult T cell responses (Figure 2.8).
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T cell activation, as defined by CD69 expression, occurs following engagement of the T
cell receptor and a co-stimulatory molecule. Superantigens such as SEB can engage both
the TCR and CD28 homodimer as well as MHC class II molecules [74, 75], and are thus
capable of inducing robust T cell activation. In this study, we show net CD69 expression
of around 25% in both CD4+ and CD8+ adult peripheral T cells following SEBstimulation, consistent with previous reports on non-clonal specific peripheral T cell
activation [74-77]. Interestingly, we show T cell activation in response to SEB to be agedependent, with levels of net CD69 expression increasing to adult levels as children reach
their mid- to late-teenage years.

T cell effector functions are diverse, including functions such as cytoxicity against infected
targets, as well as recruitment, activation, and proliferation of many cell subsets [70, 7678]. Superantigens can cause a dangerous and overwhelming pro-inflammatory T cell
response that causes severe, sometimes fatal disease [77]. Our data show that individual
SEB-stimulated net CD8+ T effector memory responses are significantly higher in lateteens and adulthood than in younger pediatric participants. These age-related trends were
not as strong in CD4+ effector memory responses. Interestingly, increases in net
multifunctional T cell responses among both effector memory CD4+ and CD8+ cells were
significantly

correlated

with

age,

with

younger

volunteers

showing

lower

multifunctionality which increases through mid- to late- teenage years, before reaching
adult levels. The significant increase of multifunctional T cells and CD8+ effectors in
adults following SEB stimulation suggests a greater likelihood for the TSS-associated
cytokine storm among adults compared to children, although the mechanism for these
differences remains unclear.
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Studies have shown that sex is an important contributing factor to immune variation in both
children and adults [108], although the mechanisms behind these differences remain
underexplored. Our data show higher CD4+ effector memory inflammatory cytokines in
pediatric males, but few differences in CD8+ responses or CD4+/CD8+ T cell
multifunctionality, following SEB stimulation. There were no significant differences in
activation, defined by CD69 expression, between genders in any age strata. Adult genderassociated human CMI studies have shown higher total T cell percentages in males and
greater T cell activation (CD69+) in females following PHA-stimulation [109], as well as
stronger cytotoxic transcriptional T cell responses in women after PHA stimulation
followed by PMA-ionomycin re-stimulation [110]. Interestingly, our SEB-stimulated data
did not recapitulate these observations among our equivalent-sized adult cohort. This
heterogeneity among gender-associated T cell immune responses to various stimulation
conditions merits further investigation, especially among more canonical antigen
presentation models.

Dimensionality reduction tools are becoming more important in cytometric analysis, as the
number of observable parameters within an individual experiment continues to increase.
We have shown that CITRUS was able, without bias, to confirm and extend previously
observed differences in the proportion of highly multifunctional responses between
pediatric and adult participants. Further, we performed downstream analyses to evaluate
cell activation and proliferative states in highly multifunctional subsets uncovered in our
CITRUS analyses. These data confirmed previous results in adults showing that the
proportion of CD27- cells is higher in CD8+ TEMRA than in TEM [95]. Additionally, our
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results showed that SEB stimulation can induce strong proliferation among these cytotoxic,
more terminally differentiated adult CD8+ TEMRA, a population which is much less frequent
in children. Dimensionality reduction allows for a more thorough probing of multivariate
data, potentially uncovering trends that would otherwise be overlooked. CITRUS and/or
other such dimensionality reduction tools need to be included in future studies directed to
study multiple functions simultaneously.

Taken together, these unexpected findings support the notion that age, rather than gender,
strongly influence the magnitude and functionality of SEB-stimulated T cell responses.
Moreover, lower T cell activation in younger participants may intimate a possible
mechanism for lower TSS-associated mortality in children compared to adults [79], and
merits further investigation using clinical specimens from TSS patients. Finally, these data
suggest a critical need for in-depth comparisons of pediatric and adult T cell responses to
MHC-restricted antigens. Understanding the variation within canonical immune responses
in children and adults could play an important role in guiding the development of new,
effective, vaccines designed for children. This may be particularly important in a disease
such as typhoid fever, where school-aged children represent a significant proportion of the
disease burden.

The oral live-attenuated Ty21a S. Typhi vaccine protects against the development of
typhoid disease, at least in part, by inducing robust T cell responses. Challenge studies
with wild-type S. Typhi have shown that S. Typhi-antigen-responsive HLA-E-restricted
CD8+ T cells are associated with protection from, and/or delayed onset of, typhoid disease
[16, 17], and thus are likely important for effective vaccination. However, there is no
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information on the function and magnitude of these restricted CD8+ T cells within pediatric
Ty21a recipients. In Chapter 3, we compared pediatric and adult S. Typhi-antigenresponsive HLA-E-restricted CD8+ T cells, pre- and post- Ty21a vaccination, to better
understand the impact of age and gender on HLA-E restricted responses in immunity
elicited by Ty21a vaccination (Figure 3.7).

Our study confirms and extends previous observations by us and others that children have
a lower proportion of CD8+ TEM cells than adults, while the proportions of CD8+ TEMRA
show fewer age dependent traits [80-83, 99]. Interestingly, by dividing participants by sex
as well as age, we show that adult males have the greatest proportion of CD8+ TEM,
particularly compared to pediatric males and females. Further, we show that Ty21a
vaccination does not significantly impact the overall proportions of total T cells, CD8+ T
cells, CD8+ TEM, or CD8+ TEMRA, regardless of age, sex, or HLA-E haplotype.

In this study, we show that unstimulated cells from adults, particularly adult males, have
higher baseline percentages of CD69+ CD8+ T cells than children in the absence of in vitro
stimulation. These percentages do not change in Ty21a vaccinated individuals. Further,
when looking at CD8+ T cell activation over baseline following in vitro stimulation with a
S. Typhi-infected cell line expressing HLA-E in the absence of classical class Ia HLA
molecules, the global response to vaccination was observed in variable numbers of
individuals, and the responses were of varying magnitude, independent of age or sex. Both
HLA-E*01:01 and heterozygous participants showed baseline activation following S.
Typhi antigen presentation, possibly the result of previous exposure to HLA-E-restricted
activation of cross-reactive antigens. In contrast, HLA-E*01:03 participants had no
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positive CD69+ CD8+ T cell responses at baseline, likely due to their mismatch with the
HLA-E*01:01-homozygous B-LCL cell line used. However, nearly all Ty21a-vaccinated
HLA-E*01:03 participants showed positive activated CD8+ T cells after vaccination,
suggesting the S. Typhi-infected targets express antigens/peptides which can be presented
by both HLA-E*01:01 and HLA-E*01:03 molecules. Interestingly, a recent publication
showed distinct peptide repertoires between the HLA-E allelic variants [111], although
these studies did not explore the S. Typhi peptides shown in our lab to mediate at least
some of the S. Typhi-HLA-E-restricted responses [28]. Further studies will be needed to
fully understand these observations.

