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Abstract

It is not clear how CD4" memory T cells are formed from a much
larger pool of earlier effector cells. We found that transient systemic
bacterial infection rapidly generates several antigen-specific Th1 and T
follicular helper (Tfh) effector cell populations with different tissue residence
behaviors. Each Th1 and Tfh effector cell type produced a similar memory
cell type, which was maintained by IL-7, or in the case of germinal center
Tfh cells, by the T cell antigen receptor (TCR). Although most cells of all
varieties had transcriptomes indicative of cell stress and death at the peak
of the response, some had already acquired a quiescence signature. This
thesis demonstrates that acute infection induces differentiation of Th1 and
Tfh effector cells, a minority of which quickly adopt a transcriptional
program that allows escape from death and become memory cells that

survive from sensing IL-7 or a TCR ligand.
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Chapter 1 : Current understanding of T cell memory subsets

and memory formation’

It has been known for millennia that people who get a certain infection
rarely get that infection a second time . This phenomenon, which we now
refer to as immune memory, is caused by the proliferation of rare antigen-
specific naive B cells, CD8" T cells, and CD4* T cells that differentiate into
microbe-killing effector cells, a fraction of which survive a contraction phase
to become long-lived memory cells 2. The increased abundance and anti-
microbial functions of antigen-specific memory cells elicited by a particular
infection increases the odds that their host will mount a rapid and protective

immune response to subsequent episodes of that infection.

1
"Portions of this work have been previously published. Reprinted from: Osum KC, Jenkins MK.
Toward a general model of CD4+ T cell subset specification and memory cell formation.
Immunity. 2023 Mar 14;56(3):475-484. doi: 10.1016/j.immuni.2023.02.010. PMID: 36921574;
PMCID: PMC10084496., Krueger PD, Osum KC, Jenkins MK. CD4+ Memory T-Cell Formation
during Type 1 Immune Responses. Cold Spring Harb Perspect Biol. 2021 Dec 1;13(12):a038141.
doi: 10.1101/cshperspect.a038141. PMID: 33903156; PMCID: PMC8635001.



During infection, naive CD4" T cells with TCRs specific for MHCII-bound
microbial peptides divide in secondary lymphoid organs and differentiate
into Th1, Th2, or Th17 effector cells depending on type 1 (IL-12, type | IFN,
IL-18), type 2 (IL-25, IL-33, TSLP, IL-4), or type 3 (IL-1, IL-6, TGF-B)
cytokines, respectively, from cells of the innate immune system #°. Th1,
Th2, and Th17 cell differentiation is enforced by master transcription factors
(T-bet, GATA-3, RORyt) and associated with production of canonical
lymphokines (IFN-y, IL-4, and IL-17) that augment the microbicidal
functions of myeloid cells and granulocytes °. In addition, some Th effector
cells express the transcription factor, Bcl-6, and become T follicular helper
(Tfh) cells that drive antibody affinity maturation by germinal center B cells
’. Other variations on this theme have led to the appreciation of Th9 and
Th22 cells and even less understood varieties such as Th3, T regulatory 1,
and T peripheral helper cells 0. Cells with the phenotypes of Th1, Th2,
Th17, and Tfh cells can be found after the contraction phase and are thus
presumably memory cells "'. These memory T cells are further classified
based on the expression of homing receptors and trafficking patterns.
Central memory T cells (TCM) express lymph node homing receptors and

recirculate through secondary lymphoid organs. Effector memory cells
2



(TEM) express homing receptors that facilitate recirculation through non-
lymphoid tissue. Alternatively, resident memory cells reside in tissues for

long periods of time without recirculating %3,

The wealth of information on Th subset specification has not been well
integrated with the larger concepts of TCM, TEM, and TRM cells or cell-
mediated and humoral immunity. Indeed, it seems possible that the many
Th cell subsets and a focus on their differences has impeded our
understanding of CD4* memory T cell formation. We aimed to understand
how memory CD4* T cells form from their earlier effector phenotypes,
define subsets that meet the requirements for the larger concept of TCM,
TEM and TRM, and to understand the survival mechanisms that CD4*

memory T cells use to persist for long periods of time.

T cell research based on MHC tetramers

Although Th cells can be studied with a variety of methods ', this thesis
has focused on direct ex vivo flow cytometric detection of epitope-specific
CD4+ T cells with fluorophore-labeled peptide:MHCII tetramers "¢ (Figure

1). This approach is powerful because it focuses unambiguously on T cells
3



that express TCRs specific for MHCII-bound peptides derived from the
proteins of the microbe or vaccine of interest '’. It avoids concerns about
the physiological relevance of TCR transgenic T cells '8°, in vitro culture

artifacts, and bystander activation 2°.

The precision afforded by peptide:MHCII tetramers allows high signal-to-
noise quantification of natural Th cells over time 2! and gives information on
the phenotype and function of the antigen-specific Th cell population as it
transitions from the effector phase to the memory phase 2223, Although
peptide:MHCII tetramers may miss some T cells with low affinity TCRs 1524,
this downside is offset by the high degree of confidence gained by knowing

that tetramer-binding cells are truly specific for the antigen of interest.

The CD8+ memory T cell model

The power of the tetramer-based approach was demonstrated by Ahmed
and colleagues, who used Lymphocytic Choriomeningitis Virus (LCMV)

peptide:MHCI tetramers to show that many more post-infection CD8* T



cells were LCMV-specific than was previously thought 2°. This revelation
established the tetramer-based approach as the bar for CD8* memory T
cell research; a bar that could usually be cleared because peptide:MHCI
tetramer-binding cells were abundant enough to detect during most
intracellular infections. Indeed, the discovery of peptide:MHCI tetramers in
1996 % coincided with a surge in CD8* memory T cell research as
evidenced by a Pubmed search with the terms “antigen-specific’ AND “CD8
T cell” AND “memory” that shows a dramatic increase in publications
beginning in 1997 and reaching a steady plateau of about 40 papers per
year by 2006. Three years before this plateau, Kaech and Ahmed used a
few cell surface markers to show that the LCMV epitope-specific CD8*
effector T cell population is a mixture of 2 subsets: (1) memory cell
precursors (MPEC) that express IL-7 receptor (IL-7R) and survive the
contraction phase and (2) short-lived effector cells (SLEC) that lack IL-7R,
express KLRG1, and are destined to die ?’. Although the resulting
MPEC/SLEC theory was later modified from the knowledge that CD69,
CX3CR1, CD103, and a few other markers could be used with IL-7R and
KLRG1 to distinguish effector, central, resident, and peripheral memory cell

subsets, and that some effector cells could be relatively long-lived 28, the
5



core model has persisted as a useful guide for the study of dozens of
microbes, vaccines, and cancers. It is likely that this guiding theory of
memory cell formation has attracted many immune memory-focused

researchers to the CD8* T cell field.