Previous work from our lab has shown that S. Typhi-responsive CMI, including HLA-Erestricted T CMI, might play an important role in protection from typhoid disease [16, 17,
27-29]. Further, multiple studies have shown that multifunctional T cell responses are
critical for protection against pathogens, including S. Typhi [16, 17, 71, 73, 112]. Thus,
we investigated how Ty21a vaccination influences CD8+ TEM and TEMRA responses to S.
Typhi-infected HLA-E restricted targets across age-groups, sex, and among HLA-E
mismatched recipients. Our data show that CD8+ TEM responses over baseline are variable
among all groups, with respect to individual effector molecules (e.g., IFN-γ, TNF-α) and
multifunctionality. However, in general, CD8+ TEMRA responses over baseline tend to be
stronger in adults than children, particularly in adult males. These data broaden our
understanding of how Ty21a vaccination influences T cell responses depending on the age
and sex of the individuals through a conserved means of antigen presentation. Importantly,
the variability among individuals suggested that conventional “supervised” analyses of
only a single or a handful of activation molecules at a time might not be sufficient to
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uncover the complex immune responses at play. Thus, we developed a 35+ parameter mass
cytometry panel to explore in depth the fine granularity of the HLA-E-restricted immune
responses elicited by Ty21a immunization. Because the T cell responses to HLA-E
restricted S. Typhi antigen presentation are of lower magnitude than those induced by SEB
stimulation, we chose not to analyze these data with CITRUS, which excels at identifying
distinct heterogeneity between samples. Instead, we utilized tSNE, another dimensionality
reduction tool more capable of distinguishing more subtle differences, to identify
multifunctional populations within activated (CD69+) CD8+ TEM and TEMRA subsets and
to extrapolate their pre- and post-Ty21a immunization relative abundance across age, sex,
and HLA-E haplotype.

These results showed that highly multifunctional, gut-homing clusters are more frequently
populated by cells from adults and older pediatric participants, regardless of vaccination
status. Further, we confirmed the observations utilizing conventional gating of TEMRA
responses; namely that these cells are less functional in circulation in younger children.
Finally, using downstream gating of both T memory subsets, we observed that the
phenotypes previously described to be associated with protection from the development of
typhoid disease are present in the most multifunctional clusters, particularly among those
most abundant in adult and older pediatric participants. Interestingly, many of the clusters
identified by tSNE seem to decrease in abundance following Ty21a vaccination. Previous
work from our laboratory has shown fluctuations in circulating effector T cells following
S. Typhi challenge or Ty21a immunization, likely due to homing and accumulation in the
gut followed by a rebound of S. Typhi-specific cells in circulation [16, 17, 29], but the
kinetics and magnitude of a potential homing to the gut in children was not previously
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explored. This is largely due to the cell number limitations related to the difficulty in
obtaining serial blood draws in this population. tSNE analysis allowed us to identify
differences among groups that would otherwise have been very difficult, if not impossible
to uncover. In fact, our results provide additional data in support of the contention that
dimensionality reduction tools will be ever more critical in future studies as high
multiparametric data becomes more extensive and commonplace.

Taken together, these data show that post-Ty21a S. Typhi-antigen-responsive HLA-Erestricted CD8+ TEMRA show the greatest differences between age groups, with adults and
older pediatric recipients exhibiting higher percentages of multifunctional cells as observed
by both conventional gating and tSNE analysis. These results suggest the possibility of a
decrease in efficacy among children vaccinated with Ty21a; however, the limited scope of
this antigen presentation system merits further investigation into canonical classical class
Ia MHC-restricted S. Typhi antigen presentation models among pediatric vaccinees.

Beyond our HLA-E restricted antigen studies, there is little information on the presence or
quality of S. Typhi-responsive CD8+ T cells in children [103]. Multifunctional CD4+ TEM
are increased following Ty21a vaccination [30, 113], but little is known about whether this
is the case in pediatric vaccine recipients, or whether circulating multifunctional CD4+
play a role in protection from the development of typhoid disease. In Chapter 4, we
compared pediatric and adult T cell responses to S. Typhi antigen presentation by selfMHC prior to, and 14-42 days following Ty21a vaccination (Figure 4.12). We show that
adults are more likely than children to have baseline S. Typhi-responsive circulating
peripheral multifunctional CD8+ and CD4+ TEM cells. This may be due, in part, to more
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previous encounters with Gram-negative gastrointestinal pathogens or normal
gastrointestinal microbiota that share similar antigens to those present in S. Typhi (e.g.,
flagellar proteins, outer-membrane proteins, chaperonins) [114-116]. Taken together with
previous data showing that children have lower proportions of total CD4+ T cells and
CD8+ TEM than adults, even into adolescence, the present data identifies additional
important differences in age-associated baseline responsiveness to S. Typhi antigens which
might impact the effectiveness of oral vaccination in children.

Interestingly, these differences are harder to identify following Ty21a vaccination. We
have not observed major differences between pre- and post-vaccine effector responses in
S. Typhi-responsive CD4+ and CD8+ TEM between adult and pediatric participants. This
is largely due to the heterogeneity of the responses, showing both increased and decreased
responses with regard to baseline. This is likely the result of Ty21a immunization resulting
in T cell homing of S. Typhi–responsive cells into and out of circulation. We observed that
approximately 50-70% of our participants show positive CD8+ T cells effector responses
28-42 days post-vaccination. This observation is supported by several previous
publications from our group in Ty21a immunized adult volunteers, which also
demonstrated a decrease 1-6 weeks after challenge with wt S. Typhi and vaccination below
baseline levels in some participants which typically rebounds 6-12 weeks after
vaccination/challenge [16-18, 24, 27, 29, 36]. Of note, S. Typhi-responsive cells with
particular characteristics (e.g., expression of CD107a, IFN-g production) appear to remain
in circulation for variable periods of time, as evidenced by either decreasing or increasing
over baseline at the time of blood collection. This important observation should be further
explored in future studies. By setting response-thresholds, we show that CD8+ TEM seem
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to remain in circulation following Ty21a vaccination longer than CD4+ TEM, particularly
among adult participants. To look at this phenomenon in further detail, we divided the
pediatric participants into those with time points collected 14-27 days post-vaccination
(n=3) versus 28-42 days post-vaccination (n = 12). No differences were seen among these
pediatric subgroups, although the numbers of children in the 14-27-day group were limited.
Taken together, these observations highlight the age-associated variability in circulating T
cells following vaccination as an important parameter to explore in upcoming studies.

We believe that exploring sex-associated differences among our participants is vital to
ensuring a more complete understanding of how heterogeneity may impact immune
response to Ty21a vaccination [108, 109, 117]. Our baseline analysis showed few
differences between CD8+ or CD4+ TEM effector responses or multifunctionality based on
sex. Further, responses-over-baseline were similar between male and female participants,
with the main difference being that male CD8+ and CD4+ TEM showed a general propensity
towards increased Granzyme B production following Ty21a vaccination. Of note, both
pediatric and adult female CD8+ and CD4+ TEM responses tend to decrease following
vaccination, whereas male CD8+ TEM responses (and pediatric male CD4+ TEM responses)
tend to increase following vaccination. This potential Ty21a-induced sex- and ageassociated differential migration of functional T cells merits further investigation in future
studies.

The variability of responses among participants, along with the breadth of coverage offered
by our mass cytometry panel, necessitated analyses beyond conventional supervised gating
of a few functional or phenotypic markers at a time. To address this need, we utilized the
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unsupervised tSNE dimensionality reduction tool as described above to best identify
clusters of cells sharing phenotypes, homing potential, and functionality, and to assess
differences between pediatric and adult pre- and post-Ty21a vaccinated participants. We
performed tSNE on isolated CD8+ and CD4+ TEM and TEMRA and divided each cluster in
order to determine whether they significantly increased or decreased following Ty21a
vaccination and/or whether they were significantly different between age groups. Among
the four cell types analyzed with tSNE (CD4+ and CD8+, TEM and TEMRA), it was
remarkable that the most multifunctional clusters were significantly and consistently higher
among adults than pediatric participants. These age-associated differences in
multifunctional T cell responses are consistent with our previous findings in mitogenstimulated and HLA-E restricted S. Typhi antigen presentation models [99, 103].
Interestingly, as observed with conventional gating analyses, none of these multifunctional
populations changed significantly from baseline following Ty21a vaccination.

This

observation is almost certainly due to the fact that all data, including decreases and
increases over baseline, were included in the calculations, as well as the wide range of
responses typically observed in different individuals, leading to a wide dispersion in the
responses leading to a lack of statistically significant differences pre- and post-vaccination
in these data. Of note, many of the clusters identified based on phenotypic markers (CD8+
and CD4+ TEM and TEMRA clusters) showed no cytokine production, suggesting that these
cells produced cytokines/chemokines not included in the mass cytometry panel. This
should be further explored in future studies by expanding mass cytometry panels and using
transcriptomics to assess concomitantly the expression of large numbers of genes.
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Regarding homing, in nearly all of the analyses, but particularly among the CD8+ TEM and
TEMRA clusters showing significant differences among adults and children, the
inflammation-homing molecule CXCR3 was the dominant chemokine receptor, with few
clusters expressing the gut-homing molecule integrin-a4b7. This is likely due to the use of
median expression to represent the data, which is typically used to best evidence unique
features of each tSNE cluster. However, when looking at these data shown as mean
expression of integrin-a4b7 in CD8+ TEM, for example, virtually all of the clusters express
at least some levels of this gut homing molecule, which in aggregate likely accounts for
the 20-25% our group has previously reported among S. Typhi responsive CD8+ TEM [16,
17, 24, 29, 113]. This is in contrast, however, with HLA-E restricted CD8+ TEM and TEMRA
tSNE analyses in a previous study which showed integrin-a4b7 as the dominant homing
molecule [103]. Further, while the decrease of these clusters following vaccination
suggests homing out of circulation, they are likely to express homing molecules not
included in the mass cytometry panel evaluated in this report, and therefore, their homing
potential remains unclear at this time. Several of the clusters that were found to increase
significantly in circulation following Ty21a vaccination tended to generally be less
terminally differentiated, as evidenced by higher median CD27 expression, particularly in
CD4 TEM [42, 93, 94]. Interestingly, we observed that few S. Typhi-responsive cells
expressed Ki67, suggesting that these cells in circulation were not proliferating [118]. Also
of note, many clusters, particularly of CD4+ TEM and TEMRA showed expression of CD154,
a marker closely associated with activation [119, 120].

Taken together, conventional and tSNE analyses identified adults as more likely to contain
highly multifunctional CD8+ and CD4+ effector T cells to S. Typhi-infected autologous
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B-LCL at baseline. These results are concordant with the results we previously reported in
Chapter 2 following stimulation of PBMC from both children and adults with SEB [99]
and in Chapter 3 with S. Typhi–infected 721.221 AEH cell line, which expresses HLA-E
molecules in the absence of class I MHC molecules [103]. In both children and adults, we
observed that Ty21a induced similar magnitudes of S. Typhi–responsive circulating CD8+
multifunctional T cell subsets which we have previously reported to be associated with
protection in individuals challenged with wt S. Typhi [16, 17]. Of note, we observed a
limited number of increases or decreases as a group in some of these subsets, likely the
result, as discussed above, of cells homing in and out of blood.

In sum, the data presented in this thesis represent an important milestone in our
understanding of CD4+ and CD8+ CMI responses elicited by oral immunization with the
typhoid Ty21a vaccine. These studies uncovered not only the complexity of the responses
to S. Typhi immunization, but also identified similarities and differences between children
and adults. These observations could prove critically important in the development of
novel, improved oral live-attenuated vaccines targeting vulnerable pediatric populations.
However, pro-inflammatory T cells are not the only T cell subset that may be induced
following Ty21a vaccination.

Regulatory T cell memory is as important a feature of adaptive T cell immunity, as is
effector T cell memory. However, while many groups have shown [47, 48, 81, 83, 121] we
have confirmed, that total Treg percentages are maintained throughout life, little work has
been done to explore age-associated differences in Treg memory phenotypes. Previous
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work has shown that percentages of naïve CD4+ T cells are higher in children than in
adults, and that the reverse is true for CD4+ effectors [80, 81, 99, 122, 123]. In Chapter 5,
we show that among unstimulated circulating FoxP3+ CD25+ total Treg, naïve Treg
decrease, and terminal effector Treg increase in the periphery as a function of age through
adolescence and into adulthood (Figure 5.6). This finding suggests that adult circulating
Treg are more mature and suppressive than those found even during the teenage years
[121]. Ty21a vaccination did not lead to significant changes in either total circulating Treg
or memory Treg population percentages among either pediatric or adult recipients 14-42
days following vaccination. Indeed, the observed heterogeneity among all recipients and
Treg populations, with decreases in some individuals and increases in others with respect
to baseline, may represent the dynamics of T cell homing into and out from circulation
following Ty21a vaccination, which we’ve previously observed in effector T cell subsets
[99, 103].

Homeostasis between regulatory and effector T cells is critical for a host to successfully
fight infection while limiting the pathologies associated with excessive inflammation. In
this study, we explored the presence of S. Typhi-responsive Treg functions and homing
potential in children and adults before and after Ty21a vaccination. Previous work has
shown that baseline S. Typhi-responsive circulating Treg expressing the gut homing
molecule integrin-a4b7 are associated with development of typhoid disease in a wt S.
Typhi challenge model [36]. Conventional gating did not show age-associated differences
regarding integrin-a4b7 expression in total or memory Treg subsets before or after Ty21a
vaccination. Indeed, conventional gating of functional Treg markers CD39, CD95, and
CTLA-4 all showed great heterogeneity among children and adults at baseline and 14-42
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days post-vaccination. Interestingly, utilization of unbiased clustering algorithms in tSNE
identified significant populations of cells that were differentially populated based on age.
Clusters

dominated

by

adult

cells

were

generally

less

naïve,

more

functional/multifunctional, and characterized by expression of CCR4, a skin homing
molecule [124-126]. Conversely, clusters more populated in pediatric participants were
more naïve, less functional, and preferentially expressed the gut homing integrin-a4b7.
These analyses also showed that Ty21a vaccination did not significantly affect the
percentage of any cluster, suggesting that Ty21a does not greatly impact S. Typhi
responsive regulatory T cells.

In summary, we have identified age-associated differences in circulating regulatory T cell
subsets among healthy children and adults that may inform susceptibility to typhoid
disease. Namely, pediatric S. Typhi-responsive Treg, while less mature, are more likely to
express integrin-a4b7, previously shown to be associated with increased susceptibility to
typhoid disease. Of note, even these more naïve Treg showed similar median expression
levels of CTLA-4 when compared to the more functional/multifunctional adult Treg.
Further, we observed an age-associated decrease in circulating naïve Treg percentages.
Together with field trials showing Ty21a efficacy improving as a function of age
throughout childhood, these findings represent a possible explanation for this phenomenon,
although this hypothesis requires further investigation. Importantly, Ty21a did not
significantly impact circulating Treg populations or function, suggesting that age-intrinsic
features rather than vaccine responsiveness play a dominant role. Further investigation into
S. Typhi-responsive Treg, particularly in children, may provide important information to

115

aid in the development of improved vaccines against typhoid fever, as well as other enteric
infections.