Technical and biological challenges for CD4+ memory T cell

researchers

The path to understanding CD4* memory T cell formation has lagged
behind that of their CD8" counterparts. One likely reason is that less
research has been done on this topic. A Pubmed search with the terms
“antigen-specific” AND “CD4 T cell” AND “memory” yields only half as many
publications from 1996 to date as the Comparable search with “antigen-
specific” AND “CD8 T cell” AND “memory”. The reason for this disparity is
not immediately obvious as it is clear from the deadly opportunistic
infections that occur in individuals lacking CD4* T cells that this subset is

worth studying 2°.

Several factors likely play a part, not the least of which are technical. Single

naive CD8" T cells produce about 10,000 effector cells when their T cell
6



receptors (TCR) engage a peptide:MHCI agonist in the context of infection
30 whereas only 500 CD4+ effector T cells are detected from a single naive
cell under similar conditions 3'. The 10-fold difference in proliferation
identified in these studies and others 3232 makes it much easier to detect
epitope-specific CD8" T cells than CD4* T cells. This technical advantage is
especially valuable for the study of post-contraction phase memory T cells,
which are 10-20-times less numerous than their effector cell predecessors.
In many cases, peptide:MHCII tetramer-binding CD4* memory T cells can
only be detected after labor intensive magnetic enrichment procedures 3*.
Adding to the problem is the fact that peptide:MHCI| tetramers are more
difficult to produce than peptide:MHCI tetramers 3°. Many allelic forms of
MHCII molecules must be produced in eukaryotic expression systems,
which generally give lower yields than the bacterial systems. In addition, it
is difficult to produce empty MHCII molecules that can be loaded with
synthetic peptides without the action of HLA-DM or H-2DM, unlike MHCI
molecules that can be refolded with synthetic peptides and beta-2
microglobulin 3¢. Finally, MHCII-binding peptides are harder to predict than
MHCI-binding peptides using algorithms 37 and the open ends of the

peptide-binding grooves of MHCII molecules allow peptides to bind in more
7



than one register %%, This makes it more difficult to identify new CD4* T
cell epitopes — a necessary first step in peptide:MHCII tetramer production.
It is easy to believe that this “death by a thousand technical nicks” has

limited entry of new researchers into the CD4* memory T cell field.

Another barrier to progress in the CD4* memory T cell field has been the
lack of a guiding model. The MPEC/SLEC model, which is so useful for the
study of CD8" memory T cells, has been much less useful for CD4* T cells
because epitope-specific CD4" effector T cell populations are often devoid
of IL-7R+ and KLRG1+ cells *°, making it harder to identify MPECs and

SLECs.

Finally, it is possible that one of the most interesting aspects of CD4* T
biology — the plethora of Th cell subsets — has limited consensus building.
The unique aspects of CD4* T cell differentiation during type 1, 2, and 3
immune responses and the seemingly endless parade of new subsets such
as T regulatory 1, Th3, ThO, Th9, and Th22 cells may have captured the
attention of researchers more than common features of all CD4* T cell
responses or efforts to integrate the Th1/Th2 paradigm #° with the TEM and
TCM cell theory 3. In summary, the technical difficulties related to detection

8



of epitope-specific Th cells and the huge effort needed to separately
understand Th cell specification and trafficking may have been distractions

from the creation of a model of Th memory cell formation.

A unifying function across Th subset diversity: synchronized support

of cell-mediated and humoral immunity

Although there exists a diverse range of Th subsets, all CD4* T cell
responses have a common feature of simultaneously supporting cell-
mediated and humoral immunity. For example, while type 1, 2, and 3
immune responses involve macrophage-activating Th1, eosinophil-
activating Th2, and neutrophil-activating Th17 cells, these responses also
invoke 1gG2a, IgE, and 1gG3 production and Tfh-facilitated affinity
maturation by B cells 4142, It is likely that simultaneous activation of
phagocyte-activating and antibody-augmenting Th cells has evolved to
provide a one-two punch for host immunity. The mechanism, however, that
ensures the production of non-Th and Tfh cells in all types of immune
responses is not totally clear, especially since as described below, these

effector cell subsets form by mutually antagonistic pathways.

9



Identifying CD4+ effector and memory T cell subsets

Clues about how balanced immunity is achieved are emerging from studies
of mouse CD4* memory T cell formation during type 1 immune responses
to acute infections with LCMV 3%43-47attenuated Listeria monocytogenes
(aLm) bacteria 223! influenza A virus #84°, or malaria parasites °°°'. Work
on these immune responses converges on a bifurcation model described
below in which macrophage-helping Th1 and B cell-helping Tfh effector
cells form simultaneously in secondary lymphoid organs and then a fraction
of each type survive the contraction phase to become memory cells "%,
The model may have been slow to emerge, however, because of the use of
different flow cytometry gating schemes for identifying effector and memory
cell subsets. Some groups have relied on CXCR5 and PD-1 to distinguish
Th1 and Tfh cells 224652 while others have used Ly6C and P-selectin
glycoprotein ligand 1(PSGL1), and in some cases folate receptor 4 (FR4)
3947.53 This dual track has persisted because each strategy has strengths
and weaknesses but may have led to a focus on the “trees” rather than the
“forest”.

10



The first approach has the advantage that CXCRS5 is a known Tfh marker
that is required for Tfh cells to migrate to follicles and germinal centers °4.
The simplest version of the strategy has the weakness, however, that Th1
cells are identified by lack of a marker - CXCRS. This problem is easily
remedied by intracellular staining for T-bet °° or surface staining for the
Th1-associated chemokine receptor CXCR6 #4°1.56 This approach
identifies several epitope-specific populations during the effector phase -
Th1 (CXCR6*" CXCR5") and germinal center Tfh (GC-Tfh) (CXCR6~
CXCR5" PD-1%) cells, and CXCR6~ CXCR5" cells 22,44 that are likely
precursors of GC-Tth cells”*” or GC-Tth cells that migrated out of germinal
centers®® (Table 1). These cells will be referred to here as Tth cells. There
is another effector cell population that expresses the TCM marker CCR7'3.
The majority of these cells express CXCR5 224459 |eading us to call them

pre-TCM cells?2.