Characterizing the differences between healthy pediatric and adult circulating cTFH
represents an important, underexplored area of research. TFH represent a critical bridge
between T- and B- cell immunity, and are thereby vital for effective vaccine design, and
blood is a much more accessible immune compartment than secondary lymphoid organs.
Unfortunately, cTFH leave circulation after immunization earlier than other T cell subsets
[127], so we were unable to explore Ty21a-induced S. Typhi-responsive cTFH. However,
in Chapter 6, we utilized our broad phenotypic and functional panel on the unstimulated
samples available from children and adults to characterize the similarities and differences
between pediatric and adult cTFH and how they change with increasing age (Figure 6.6).

Previous studies have shown age-dependent increases of CD4+ T cells among total CD3+
T cells [47-49, 99, 128]. Here we confirmed previous observations that children have lower
percentages of helper T cells than adults, but found no age-associated difference in total
cTFH. We also confirmed and expanded data showing an age-associated increase in
memory cTFH among total T cells [50], and provided novel information of a significant
association of the percentages among total cTFH with increasing age.

TFH functional markers are critical for B cell help and maturation, and some TFH are capable
of producing TH1-associated molecules [51, 52, 62, 66]. In our studies we showed that
among total, memory, and naïve cTFH, adults are generally more functional, and produce
more IL-21 than children. Interestingly, in Chapter 2 we have shown the same age-
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associated relationship with IL-21 production in cTFH following Staphylococcal
enterotoxin B stimulation [99]. In HLA-E restricted data (Chapter 3), the follicular
homing molecule CXCR5, a phenotypic marker used to identify cTFH, was present in very
few clusters despite recent studies identifying CXCR5+ CD8+ T cells to be of interest in
other intracellular infections [129]. This may be due to the previously observed early 3-7day peak seen in the appearance of cTFH in circulation following exposure to infectious
organisms or vaccination [36], whilst in our studies PBMC were collected 14-42 days after
Ty21a immunization. Alternatively, or in addition, CD8+ TFH might be less responsive to
bacterial pathogens -even intracellular pathogens such as S. Typhi. Future investigations
will be required to address these possibilities. Our data in Chapter 6 show that increased
PD-1 expression correlates with aging, a finding that likely represents an accumulation of
more mature cTFH in peripheral blood, and perhaps lymph nodes and other secondary
lymphoid tissues, in adults. Interestingly, we show increased levels of TH1-like CXCR3+
cTFH in adults, particularly among the naïve populations. In contrast, neither the cTFH17
nor the cTFH2 subsets showed age-associated differences. In fact, higher levels of TH1-like
cTFH have been shown in adults to contribute to the generation of high-avidity antiviral
antibodies following influenza vaccination [130-132], so the increased population of cTFH1
in adults may be due to more frequent exposure to viral antigen throughout life than
children.

Together, these findings identify key age-associated differences within cTFH, particularly
of the various subsets comprised within this important cell type. These data highlight
phenotypic differences between pediatric and adult cTFH. Moreover, although they offer
important clues regarding their functional heterogeneity, it remains to be determined how
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these differences may impact B cell maturation and antibody responses. Understanding
age-associated variation within the cTFH response to antigen, and how these responses
impact B cell immunity, could prove critical to guiding effective vaccine design for
children.

A summary of the findings from this thesis can be found in Figure 7.1.

Figure 7.1: Thesis Summary

Due to limitations obtaining pediatric samples, we are unable to observe important
timepoints immediately following Ty21a vaccination in children. However, given the
consistent observation across multiple stimulation conditions that children are less likely
to generate multifunctional T cell responses than adults, and that defined multifunctional
responses has been shown to be associated with are protection against typhoid fever, we
118

have uncovered a key feature that may explain lower vaccine efficacy in younger children
during Ty21a field trials. Further, although S. Typhi causes systemic disease, it’s
interaction with gut-associated immune cells is a vital area of study that remains elusive
among children. Members of our group are exploring the immune responses to Ty21a
vaccination in the local microenvironment of the terminal ileum in adults. Observations
from these studies might shed light into the local immune responses in children. Related
to the route of infection of S. Typhi, much work has been done showing the importance of
a diverse, functional intestinal microbiota on the development of a healthy immune system.
We had hoped to explore, in collaboration with Claire Fraser, relationships between
functional characteristics of the gut microbiota, the impact (or lack thereof) of Ty21a
vaccination on those functions, and S. Typhi-responsive T cells within our pediatric cohort.
Unfortunately, due to technical limitations, transcriptomics studies of the human
microbiota could not be performed in stool samples from our pediatric cohort. Stools are
being collected from children and adults using an improved protocol which we hope will
enable us to pursue these studies in the near future.

This research has uncovered many interesting questions for future exploration. Among
them, the analysis of later timepoints of post-Ty21a pediatric vaccinees. This study will
help to identify whether there are any age-associated differences relating to the duration of
the immunity elicited by immunization and the dynamics of migration in and out of the
blood to mucosal and other secondary lymphoid tissues. Also, while we were very
fortunate to be able to address regulatory T cell responses despite our very low number of
cells, it would prove interesting to see, wherever cell numbers allow it, whether the
observed differences between pediatric and adult Treg functional molecules translates to
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heterogeneity in regulatory characteristics, and could be addressed through carefully
designed Treg depletion studies. Finally, while mass cytometry allows for simultaneous
analysis of dozens of expressed cellular features, and was invaluable for the study of such
rare sets of samples, single cell transcriptomic analysis could allow us to ask whether the
conserved differences between pediatric and adult multifunctional T memory cell
responses are a transcriptionally regulated phenomenon. Understanding the mechanisms
behind age-associated multifunctional T cell heterogeneity could prove critical to the
design of future vaccines and therapeutics targeted to the vulnerable pediatric population.
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Supplemental Figures:

Fig S2.1. PBMC Early Gating and Debarcoding Strategy. Following concatenation and
normalization, data is uploaded to Premium Cytobank. First, calibration beads are gated out,
followed by cell event identification based on cell length and DNA content. Singlets are defined
by comparing the two stable metal isotopes of DNA intercalating iridium and live cells are gated
based on the absence of cisplatin incorporation. Cells are then de-barcoded based on their labeling
with one of two anti-CD45 stable metal isotopes (154Sm- Pediatric or 156Gd- Adult). The separate
populations are split in Premium Cytobank, and are exported for further analysis.
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Fig S2.2. Memory T cell subsets by age. Line graphs represent linear regression with 95%
confidence intervals among A) CD4+ and B) CD8+ T cell memory populations within participants
between the ages of 6- and 65-years old. Statistics were analyzed by Spearman r correlation (* p <
0.05; ** p < 0.01; *** p < 0.001)
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Fig S2.3. CD4+ and CD8+ T Effector Memory Responses by Gender. (A + C) Scatter plots
showing the net percentages of CD4+ TEM producing MIP1β, CD107a, TNFα, IL-2, IL-17A, IFN𝛾,
and Granzyme B (GzmB) following SEB stimulation. (B + D) Scatter plots showing the net
percentages of CD4+ TEM functional state, with 1F representing mono-functional responses, 2F
representing bi-functional responses, etc. (E + G) Scatter plots showing the net percentages of
CD8+ TEM producing MIP1β, CD107a, TNFα, IL-2, IL-17A, IFN𝛾, and Granzyme B (GzmB)
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following SEB stimulation. (F + H) Scatter plots showing the net percentages of CD8+ TEM
functional state, with 1F representing mono-functional responses, 2F representing bi-functional
responses, and so on. Populations split between (A, B, E, + F) 13-17 year-old males (n=10) and
13-17 year-old females (n=9), and (C, D, G, + H) 36-65 year-old males (n=7) and 20-44 year-old
females (n=7). Scatter plot statistics were analyzed by unpaired t-test (* p < 0.05; ** p < 0.01).