Counterparts of the effector cell subsets identified with this strategy are
also found in the post-contraction memory cell population. Th1 (CXCR5")
cells are detected along with a heterogenous CXCR5'° memory cell

population that contains CCR7* and CCR7" subsets 224459 The inability of

11



this strategy to resolve the CCR7~ CXCR5" subset into Tfh- or GC-derived
memory cells is a limitation. It is also not helpful that PD-1 and CCR7
staining, which are used to distinguish Tfh, GC-Tfh, and TCM cells usually
do not result in baseline separation between populations and CXCR5
expression decreases as CXCR5" effector cells become CXCR5" memory

cells?2,

The limitations of the CXCR5-based strategy have spurred the
Ly6C/PSGL1-based approach. Although the functions of Ly6C and PSGL1
are not understood in this context, these molecules serve as valuable
markers because they identify the same 3 subsets in both the effector and
memory cell phases (Table 1). The Ly6C~ PSGL1~ population consists of
GC-Tth cells in the effector phase®®, and later, their memory cell progeny,
which are the only memory cells that express large amounts of FR4%”. The
Ly6C* PSGL1* population®*4° contains a subset of Th1 cells®®. The
limitation of this scheme lies with the Ly6C~ PSGL1" population, which
probably contains a mixture of CXCR5° CCR7* pre-TCM or TCM, CXCR5"

CCRY7™ Tfh, and Ly6C™~ Th1 cells*>#7,

12



By combining information from studies utilizing the two gating systems it is
possible to deduce the existence of Ly6C~ CXCR6" and Ly6C* CXCRG6*
Th1, CCR7- CXCR5"° PD-1- FR4'"° Tfh, CCR7- CXCR5" PD-1*
FR4intermediate GC-Tfh cells, and CCR7* CXCR5" PD-1- FR4/"° pre-TCM
cells. Further support for these being different populations can be derived
from single cell RNA sequencing experiments on LCMV peptide:MHCII
tetramer-binding T cells. These data suggest that all Th1 cells express
Cxcr6 but only some express Ly6c¢c2, and that there are several populations
that express Cxcr5 but differ with respect to expression of Sell (encodes
CD62L) and Izumo1r (encodes FR4) (Andreatta et al., 2022; Ciucci et al.,
2019; Khatun et al., 2020). Ly6C~ CXCR6" and Ly6C* CXCR6* Th1 cells
are detected after the contraction phase, as are populations that resemble
Tth effector cells but with less CXCR5, or GC-Tfh effector cells except with
less CXCR5 and more FR4. A CCR7* CXCR5" population is also detected

at post-contraction times.

The phenotypic similarities between the Th effector and memory subsets
suggests that about 10% of the cells in each of the effector cell subsets

survives the contraction phase to become phenotypically similar but

13



quiescent memory cells as the infection is cleared'*'. In other words, 10%
of Ly6C* Th1 effector cells become Ly6C* Th1 memory cells, 10% of GC-
Tth effector cells become GC-Tfh memory cells, and so on. Recent work
from Shaw et al.%® is consistent with this interpretation and shows that the
transcription factor, 1d3, is key to determining which Th1 and Tth effector
cells will become memory cells. Single cell RNA sequencing experiments
support this model by identifying TCM, Th1, and Tfh memory cells that are
transcriptionally related to TCM, Th1, and Tfh effector cells ®'. Direct
assessment of this effector to memory cell transition concept, however,
awaits experiments in which purified cells from the each of the effector cells
subsets is transferred into infection-matched recipients and the phenotypes

of their memory cell progeny are determined.

It is likely that each of the Th memory subsets plays a unique role during
secondary immune responses. This hypothesis has been addressed
experimentally by adoptive transfer of purified Th memory cell types from
infected mice into naive recipients, immediately infecting the recipients with
the initial microbe, and then assessing the phenotypes of the donor

memory cell-derived effector cells. In the aLm model, we found that

14



purified CXCR5™ T-bet" memory cells generated a secondary effector cell
population consisting of >95% CXCR5™ T-bet" cells 22. Ly6C expression by
the transferred memory cells or their effector cell progeny was not
measured in these experiments. In the LCMV model, several groups*>4’
showed that purified the Ly6C+ Th1 memory cells generated primarily
Ly6C* Th1 cells. Similar results were obtained in the herpes virus model
system %°. The secondary effector cell-generating potential of Ly6C~ Th1
memory cells has not been tested, although results from the aLm model
showing that the total Th1 memory cell population only generated Th1
effector cells?? indicates that Ly6C~ Th1 memory cells are committed to
producing primarily Th1 effector cells during secondary responses. It
should be noted, however, that the |Id3+ subset of Th1 memory cells can

generate some Tfh effector cells °°.

The situation is less clear for the CXCR5'° Th memory cell subsets. We
previously found that the total population of CXCR5'° Th memory cells
generated Th1, CXCR5"°, and GC-Tfh effector cells after transfer into naive
recipients then infected with aLm 22. This result showed that the CXCR5"

Th memory cell population is more multipotent than the Th1 memory

15



population, which mainly produce Th1 effector cells. This approach,
however, did not assess the potential of the individual TCM, Tfh, and GC-
Tfh memory cell subsets, which later work showed were present in the
transferred population®!4°. Kiinzli et al. 4’ addressed this issue by focusing
on Ly6C~ PSGL-1" FR4™ memory cells, which probably consist mainly of
GC-Tfh-derived memory cells. They found that these memory cells can
generate some Th1 and Tth effector cells and were the most efficient
memory cell type at producing GC-Tfh effector cells during a secondary
response. The true effector cell-generating potential of TCM and Ly6C™ Th1
memory cells awaits an experiment in which these cells are studied in the
absence of contributions from other memory cell subsets. The bulk of the
evidence, however, is that Tfh- and GC-Tfh-derived memory cells and likely
TCM cells are related subsets that can produce a wider variety of the

effector cell types than Th1 memory cells.

In summary, the field is complicated by competing cell identification
schemes and cataloging the true diversity of Th effector and memory cells
induced by acute infections that drive type 1 innate immune responses.

There is no doubt that these populations consist of a mixture of Th1 and

16



Tfh varieties. This thesis aims to find a consistent gating scheme that
uncovers the total diversity of CD4" T cells and to understand how this

mixture forms memory cells.

The bifurcation model

An emerging concept is that Th1 and Tfh subsets are formed by a process
that will be referred to here as the bifurcation. The bifurcation is driven by
an IL-2R signal-dependent switch, which we propose generates early non-
Tfh and pro-Tfh cells that then differentiate into TCM, Th1, or Tfh cells
effector cells based on cytokines from the innate immune system. Another
feature of the model is that a fraction of the cells in each subset then
survive the contraction phase to become memory cells that are

phenotypically like their effector cell predecessors (Figure 2).