Fig S2.4. Circulating T Follicular Helper (cTFH) Cell Responseby Gender. (A + C) Scatter plots
showing the percentages of CD4+CXCR5+CD27+CD45RA- effector cTFH under both unstimulated
(media) and SEB stimulation. (B + D) Scatter plots showing the net percentages of CD69+ effector
cTFH producing CD154 (CD40L), TNFα, IL-2, ICOS, and IL-21. Populations split between (A +
B) 13-17 year-old males (n=10) and 13-17 year-old females (n=9), and (C + D) 36-65 year-old
males (n=7) and 20-44 year-old females (n=7). Scatter plot statistics were analyzed by unpaired ttest (ns).
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Fig S2.5. CITRUS Trees Colored by Channel. CITRUS trees showing heat maps for each of
the seven analyzed effector molecules among isolated A) TEM and B) TEMRA CD8+ memory
populations. The clusters are nested, and each parent node has one or two children. The most
multifunctional, significant parent node (A) 7848, B) 9773) is analyzed to avoid analysis of
redundant events. The numbering of the clusters is arbitrary.
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Fig S2.6. Ki67 and CD27 Correlations Between Age Groups. Line graphs represent linear
regression with 95% confidence intervals among total SEB stimulated pediatric (A + C) and adult
(B + D) TEM (A + B) and TEMRA (C + D) correlations between Ki67 expression and CD27
expression. Line graph statistics were analyzed by Pearson correlation coefficients (* p < 0.05).
Note: Adult data (B + D) do not include a Ki67 high expressing outlier-- B) 2.88 SD above the
mean, 10.74 SEM above the mean; D) 2.07 SD above the mean, 7.82 SEM above the mean. When
this outlier is included, the correlation and regression statistics are as follows: B) r = -0.16, p =
0.59, sloper = -1.19; D) r = 0.19, p = 0.52, slope = 1.57
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Supplemental Fig 3.1. Change in CD8 T cell Populations Following Ty21a Vaccination.
Scatter plots showing the percentages of A. pre- and post-vaccination CD3+ T cells, B. total T cells,
C. CD8+ TEM (CD45RA-CD62L-), and D. CD8+ TEMRA (CD45RA+ CD62L-) populations among
male pediatric (ages 6-17; n=10), female pediatric (ages 11-17; n=8), male adult (n=7), and female
adult (n=6) participants (media). Scatter plots showing the percentages of E. CD8+ TEM (CD45RACD62L-), and F. CD8+ TEMRA (CD45RA+ CD62L-) populations among HLA-E*01:01 (n=10),
HLA-E*01:03 (n=6), and HLA-E*01:01/03 heterozygotes (n=12) (media). Bars represent medians
with whiskers indicating interquartile ranges. Statistics were analyzed by unpaired t-test. (* p<0.05;
** p<0.01)
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Supplemental Fig 3.2. Changes in Activated CD8 T cell Populations Following Ty21a
Vaccination. A and D. Scatter plot showing the percentages of CD69+ CD8+ T cells among preand post-Ty21a unstimulated PBMC. Bars represent medians with whiskers indicating interquartile
ranges. B and E. Connected dot plot showing each participants’ pre- and post-Ty21a CD8+ CD69+
expression levels following co-culture with S. Typhi-infected HLA-E restricted antigen presenting
target cells. C and F. Bars representing the proportion of CD8+ CD69+ responders over baseline
levels (cutoff of 0.1%) following co-culture with S. Typhi- infected HLA-E restricted antigen
presenting target cells. Data divided among (A-C) male pediatric (ages 6-17; n=10), female
pediatric (ages 11-17; n=8), male adult (n=7), and female adult (n=6) participants; as well as (DF) HLA-E*01:01 (n=10), HLA-E*01:03 (n=6), and HLA-E heterozygous (n=12) participants.
Statistics were analyzed by paired t-test (in red) or unpaired t-test (in black). (* p<0.05; ***
p<0.001)
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Supplemental Fig 3.3. CD8+ T Effector Memory Response. Scatter plots showing A+D. the
increases over baseline percentages of CD8+ TEM producing MIP1β, CD107a, TNFα, IL-2, IL-17A,
IFN𝛾, and Granzyme B (GzmB); B+E. CD8+ TEM observed mono-, bi-, tri-, and >3-functional
populations, and; C+F. specific CD8+CD69+ TEM selected multifunctional responses following
co-culture with HLA-E restricted S. Typhi infected antigen presenting targets. These MF
populations were selected based on those shown in a previous S. Typhi challenge study to be
associated with protection from developing disease (10,11). Bars represent medians with whiskers
indicating interquartile ranges. Data divided among (A-C) male pediatric (ages 6-17; n=10), female
pediatric (ages 11-17; n=8), male adult (n=7), and female adult (n=6) participants; as well as (DF) HLA-E*01:01 (n=10), HLA-E*01:03 (n=6), and HLA-E heterozygous (n=12) participants.
Scatter plot statistics were analyzed by unpaired t-test. (* p<0.05; ** p<0.01)
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Supplemental Fig 3.4. CD8+ T Effector Memory RA Response. Scatter plots showing A+D. the
increases over baseline percentages of CD8+ TEMRA producing MIP1β, CD107a, TNFα, IL-2, IL17A, IFN𝛾, and Granzyme B (GzmB); B+E. CD8+ TEMRA observed mono-, bi-, tri-, and >3functional populations, and; C+F. specific CD8+CD69+ TEMRA selected multifunctional responses
following co-culture with HLA-E restricted S. Typhi infected antigen presenting targets. These MF
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populations were selected based on those shown in a previous S. Typhi challenge study to be
associated with protection from developing disease (10,11). Bars represent medians with whiskers
indicating interquartile ranges. Data divided among (A-C) male pediatric (ages 6-17; n=10), female
pediatric (ages 11-17; n=8), male adult (n=7), and female adult (n=6) participants; as well as (DF) HLA-E*01:01 (n=10), HLA-E*01:03 (n=6), and HLA-E heterozygous (n=12) participants.
Scatter plot statistics were analyzed by unpaired t-test. (* p<0.05; ** p<0.01)
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Supplemental Fig 3.5. Protection associated multifunctional populations plus Granzyme B.
A-F. Winlist FCOM identified selected specific multifunctional increases over baseline following
co-culture with HLA-E restricted S. Typhi infected antigen presenting targets. These MF
populations were selected based on those shown in a previous S. Typhi challenge study to be
associated with protection from developing disease (10,11), plus Granzyme B expression following
co-culture with HLA-E restricted S. Typhi infected antigen presenting targets. Results are shown
for the following A, C, E) TEM and B, D, F) TEMRA populations: A+B. 6-15 year-old pediatric
(n=10), 16-17 year-old pediatric (n=8) and adult participants; C+D. male pediatric (ages 6-17;
n=10), female pediatric (ages 11-17; n=8), male adult (n=7), and female adult (n=6) participants;
as well as F-E. HLA-E*01:01 (n=10), HLA-E*01:03 (n=6), and HLA-E heterozygous (n=12)
participants. Bars represent medians with whiskers indicating interquartile ranges. Scatter plot
statistics were analyzed by unpaired t-test. (* p<0.05)
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Supplemental Fig 3.6. Combined tSNE maps for A. CD8+ CD69+ TEM and B. CD8+ CD69+
TEMRA generated from thirty-one Ty21a recipients, pre- and post-vaccination, following
unsupervised clustering with ClusterX. tSNE and clustering algorithms were run using Cytofkit.