The earliest evidence for the bifurcation in the aLm model is observed the
secondary lymphoid organs on day 3 after infection. The aLm epitope-
specific CD4" T cell population has just begun to expand at this time and
contains 2 main subsets — CD25 (IL-2 receptor (IL-2R) alpha chain)* cells

that lack CXCR5 and CXCR5* cells that lack CD252. This finding is
17



consistent with IL-2R signaling suppressing Tfh formation and promoting
the generation of non-Tfh cells, which has been borne out in several
studies 224882 The supposition is that some early effector cells within the
mixed population receive signals from IL-2R and some that do not either
because of lack of IL-2 production or IL-2R expression (Figure 1). The cells
that receive IL-2R signals, activate STAT5 3, which then activates
BLIMPEC1, an inhibitor of Bcl-6 expression and Tfh formation 466264, Thus,
the cells that receive STATS signals from the IL-2R cannot become Tfh
cells and instead become non-Tfh cells. During type 1 immune responses,
many of these non-Tfh cells become Th1 cells in response to STAT1
signals from type | and Il IFN receptors, then STAT4 signals from IL-12
receptor 97, Inflammatory monocytes play a key role in driving the non-Th
cells to become Th1 cells %98, The signals that determine whether Th1
cells express Ly6C are not known. It is likely, however, that Ly6C~ Th1 cells
are precursors of more differentiated Ly6C* Th1 cells although Ly6C* Th1

cells can revert to Ly6C~ Th1 cells ©°.

The other branch of the bifurcation occurs in cells that do not receive IL-2R

signaling. These cells do not turn on BLIMPEC1 and thus are able to

18



express Bcl-6, which directs them toward the Tfh fate #6¢°7°, We propose
that these early effector cells first become pro-Tfh cells and then Tth cells if
they receive STAT3 signals from IL-6 and IL-21 receptors 71. The Tth cells
then further differentiate into GC-Tth cells if they receive signals from ICOS
22,1273 Bcl-6 induces this program by acting as a transcriptional repressor
that shuts off the non-Tfh options ”"* and by repressing repressors of the
genes that positively regulate Tfh formation 7°. The transcription factors
LEF1 and TCF-1 are involved in this process by sustaining expression of
IL-6R and enhancing expression of ICOS 7678, Interestingly, the Tfh cells
that form during the type 1 immune response to aLm express low amounts
of T-bet?? and malaria-induced Tfh cells produce IFN-y ’°, suggesting that
Tfh cells adopt some features of their non-Th counterparts. This idea is
supported by the existence of distinct human Tfh cells that express
chemokine receptors that typify Th1, Th2, and Th17 cells 8% and
presumably develop during type 1, 2, and 3 immune responses,

respectively.

We also propose that during acute bacterial and viral infections, some early

pro-Tfh cells do not receive signals from receptors for differentiating
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cytokines, perhaps because of residence in niches in the secondary
lymphoid organs lacking these molecules and retain the naive T cell
trafficking program dictated by CCR7 and other molecules. As the infection
is cleared, we posit that these cells become TCM cells. It is possible,
however, that some pathogens, such as Plasmodium (the causative agent
of malaria), drive such large amounts of innate cytokines that all pro-Tfh
cells are driven to become Tth cells leaving very few to become TCM

cells®!,

A key aspect of the bifurcation model is that non-Tfh and pro-Tfh cells form
at the same time, and often in roughly equal amounts during acute
infections 224, Since a critical factor appears to be IL-2R signaling, it
stands to reason that there is a mechanism that determines that some of
the effector cells - the ones destined to become non-Tth cells - get an IL-2R
signal while the others do not. One possible origin of this heterogeneity is
TCR-dependent induction of IL-2 and IL-2R, which are produced by naive T
cells in proportion to TCR signal strength®®. Some naive T cells may make
more IL-2 and IL-2R due to expression of TCRs with high affinity for MHCII-

bound peptides or chance engagement with antigen-presenting cells
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displaying large amounts of peptide:MHCII complexes. In acute infections,
intense IL-2R signaling favors induction of IRF4 and BLIMPEC1 over Bcl-6
84-86 \which would favor non-Tfh formation 8487-8%_ Other naive T cells that
have TCRs with lower affinity for the MHCII-bound peptide or happen to
engage lower amounts of this ligand would be less likely to produce IL-2 or
IL-2R and thus more likely to express Bcl-6 and become pro-Tth cells. A
twist on this idea is that some non-Tfh-fated effector cells may express the
IL-2R but receive IL-2 from other cells *°. Regulatory T (Treg) cells®! and a
subset of dendritic cells % play roles in this process by quenching IL-2

thereby favoring the production of pro-Ttfh cells.

An attractive aspect of the bifurcation model is that it provides a
mechanism for the simultaneous formation of Th cells that augment the
microbicidal functions of granulocytes, myeloid, and epithelial cells, and
other Th cells that help B cells make high affinity antibodies. It thus
provides an explanation for the fact that the vast maijority if not all adaptive
immune responses to infection lead to both cell-mediated and T cell-
dependent humoral immunity. Given the evolutionary advantage this two-

pronged defense this system provides, it would make theoretical sense for
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the bifurcation mechanism to be a general feature of all CD4+ T cell
responses. Indeed, the simultaneous induction of Th2 cells and Tfh cells
has been well documented in studies of type 2 immune responses %%°. As
in type 1 immune responses, the non-Tfh cells, Th2 cells in this case,
depend on IL-2R signals ®. A surprising aspect of this story is that Tfh cells
are better IL-4-producing cells than Th2 cells ®#°, which are potent
producers of IL-5 and IL-13 and tend to migrate to non-lymphoid sites of
infection °*. Thus, certain infections induce Th2 cells, which are likely
critical for IL-5-dependent activation of eosinophils at the site of infection,
and Tfh cells, which probably produce the IL-4 needed to drive IgE

switching by B cells.

There is also some evidence for the bifurcation in type 3 immune
responses. Myelin peptide:MHCII-specific Th17 and Tfh cells can co-exist
in mice with experimental autoimmune encephalomyelitis (EAE) %. In
addition, Streptococcus pyogenes epitope-specific Th17 and Tth cells form
in nasal-associated lymphoid tissues of S. pyogenes-infected mice, and the
Th17 cells are to some extent IL-2R-dependent®’. It should be noted,

however, that IL-2-deficient TCR transgenic CD4" T cells formed more
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Th17 cells than wild-type cells after adoptive transfer into wild-type
recipients and priming with the relevant antigen in complete Freund’s
adjuvant %, This case is either an exception to the rule that IL-2R signaling
is required for development of non-Tth effector cells, or the IL-2-deficient T
cells, which had the capacity to express IL-2R, received IL-2 from wild-type
T cells in the adoptive recipient. The first possibility indicates that signals
other than STAT5 may be able to drive BLIMPEC-1, suppress Bcl-6, and
promote the Th17 fate in some contexts. Mechanism aside, studies of type
3 immune responses further suggest that simultaneous production of Tfh
and non-Tfh effector cells is a core feature of all CD4" T cell responses that
evolved to ensure that both humoral immunity and specialized forms of cell-

mediated immunity occur at the same time.

Exceptions, opportunities, and challenges

There may be circumstances where one limb of the bifurcation becomes
amplified over the other. The immune response to phagosomal pathogens
is one case in point. These microbes, such as Mycobacterium tuberculosis

and Salmonella enterica, establish persistent but CD4* T cell-controlled
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infections of the phagolysosomes of myeloid cells *. Naive CD4* T cells
with TCRs specific for MHCII-bound peptides from these microbes
proliferate and form an early effector cell population consisting of Th1 and
Tfh cells as predicted by the bifurcation model #°. As infection proceeds,
however, the Th1 cells proliferate more than the Tfh cells such that Th1
cells account for the vast majority of the population several weeks into the
infection. At this point, the Th1 population develops two subsets also
observed following M. tuberculosis infection %, one expressing CXCR3
and capable for more IFN-y production than the Th1 cells that form during
acute infections and a subset that expresses markers of terminal
differentiation such as KLRG1 or CX3CR1 49191 |n M. tuberculosis
infection, the CXCR3" cells express PD-1 and remarkably are dependent
on Bcl-6 to form efficiently even though the cells are Th1 cells'®2. They also
provide superior protection again M. tuberculosis infection1%2, These
results suggest that although the bifurcated production of Th1 and Tth cells
is the first response of the system, certain conditions such as persistent
intracellular bacterial infection in an IL-12-rich environment can cause the

prolonged proliferation and further differentiation of Th1 cells.
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It is conceivable that other conditions, perhaps microenvironments lacking
IL-2, will favor the Tfh limb. Indeed, chronic LCMV infection, which induces
T cell exhaustion and loss of IL-2 production®®, leads to accumulation of
Tfh-like cells'%. This idea may also be worth considering for immune
responses that occur under non-inflammatory conditions. Indeed, we found
the bifurcation model helpful when interpreting results from experiments on
the CD4" T cell response to food antigens. We previously showed that a
food peptide:MHCII-specific Th population generated by antigen feeding
contained 3 major subsets — Treg cells, TCM-like cells, and GC-Tfh-like
cells'®, Although the TCM-like and GC-Tfh-like cells lacked CXCR5 and
were hyporesponsive to antigenic stimulation, single cell RNA sequencing
revealed that that they share many markers with the TCM and GC-Tfh cells
that form during infections. In addition, the Treg cell population formed in an
IL-2-dependent fashion. It is therefore possible that this response is a
variation of the bifurcation process that occurs under IL-2 limited conditions
with most cells not receiving IL-2R signals and entering the Tfh path but
failing to become genuine Tfh cells due to a lack of IL-6 and IL-21 and

progressive unresponsiveness due to chronic TCR signaling. The few cells
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that engage IL-2 under these conditions may adopt the non-Tfh fate and in

this case become peripheral Treg cells.

Although the cases in the preceding 2 paragraphs are essentially
corollaries to the bifurcation rule, more direct challenges for the theory lie
ahead. More basic research must be done in mice to assess whether the
bifurcation model truly applies to type 3 immune responses. There is also a
need to determine whether signals in addition to those from the IL-2R
contribute to the formation of non-Tfh cells. Although IL-2R-deficiency
greatly reduces Th1 cell formation it is not completely eliminated in the way

that Bcl-6-deficiency completely wipes out all the CXCR5* subsets??.

It also seems important to determine the roles that Th memory cell subsets
play in protective immunity. This work will require relevant infection models
and will likely have model-specific features, which will complicate and yet
enrich the search for consensus. The utility of Th1 memory cells producing
IFN-y and stimulating myeloid cells to kill intracellular bacteria is easy to
appreciate. But even in this case, the relative protective capacities and
mechanisms of the 4 known Th1 subsets - Ly6C™ and Ly6C* Th1 cells from

acute infections 8 and CXCR3* and CX3CR1* Th1 cells from controlled
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persistent phagosomal infections '°%%" — are not completely understood. In
addition, it is possible that different Th1 subsets disinfect different myeloid
cell types, for example some focusing on monocytes, others on

macrophages, or in different anatomic locations.

The protective function of GC-Tfh-derived memory cells is very likely to
provide GC-Tfh effector cells to drive further affinity maturation of the
germinal center cell progeny of memory B cells during subsequent
infections’. Research from the HIV field indicates that many rounds of this
process must occur to produce the rare antibodies that can neutralize many
different HIV variants and are thus the goal of current vaccine strategies®.
It should be noted, however, that TCM, Tfh, and GC-Tfh-derived memory
cells can generate some Th1 effector cells during secondary responses
22,394547 1t is not known whether the Th1 effector cells generated from
these memory cells are different from those derived from Th1 memory

cells.

More research is also needed to integrate information about Th1, Th2,
Th17, and Tfh differentiation into the cell trafficking-based TCM and TEM
theory of Sallusto and Lanzavecchia®, and later modifications to account
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for TRM cells'. The recirculation properties of the Ly6C- Th1 memory cells,
however, are unknown and we hypothesized that that these could be TEM
cells. Along this line, it was of interest to determine whether GC-Tfh effector
cells, which are likely resident in secondary or tertiary lymphoid organs,
give rise to GC-Tfh, Tth, or TCM, the great majority of CCR7* memory cells
also express CXCRS5 ?2°° and are related to Tfh cells based on
disappearance in Bcl-6 deficient mice 22. It should be pointed out, however,
that although the human TCM population defined by the CD45RA™ CXCR7*
phenotype contains a prominent CXCR5+ subset, it also contains CXCR5~
cells, some of which express the Th1 marker CXCR3'%", This fact points to
the existence of conditions that generate TCM cells that are related to Th1
cells instead of Tfth cells. Perhaps the CD62L" CXCR5™ Th memory cells
described by Hale et al. *° are these cells. Another wrinkle is that the
LCMV-induced mouse Th1 population, which lacks the TCM marker, CCR7,
still contains a subset that has the TCM gene expression signature °.
These issues need to be sorted out to gain a better understanding of the
CD4* TCM population. The Ly6C* Th1 cells fit the definition of TEM cells as
they can be found in secondary lymphoid organs and non-lymphoid

tissues®® and have been shown to recirculate through these sites %8, The
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answers to these questions would close the gap in research on CD4* TRM

cells, which is lagging behind that on CD8* TRM cells?.