Supplemental Fig 3.7. Age-associated TEM tSNE population analysis. A. Populations
represented by bar graphs identifying the average number of cells per volunteer per cluster divided
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into age group– wherein 16-17 year-olds are grouped with adults– and vaccination status. B – E.
Functions of individual tSNE clusters, organized based on clusters whose cells are more abundantly
adult, equivalent, or pediatric, divided into: B. median expression of Tc1 effectors MIP1β, CD107a,
TNFα, IL-2, IFN𝛾, and Granzyme B (GzmB), C. Winlist FCOM-analysis determined Tc1 monoand multifunctional cytokine expression, D. median expression of homing markers, and E. median
expression of non-Tc1 associated cytokines.
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Supplemental Fig 3.8. Additional tSNE Analysis of CD8+CD69+ T effector memory
populations. A. Winlist FCOM identified specific multifunctional responses, shown in a previous
S. Typhi challenge study (10,11) to be associated with protection from developing disease, as well
as from those same populations plus Granzyme B expression (B), from the most multifunctional
(A+B) TEM clusters. C. Expression of non-conventional CD8 markers ICOS, CD154 (CD40L), and
CXCR5, as well as exhaustion/activation marker PD-1 among TEM clusters. D. tSNE maps of preand post-Ty21a vaccinated female (n=14) and male (n=17) participants. Populations represented

137

by bar graph (E) identifying the average number of cells per cluster divided into gender/age group
and vaccination status. F. tSNE maps of pre- and post-Ty21a vaccinated HLA-E*01:01 (n=10),
HLA-E*01:03 (n=6), and HLA-E heterozygous (n=12) participants. Populations represented by bar
graph (G) identifying the average number of cells per cluster divided into HLA-E haplotype and
vaccination status

Supplemental Fig 3.9. Age-associated TEMRA tSNE population analysis. A. Populations
represented by bar graphs identifying the average number of cells per volunteer per cluster divided
into age group– wherein 16-17 year-olds are grouped with adults– and vaccination status. B – E.
Functions of individual tSNE clusters, organized based on clusters whose cells are more abundantly
adult, equivalent, or pediatric, divided into: B. median expression of Tc1 effectors MIP1β, CD107a,
TNFα, IL-2, IFN𝛾, and Granzyme B (GzmB), C. Winlist FCOM-analysis determined Tc1 monoand multifunctional cytokine expression, D. median expression of homing markers, and E. median
expression of non-Tc1 associated cytokines.
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Supplemental Fig 3.10. Additional tSNE Analysis of CD8+CD69+ T effector memory RA
populations. A. Winlist FCOM identified specific multifunctional responses, shown in a previous
S. Typhi challenge study (10,11) to be associated with protection from developing disease, as well
as from those same populations plus Granzyme B expression (B), from the most multifunctional

140

(A+B) TEMRA clusters. C. Expression of non-conventional CD8 markers ICOS, CD154 (CD40L),
and CXCR5, as well as exhaustion/activation marker PD-1 among TEMRA clusters. D. tSNE maps
of pre- and post-Ty21a vaccinated female (n=14) and male (n=17) participants. Populations
represented by bar graph (E) identifying the average number of cells per cluster divided into
gender/age group and vaccination status. F. tSNE maps of pre- and post-Ty21a vaccinated HLAE*01:01 (n=10), HLA-E*01:03 (n=6), and HLA-E heterozygous (n=12) participants. Populations
represented by bar graph (G) identifying the average number of cells per cluster divided into HLAE haplotype and vaccination status.
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Supplemental Fig 4.1. Baseline CD8+ T Effector Memory Responses. Scatter plots showing
pre-Ty21a vaccinated S. Typhi-responsive activated (CD69+) CD8+ T effector memory cell
(CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα, IL-2, IL-17A, IFN𝛾,
and Granzyme B (GzmB); B. observed mono-, bi-, tri-, and >3-functional populations, as defined
by production/expression of one or more of the seven aforementioned effector molecules; C.
specific multifunctional populations shown in a previous S. Typhi challenge study to be associated
with protection from developing disease; and D. those same multifunctional populations also
including Granzyme B expression (not explored in the challenge study). Bars represent medians
with whiskers indicating interquartile ranges. Results are shown for the following populations: male
(n=15) and female (n=14) participants. Scatter plot statistics were analyzed by unpaired t-test.
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Supplemental Fig 4.2. Baseline CD4+ T Effector Memory Responses. Scatter plots showing
pre-Ty21a vaccinated S. Typhi-responsive activated (CD69+) CD4+ T effector memory cell
(CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα, IL-2, IL-17A, IFN𝛾,
and Granzyme B (GzmB); B. observed mono-, bi-, tri-, and >3-functional populations, as defined
by production/expression of one or more of the seven aforementioned effector molecules; C.
specific multifunctional populations shown in a previous S. Typhi challenge study to be associated
with protection from developing disease; and D. those same multifunctional populations also
including Granzyme B expression (not explored in the challenge study). Bars represent medians
with whiskers indicating interquartile ranges. Results are shown for the following populations: male
(n=15) and female (n=14) participants. Scatter plot statistics were analyzed by unpaired t-test. (*
p<0.05; ** p<0.01)
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Supplemental Fig 4.3. Age and Sex-Divided Correlations of S. Typhi-responsive CD107a and
Granzyme B Activated T Effector Memory responses at baseline. Scatter plots showing
correlations of pre-Ty21a vaccination S. Typhi responsive activated (CD69+) (A-D) CD8+ and (EH) CD4 T effector memory cell (CD45RA-/CD62L-) production/expression of CD107a and
Granzyme B (GzmB) among A + E. pediatric participants aged 6 to 17 years-old (n = 15); B + F.
adult participants aged 20 to 65 years-old (n = 14) and sex: C + G. male participants (n = 15), and
D + H. female participants (n = 14). Pearson correlation coefficients with two-tailed p-values were
calculated for each analysis.
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Supplemental Fig 4.4. Pre- and Post-Ty21a CD8+ T Effector Memory Responses. Scatter plots
showing pre- and post-Ty21a vaccinated S. Typhi-responsive activated (CD69+) CD8+ T effector
memory cell (CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα, IL-2, IL17A, IFN𝛾, and Granzyme B (GzmB); B. observed mono-, bi-, tri-, and >3-functional populations,
as defined by production/expression of one or more of the seven aforementioned effector
molecules; Results are shown for male (n=15) and female (n=14) participants. Statistics are nonparametric Wilcoxon matched-pairs signed rank paired t-tests between pre- and post-vaccinated
participants. (* p<0.05)