The bifurcation model also needs vetting in humans. This will be a difficult
task because early aspects of the bifurcation process occur in secondary
lymphoid organs that are hard to access in people. Although epitope-
specific Th1 and Tfh cells have been detected in the peripheral blood of
humans 8, the full spectrum of Th cell phenotypes in people is only
beginning to be understood. Unfortunately, the myriad flow cytometry
gating schemes used to characterize human CD4* T cells will again
complicate progress in this area. A scheme that could be used across
species would be a boon to the CD4* memory T cell field. In addition, the
extensive polymorphism of MHCII molecules in the human population™? will
continue to be a barrier to MHCII tetramer-based approaches to the study
of human CD4* memory T cells. The CD8" T cell field has dealt with MHCI
polymorphism by focusing peptide:MHCI tetramer-based studies on a
common MHCI allelomorph - HLA-A2 114. The fact that HLA-DP4 is

expressed by up to 60% of people'® offers a similar opportunity to the
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CD4* T cell field although many HLA-DP4-restricted peptides will have to

be discovered.

In summary, this thesis answers some of the proposed questions we
believe would advance our understanding of CD4 memory formation and is
based on the bifurcation model as a conceptual framework to guide our
experiments about memory T cell research. This framework and the
conclusions we show here, could help the field come to a consensus about
CD4" memory T cell formation and survival amid the torrent of single cell
RNA sequencing data that offers the temptation of further subdividing

similar subsets from different infections.

Statement of thesis

My thesis is that after differentiation each subset of CD4* T cells has the
capacity to form memory cells that are similar to their effector counterparts
and that memory cells either rely on II7r signaling, IL7r/IL15 signaling or

TCR stimulation to survive.
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Diagram 1. Visual description of Tetramer enrichment technology

I-A®> monomers are tetramerized to streptavidin APC or PE by the tetramers
biotin tail. Staining a single cell suspension with [-A® tetramers allows for
labelling of rare antigen specific cells and are then labelled with an anti-PE
or APC antibody that is conjugated to a magnetic bead. Passing the
labelled mixture through a magnet results in the retention of the tetramer
labelled cells in the magnetic column. The column is then eluted and run on

a flow cytometer for further analysis.
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Model 1. Model of CD4* T cell bifurcation and memory formation

Naive CD4+ T cells interact with antigen bearing antigen presenting cells
and undergo expansion into early effector cells that audition for Th1 or Tfh
differentiation. In the presence of IL-2 early effector cells differentiate into
Th1 cells that can either be Ly6C- or Ly6C+. When IL-2 is limiting the cells
differentiate into Tfh and can migrate to the B cell zone. Some cells will
receive further signals to enter the B cell zone and become GC-Tfh where
they can provide B cell help. The cells that do not receive signals from a B
cell reside in the mantle zone area where they are termed Tfh. Some Tfh
will form memory cells of the same phenotype and some may upregulate

CCRY7 or CD62L to become T central memory cells.
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Table 1.
Markers used to identify Th effector and memory cell subsets by flow cytometry.

The symbols indicate a range of protein expression levels from negative (—) to various degrees of positivity
from + to ++++. Values are based on the literature and our unpublished data.

CD62L | CXCR6 | Ly6C | FR4 | PSGL1 | CXCRS
Effector cells
Pro-Tth - - ++ ++ T+
Ly6C* Thlger - | + -+ -
Ly6C~ Thlgpp - +++ - - 4+ -
Tthgrr - - - ++ it
GC-Tihepr - - - +++ - et
Memory cells
TCM RN - T+ T+ T
Ly6C* Thlymas - | - -+ -
Ly6C~ Thlygy - +H++ - - 4+ -
Tthyenm - - ++ ++ +
GC-Tfhypm - - - o+ - +

Table 1. Expression levels of different Th1 effector and memory
population for the makers given above.
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Chapter 2 : Methods and materials
Mice

Female C57BL/6 (B6), B6.SJL-Ptprca Pep3b/BoydJ (CD45.1+), B6.129S6-
Tbx21tm1GIm/J (Tbx21 -/-)90, B6(Cg)-1115tm1.2Nsl/J (1115 -/-)91,
(B6.129S(FVB)-Bcl6tm1.1Dent/J (Bcl6 fl/fl)92, B6.Cg-Tg(Lck-
icre)3779Nik/J (Lck Cre/Cre)93, B6.Cg-Ndor1Tg(UBC-cre/ERT2)1Ejb/1J
(Ubc Cre-ERT2)94, and B6(129X1)-Tg(Cd4-cre/ERT2)11Gnri/J (Cd4 Cre-
ERT2)95 mice were purchased from The Jackson Laboratory. Bcl6fl/fl mice
were bred with Lck Cre/Cre mice to generate Lck Cre/WT Bcl6 fl/fl and Lck
WT/WT Bcl6 fl/fl mice. lI7r fl/fl mice®® were obtained from Alfred Singer and
crossed to Cd4 Cre-ERT2/WT mice to produce Cd4 Cre-ERT2/WT II7r fl/fl

and Cd4 WT/WT II7r fl/fl mice.
Parabiotic Surgeries

Parabiotic surgery was performed as described.®” Briefly, mice to be joined
were anesthetized and their sides to joined were shaved from about 1 cm
below the shoulder and about 1 cm above the hip. Matching skin incisions
were made in the shaved areas and with 3-0 Prolene stitches and overlying

surgical wound clips. Parabionts were then allowed to rest for 21 days
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before experiments. Percent residence was calculated as follows: percent
resident = (1-(number of cells of a Th subset from the joined mouse x
2)/(number of cells of that subset from the joined mouse + number of cells
of that subset from the parent mouse) x 100)). The number of cells of a Th
subset from the joined mouse and the parent mouse for a joined pair were
normalized to the number of 2W:IAP tetramer— naive CD4* T cells from the
joined mouse and the parent mouse with the assumption that naive CD4* T
cells should distribute equally to each member of the pair. For example,
consider a pair of joined day 30 CD45.1" and CD45.2" aLm-2W infected
mice. The CD45.2 partner has 142 CD45.1* tetramer* M-Tfh cells, %3
CD45.2" tetramer* M-Tth cells, 547 tetramer™ naive CD45.1* T cells and
1,403 tetramer— naive CD45.2" T cells. The CD45.1" tetramer® M-Tfh cells
would be corrected to 253 (142 x ((547 + 1403)/2)/547)). The CD45.2*
tetramer™ M-Tfh cells would be corrected to 126 (182 x ((547 +
1403)/2)/1403)). These values were then entered into the formula

described above.

Single-cell RNA sequencing
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2W:I-AP and LLOp:I-AP tetramer-binding T cells were purified by FACS
sorting from the SLOs of 6-10 mice per group infected intravenously 6, 21,
or 60 days earlier with'®” aLm-2W bacteria. Cells from each sample loaded
into one port of a 10X Genomics chip at 1,500 cells/ul. Libraries were
prepared for each sample and sequenced using a Novaseq S4 chip (2 x
150-bp PE) at the University of Illinois. Features were enumerated using
Cellranger (version 3.0, 10X Genomics) and gene expression values were
analyzed using Seurat 5.0.0.98 Single cells from each sample were
identified based on hashtags and normalized within each pool using the
sctransform method in Seurat. Different clusters were visualized using

UMAP dimensional reduction.3®

Cell transfer

For the experiments shown in Figure 3, 2W:I-AP and LLOp:I-AP tetramer-
binding cells were enriched from the spleen and lymph nodes of CD45.1*
mice 7 days after aLm-2W infection using Miltenyi positive selection kits
according to the manufacturer’s instructions. The cells were stained with

phenotyping antibodies, purified by sorting on a FACSAria-1l (BD) flow
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cytometer based on gates shown in Figure 3A, and injected intravenously
into separate mice expressed a different congenic marker, and had been
infected 7 days earlier with aLm-2W bacteria. 2W:I-AP tetramer-binding
cells were enriched from the spleen and lymph nodes of the recipient mice
21 days later, stained with phenotyping antibodies, and analyzed for the

various memory cell subsets as in Figure 2A.

Infections and injections

The ActA-deficient aLm-2W bacterial strain was described previously.™
Mice were injected intravenously with 107 bacteria. For the experiments in
Figure 6D, mice were infected with aLm-2W bacteria and then 40 days
later, twice intraperitoneally with 1 mg of YTS177 CD4 antibody (Bio-X-
Cell) or control IgG, 7 days apart. Subsets of 2W:I-A° and LLOp:I-AP
tetramer-binding memory cells were analyzed 11 days after the second

antibody injection.

Tetramers
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Biotin-labeled I-AP molecules containing the 2W (EAWGALANWAVDSA) or
LLOp (NEKYAQAYPNVS) peptides covalently attached to the I-Ab beta

chain were produced with I-A° alpha chains in Drosophila melanogaster S2
cells'®9% then purified and tetramerized with streptavidin allophycocyanin

(APC) as described previously.'®

Cell enrichment and flow cytometry

Livers were perfused with Dulbecco’s PBS via the portal vein until they
changed color. Intrahepatic lymphocytes were isolated by gentleMACS
(Miltenyi) disruption using the liver 01.01 program and incubated for 30
minutes at 37°C with shaking in 0.4 mg/ml collagenase IV and 25 pg/ml
DNAse I. Single cell suspensions were spun at 300 rpm for 3 minutes to
remove hepatocytes. Lymphocytes were purified on a 21% Histodenz
gradient after centrifugation at 2,200 rpm for 20 minutes without braking
and slow acceleration at 270C. Single cell suspensions of pooled spleens
and lymph nodes or liver preparations were stained for one hour at room
temperature with APC-conjugated peptide:|-AP tetramers'” and BV650- or

PE- conjugated CXCRS5 antibodies and BV421- or BV711-conjugated
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CXCRG6 antibodies. Cells were enriched using the EasySep Mouse APC
Positive Selection (STEMCELL Technologies) or Miltenyi Biotec systems
according to the manufacturer’s instructions. Enriched samples were
stained for 20 minutes at 4°C with GhostDye Red 780 and fluorophore-
conjugated antibodies specific for: CD4, B220, CD11b, CD11c, F4/80,
CD44, CXCR5, PD-1, PSGL1, CD62L, CXCR6, and Ly-6C and in some
cases CD45.2 and CD45.1. Stained cells were fixed and permeabilized
with the FOXP3/Transcription Factor Staining Buffer Set (TONBO)
according to the manufacturer’s instructions and stained overnight at 4°C
with fluorophore-conjugated Foxp3 and T-bet antibodies. Cells were
counted and analyzed by flow cytometry with counting beads on a Fortessa

(BD) flow cytometer. Data were analyzed using FlowJo software.

Immunofluorescence

Harvested murine tissues were embedded in OCT and frozen in a 2-methyl
butane liquid bath. Seven-micron sections were cut on a Leica cryostat and
stained with fluorophore-conjugated antibodies specific for BV421 CD19

(BD, 1D3), APC IgD (biolegend, 11-26¢c.2a), PE Thy1.2 (eBioscience, 53-
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2.1), or FITC GL7 (biolegend, GL7). Whole spleen sections were tiled for
GC quantitation using a Leica Thunder microscope and 20x 0.5 NA
objective. Two sections 100 microns apart were stained and averaged for
the number of GC’s and follicles. High resolution images of GCs were
acquired with a Leica Stellaris 8 confocal microscope. GC regions were
tiled using 20x 0.75NA and 40x motCORR 1.25NA glycerol immersion
objectives with xy voxel sizes of 0.568um and 0.284um, respectively.
Captured images were analyzed using Imaris 8 software. Background

fluorescence differences between images were equalized.
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Chapter 3: Phenotype and location of CD4 T cell responses to aLm-

2W?

Introduction

CD4* memory T cells play critical roles in immune protection to intracellular
pathogens.'® Memory cells are formed during infection from a process that
begins when naive CD4" T cells with microbial peptide:MHCII-specific T cell
receptors (TCR) proliferate and differentiate into effector cells that help
clear the pathogen.™ Although ninety percent of the effector T cells die by
apoptosis during the contraction phase after the pathogen is eliminated, the
remaining cells survive to become long-lived memory cells®*'?! The leading
paradigm for how memory cells are formed is based on observations of
CD8" T cells. The pool of CD8" effector T cells contains both IL-7 receptor
(IL-7R)* memory precursor cells (MPECs) that are destined to survive the
contraction phase, and transcriptionally distinct'?? IL-7R- short-lived
effector cells (SLECs) that are destined to die?’. This model, however, may
not apply to CD4* T cells as evidenced by the fact that adoptively

transferred IL-7R* and IL-7R~ CD4+ effector cells produce memory cells
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equally well*®. Thus, the mechanism by which CD4* memory T cells
emerge from a larger pool of effector cells is not known. Understanding
CD4" memory T cell formation has been complicated by the plethora of
CD4+ T cell subsets. Naive CD4" T cells can differentiate into Th1, Th2,
Th9, Th17, Th22, peripheral regulatory T (Treg) cell, or T follicular helper
(Tfh) cells'?, and each of these cell types may have memory cell
versions'. CD4* memory T cells can also exist as central (TCM), effector
(TEM), or resident (TRM) cell varieties that recirculate through secondary
lymphoid organs (SLOs), non-lymphoid organs, or reside permanently in
tissues'?612”. CD4* memory T cells also have complex survival
requirements with the homeostatic cytokines IL-7 and IL-15 playing
dominant but complex roles®?® 21-130_ |t is unclear if CD4* T effector cell
subsets are equally capable of forming memory cells, and if so, whether
CD4" T cell memory formation conforms to the MPEC/SLEC paradigm of
CD8" T cells. Here, we address these knowledge gaps using a type 1
immune response to acute bacterial infection in mice as a model system.
Using peptide:MHCII tetramers, we identified several Th1 and Tth cell
populations that each yielded a phenotypically similar memory cell subset.