145

Supplemental Fig 4.5. Response over Baseline CD8+ T Effector Memory Responses. Scatter
plots showing responses over baseline of S. Typhi-responsive activated (CD69+) CD8+ T effector
memory cell (CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα, IL-2, IL17A, IFN𝛾, and Granzyme B (GzmB); B. observed mono-, bi-, tri-, and >3-functional populations,
as defined by production/expression of one or more of the seven aforementioned effector
molecules; C. specific multifunctional populations shown in a previous S. Typhi challenge study
to be associated with protection from developing disease; and D. those same multifunctional
populations also including Granzyme B expression (not explored in the challenge study). Bars
represent medians with whiskers indicating interquartile ranges. Results are shown for the
following populations: male (n=15) and female (n=14) participants. Scatter plot statistics were
analyzed by unpaired t-test.
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Supplemental Fig S4.6. Pre- and Post-Ty21a CD4+ T Effector Memory Responses. Scatter
plots showing pre- and post-Ty21a vaccinated S. Typhi-responsive activated (CD69+) CD4+ T
effector memory cell (CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα,
IL-2, IL-17A, IFN𝛾, and Granzyme B (GzmB); B. observed mono-, bi-, tri-, and >3-functional
populations, as defined by production/expression of one or more of the seven aforementioned
effector molecules; Results are shown for male (n=15) and female (n=14) participants. Statistics
are non-parametric Wilcoxon matched-pairs signed rank paired t-tests between pre- and postvaccinated participants. (* p<0.05)
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Supplemental Fig 4.7. Response over Baseline CD4+ T Effector Memory Responses. Scatter
plots showing responses over baseline of S. Typhi-responsive activated (CD69+) CD4+ T effector
memory cell (CD45RA-/CD62L-) production/expression of A. MIP1β, CD107a, TNFα, IL-2, IL17A, IFN𝛾, and Granzyme B (GzmB); B. observed mono-, bi-, tri-, and >3-functional populations,
as defined by production/expression of one or more of the seven aforementioned effector
molecules; C. specific multifunctional populations shown in a previous S. Typhi challenge study
to be associated with protection from developing disease; and D. those same multifunctional
populations also including Granzyme B expression (not explored in the challenge study). Bars
represent medians with whiskers indicating interquartile ranges. Results are shown for the
following populations: male (n=15) and female (n=14) participants. Scatter plot statistics were
analyzed by unpaired t-test.
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Supplemental Fig 4.8. tSNE Analysis of Activated CD8+ T Effector Memory Populations. A.
Percentage of cells per all clusters divided among pre- (solid bars) and post- (hollow bars) Ty21a
vaccinated pediatric (blue) and adult (black) participants. B. tSNE maps of all clusters divided
among pre- and post-Ty21a vaccinated pediatric and adult participants. (C-F) Functions of
individual significant tSNE clusters, divided into: median expression of C. Tc1 effectors MIP1β,
CD107a, TNFα, IL-2, IFN𝛾, and Granzyme B (GzmB), D. homing molecules CCR6, CXCR3,
CCR4, α4β7, and CXCR5, E. interleukins IL-21, IL-10, IL-17A, IL-6, and IL-4, and F.
activation/exhaustion/additional molecules PD-1, ICOS, CD154, Ki67, and CD27. (G+H)
Expression percentages of Winlist FCOM-analysis determined G. Tc1 mono- and multifunctional
cytokine expression and H. multifunctional populations associated with protection from developing
typhoid disease following S. Typhi challenge studies.
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Supplemental Fig 4.9. tSNE Analysis of Activated CD4+ T Effector Memory Populations. A.
Percentage of cells per all clusters divided among pre- (solid bars) and post- (hollow bars) Ty21a
vaccinated pediatric (blue) and adult (black) participants. B. tSNE maps of all clusters divided
among pre- and post-Ty21a vaccinated pediatric and adult participants. (C-F) Functions of
individual significant tSNE clusters, divided into: median expression of C. Tc1 effectors MIP1β,
CD107a, TNFα, IL-2, IFN𝛾, and Granzyme B (GzmB), D. homing molecules CCR6, CXCR3,
CCR4, α4β7, and CXCR5, E. interleukins IL-21, IL-10, IL-17A, IL-6, and IL-4, and F.
activation/exhaustion/additional molecules PD-1, ICOS, CD154, Ki67, and CD27. (G+H)
Expression percentages of Winlist FCOM-analysis determined G. Tc1 mono- and multifunctional
cytokine expression and H. multifunctional populations associated with protection from developing
typhoid disease following S. Typhi challenge studies.
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Supplemental Fig 4.10. tSNE Analysis of Activated CD8+ T Effector Memory RA
Populations. A. Percentage of cells per all clusters divided among pre- (solid bars) and post(hollow bars) Ty21a vaccinated pediatric (blue) and adult (black) participants. B. tSNE maps of all
clusters divided among pre- and post-Ty21a vaccinated pediatric and adult participants. (C-F)
Functions of individual significant tSNE clusters, divided into: median expression of C. Tc1
effectors MIP1β, CD107a, TNFα, IL-2, IFN𝛾, and Granzyme B (GzmB), D. homing molecules
CCR6, CXCR3, CCR4, α4β7, and CXCR5, E. interleukins IL-21, IL-10, IL-17A, IL-6, and IL-4,
and F. activation/exhaustion/additional molecules PD-1, ICOS, CD154, Ki67, and CD27. (G+H)
Expression percentages of Winlist FCOM-analysis determined G. Tc1 mono- and multifunctional
cytokine expression and H. multifunctional populations associated with protection from developing
typhoid disease following S. Typhi challenge studies.
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Supplemental Fig 4.11. tSNE Analysis of Activated CD8+ T Effector Memory RA
Populations. A. Percentage of cells per all clusters divided among pre- (solid bars) and post(hollow bars) Ty21a vaccinated pediatric (blue) and adult (black) participants. B. tSNE maps of all
clusters divided among pre- and post-Ty21a vaccinated pediatric and adult participants. (C-F)
Functions of individual significant tSNE clusters, divided into: median expression of C. Tc1
effectors MIP1β, CD107a, TNFα, IL-2, IFN𝛾, and Granzyme B (GzmB), D. homing molecules
CCR6, CXCR3, CCR4, α4β7, and CXCR5, E. interleukins IL-21, IL-10, IL-17A, IL-6, and IL-4,
and F. activation/exhaustion/additional molecules PD-1, ICOS, CD154, Ki67, and CD27. (G+H)
Expression percentages of Winlist FCOM-analysis determined G. Tc1 mono- and multifunctional
cytokine expression and H. multifunctional populations associated with protection from developing
typhoid disease following S. Typhi challenge studies.
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Supp Fig 5.1. Regulatory T cell gating strategy. Cytograms showing the mass cytometry gating
strategy based on the Maxpar® Human Treg Phenotyping Kit. Functional and homing molecules
were gated from total (FoxP3+ CD25+), naïve (CD45RA+ CD45RO-), effector (CD45RACD45RO+ HLA-DR-) , and terminal effector (CD45RA- CD45RO+ HLA-DR+) Treg populations.
Cytograms are shown from a representative unstimulated pediatric participant.
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Supp Fig 5.2. tSNE Analysis of Total Treg. A. Percentages of cells in all tSNE clusters parsed
among pre- (solid symbols) and post- (open symbols) Ty21a vaccinated S. Typhi-responsive
pediatric (blue) and adult (black) participants. B. tSNE maps of all tSNE clusters parsed among
pre- and post-Ty21a vaccinated pediatric and adult participants. (C-F) Phenotypes and functions
of individual tSNE clusters, divided into: median expression of Treg C. memory markers
(CD45RA, CD45RO, HLA-DR), D. homing molecules (integrin-α4β7, CCR4), and E. functional
markers (CD39, CD95, CTLA-4), as well as F. FCOM-calculated multifunctionality (based on
expression of integrin-α4β7, CCR4, CD39, CD95, and CTLA-4) divided by whether the clusters
exhibit a higher proportion of cells in adult or pediatric participants.

157

Supp Fig 6.1. Circulating T follicular helper (cTFH) cell gating strategy. Cytograms showing
the mass cytometry gating strategy for cTFH. Cytograms are shown from a representative
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unstimulated adult participant. cTFH functions are shown for total, memory, naïve, and CD27memory cTFH
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Supplemental Tables:
(+/-) 0.1%
Cutoff
MIP-1β
CD107a
CD8
TNFα
Activated IL-2
Tem
IL-17A
IFN!
GzmB
MIP-1β
CD107a
CD4
TNFα
Activated IL-2
Tem
IL-17A
IFN!
GzmB

Increase Over Baseline
Decrease Under Baseline
Ped M (n=8)
Ped F (n=7)
Adult M (n=7)
Adult F (n=7)
Ped M (n=8)
Ped F (n=7)
Adult M (n=7)
Adult F (n=7)
Fraction Percent Fraction Percent Fraction Percent Fraction Percent Fraction Percent Fraction Percent Fraction Percent Fraction Percent
(4/8)
50.0%
(3/7)
42.9% (5/7)
71.4% (4/7)
57.1% (3/8)
37.5% (4/7)
57.1% (2/7)
28.6% (2/7)
28.6%
(4/8)
50.0%
(4/7)
57.1% (4/7)
57.1% (3/7)
42.9% (4/8)
50.0% (3/7)
42.9% (3/7)
42.9% (4/7)
57.1%
(1/8)
12.5%
(4/7)
57.1% (3/7)
42.9% (5/7)
71.4% (5/8)
62.5% (3/7)
42.9% (2/7)
28.6% (2/7)
28.6%
(2/8)
25.0%
(2/7)
28.6% (3/7)
42.9% (2/7)
28.6% (3/8)
37.5% (5/7)
71.4% (1/7)
14.3% (5/7)
71.4%
(2/8)
25.0%
(3/7)
42.9% (3/7)
42.9% (2/7)
28.6% (3/8)
37.5% (4/7)
57.1% (4/7)
57.1% (5/7)
71.4%
(5/8)
62.5%
(2/7)
28.6% (5/7)
71.4% (4/7)
57.1% (2/8)
25.0% (4/7)
57.1% (2/7)
28.6% (3/7)
42.9%
(6/8)
75.0%
(0/7)
0.0%
(6/7)
85.7% (3/7)
42.9% (2/8)
25.0% (6/7)
85.7% (1/7)
14.3% (2/7)
28.6%
(2/8)
25.0%
(2/7)
28.6% (2/7)
28.6% (0/7)
0.0%
(5/8)
62.5% (4/7)
57.1% (5/7)
71.4% (6/7)
85.7%
(2/8)
25.0%
(1/7)
14.3% (3/7)
42.9% (0/7)
0.0%
(6/8)
75.0% (6/7)
85.7% (4/7)
57.1% (5/7)
71.4%
(3/8)
37.5%
(2/7)
28.6% (1/7)
14.3% (3/7)
42.9% (3/8)
37.5% (2/7)
28.6% (3/7)
42.9% (2/7)
28.6%
(4/8)
50.0%
(3/7)
42.9% (3/7)
42.9% (2/7)
28.6% (2/8)
25.0% (3/7)
42.9% (3/7)
42.9% (4/7)
57.1%
(4/8)
50.0%
(1/7)
14.3% (3/7)
42.9% (0/7)
0.0%
(3/8)
37.5% (4/7)
57.1% (4/7)
57.1% (5/7)
71.4%
(5/8)
62.5%
(3/7)
42.9% (2/7)
28.6% (3/7)
42.9% (2/8)
25.0% (2/7)
28.6% (3/7)
42.9% (3/7)
42.9%
(7/8)
87.5%
(2/7)
28.6% (4/7)
57.1% (1/7)
14.3% (1/8)
12.5% (5/7)
71.4% (2/7)
28.6% (6/7)
85.7%

Table S4.1. Post-Ty21a CD8+ and CD4+ T Effector Memory Responses Differences as related
to Baseline Values Based on Age and Sex. MIP-1β, CD107a, TNFα, IL-2, IL-17A, IFNg, and
Granzyme B production/expression response differences from baseline greater than (+/-) 0.1% for
activated CD8+ and CD4+ effector memory T cells among pediatric male (n = 8) and female (n =
7), and adult male (n = 7) and female (n = 7) participants. Differences over (green) or under (red)
baseline of over 50% are highlighted.

(+/-) 0.1%
Cutoff
MIP-1β
CD107a
CD8
TNFα
Activated IL-2
Tem
IL-17A
IFN!
GzmB
MIP-1β
CD107a
CD4
TNFα
Activated IL-2
Tem
IL-17A
IFN!
GzmB

Increase Over Baseline
Decrease Under Baseline
Male (n=15)
Female (n=14)
Male (n=15)
Female (n=14)
Fraction Percent Fraction Percent Fraction Percent Fraction Percent
(9/15) 60.0% (7/14)
50.0% (5/15) 33.3% (6/14) 42.9%
(8/15) 53.3% (7/14)
50.0% (7/15) 46.7% (7/14) 50.0%
(4/15) 26.7% (9/14)
64.3% (7/15) 46.7% (5/14) 35.7%
(5/15) 33.3% (4/14)
28.6% (4/15) 26.7% (10/14) 71.4%
(5/15) 33.3% (5/14)
35.7% (7/15) 46.7% (9/14) 64.3%
(10/15) 66.7% (6/14)
42.9% (4/15) 26.7% (7/14) 50.0%
(12/15) 80.0% (3/14)
21.4% (3/15) 20.0% (8/14) 57.1%
(4/15) 26.7% (2/14)
14.3% (10/15) 66.7% (10/14) 71.4%
(5/15) 33.3% (1/14)
7.1% (10/15) 66.7% (11/14) 78.6%
(4/15) 26.7% (5/14)
35.7% (6/15) 40.0% (4/14) 28.6%
(7/15) 46.7% (5/14)
35.7% (5/15) 33.3% (7/14) 50.0%
(7/15) 46.7% (1/14)
7.1%
(7/15) 46.7% (9/14) 64.3%
(7/15) 46.7% (6/14)
42.9% (5/15) 33.3% (5/14) 35.7%
(11/15) 73.3% (3/14)
21.4% (3/15) 20.0% (11/14) 78.6%

Table S4.2. Post-Ty21a CD8+ and CD4+ T Effector Memory Responses Differences as related
to Baseline Values Based on Sex. MIP-1β, CD107a, TNFα, IL-2, IL-17A, IFNg, and Granzyme
B production/expression response differences from baseline greater than (+/-) 0.1% for activated
CD8+ and CD4+ effector memory T cells among male (n = 15) and female (n = 14) participants.
Differences over (green) or under (red) baseline of over 50% are highlighted.
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