The memory cell subsets had different trafficking patterns and variable
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dependence on IL-7, IL-15, or TCR signaling, but expressed a similar set of
genes regulating survival. Although most cells in the preceding effector cell
population had transcriptomes indicative of cell stress and death, some had
already acquired the memory cell gene signature. The results demonstrate
that acute infection induces rapid differentiation of Th1 and Tfh effector
cells, a minority of which quickly adopt a transcriptional program that allows
them to survive the contraction phase and become memory cells while

retaining their Th1 or Tth identity.

RESULTS

The primary CD4* T cell response has expansion, contraction, and memory
phases. We used a transient bacterial infection that induces type 1
immunity to study CD4* memory T cell formation. Mice were infected with
an attenuated strain of Listeria monocytes (aLm)'' engineered to express
an immunogenic peptide, 2W1S, which binds to the I-A® MHCII molecule
and is recognized by about 300 naive T cells per uninfected C57BL/6 (B6)
mouse?'. We used a fluorophore-conjugated 2W:I-AP tetramer-based cell

enrichment method and flow cytometry34 to identify when and where
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memory cells are formed. 2W:I-AP tetramer-binding CD4* T cells (Figure 1)
underwent rapid proliferation after intravenous aLm-2W infection, peaking
in the SLOs on days 5-7 at about 200,000 cells and then falling to 20,000
cells by day 15 (Figure 1A). The expanded population was dominated by
Foxp3~ conventional T cells and contained very few Foxp3™ regulatory T
(Treg) as observed in another type 1 immune response’®. 2W:|-AP
tetramer-binding CD4* T cells also peaked in the liver and blood at 20,000
and 10,000 cells, respectively, on days 5-7, and then fell 10-fold by day 15
(Figure 1A). The number of cells in each location did not change
significantly between days 15 and 30 although other work showed a slow
numerical decline of memory cells after day 30 of acute infection?2233,
These results suggest that the peak of effector T cell generation occurs
after intravenous aLm-2W infection around day 6 and is followed by a
contraction phase in all sampled body sites that ends around day 15 after
which memory cells emerge. As noted below, the transcriptomes of aLm-
induced CD4" cells did not change between days 21 and 60. Therefore,
day 21 aLm-induced CD4" T cells are suitable for analysis of the memory

state.
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aLm-2W infection drives formation of many effector cell varieties.

Previous research showed that aLm infection induces a mixture of Th1 and
Tfh effector and memory cells?2394%:46.139-141 \Wg ysed a flow cytometry
strategy described by Marshall et al.®® based on Ly-6C'43, a member of the
Ly-6 superfamily, and P-selectin glycoprotein > (PSGL1), a receptor for P-
selectin, and added the Tfh marker CXCR5%%46:72 the Th1-associated
marker CXCR64%8, and the TCM marker CD62L"%61?" to identify as many

previously described effector and memory cell types as possible.

Effector cells were characterized by analysis of 2W:I-AP tetramer-binding
conventional CD4" T cells in mice infected 7 days earlier with aLm-2W
bacteria. As described for Lymphocytic Choriomeningitis Virus (LCMV)-
specific CD4* T cells®®4°47  the 2W:I-AP tetramer-binding conventional CD4*
T cell populations in aLm-2W-infected mice consisted of Ly-6C" PSGL1*,
Ly-6C'° PSGL1*, and Ly-6C~ PSGL1- varieties (F. 1B). The Ly-6C" PSGL1*
cells expressed CXCR6 and the Th1 master transcription factor T-bet'#¢ but
lacked CD62L and CXCRS5 (Figure 1C). These cells were Th1 cells
because they were absent in aLm-2W-infected mice lacking the Tbx21
gene encoding T-bet (Figure 1D). The Ly-6C~ PSGL1~ cells expressed the
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largest amounts of CXCR5 and PD-1, less T-bet than the Ly-6C" Th1 cells
and lacked CXCR6 and CD62L (Figure 1C). These cells were greatly
reduced in aLm-2W-infected mice lacking the Bcl6 gene in T cells (Figure
1E), which established their identify as Tfth cells. Expression of relatively
large amounts of PD-1 marked these cells as germinal center Tfh (GC-Tfh)
cells'”. The Ly-6C'"° PSGL1* population contained CXCR6* CD62L",
CXCR6~ CD62L", and CXCR6~ CD62L" subsets (Figure 1B). The CXCR6"*
CD62L" cells lacked CXCRS5 and expressed the same amount of T-bet as
the Ly-6C"' Th1 cells (Figure 1C) but experienced only a small and not
statistically significant reduction T-bet-deficient mice (Figure 1D). As
described below, however, these cells are transcriptionally very similar to
the Ly-6C" Th1 cells and will be referred to as Ly-6C'° Th1 cells for this
reason. The 2 Ly-6C'° PSGL1* CXCR6~ populations expressed CXCRS5,
less T-bet than the Th1 cells and less PD-1 than the GC-Tfh cells (Figure
1C). The CXCR6- CD62L" cells were Tfh cells as evidenced by reduction in
aLm-2W-infected mice with T cell specific deletion of the Bcl6 gene (Figure
1E). This population was also reduced in Tbet- deficient mice (Figure 1D),
although this could have been an indirect effect of loss of Ly-6C" Th1 cells.

The lower level of PD-1 expression (Figure 1C) indicated that the CXCR6~
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CD62L" cells were likely the follicular mantle zone Tth (M-Tfh) cells
identified in imaging studies'*’. Surprisingly, the CXCR6~ CD62L" cells
formed normally in the absence of Bcl-6 (Figure 1E) but lacked CXCR5 in
this case (Figure 1F). Therefore, although CXCRS expression in this
population is controlled by Bcl-6, these cells do not require Bcl-6 to form.
These cells, which resemble a subset identified by Feng et al.’® will be
referred to as pre-Tfh cells based on cell transfer experiments described
below. Together, these results indicate that acute systemic bacterial
infection induces Ly-6C" Th1, Ly-6C'° Th1, pre-Tfh, M-Tfh, and GC-Tth

effector cells.

We then assessed the heterogeneity of the 2W:I-AP tetramer-binding
memory cell population that survived after the contraction phase days 21
after aLm-2W infection to determine if any of the effector cell subsets were
not represented as a memory cell population. The subset composition of
the day 21 population, however, was remarkably like that of the day 7
population. Ly-6C" PSGL1*, Ly-6C'° PSGL1*, and Ly-6C~ PSGL1- varieties
were present and the Ly-6C" PSGL1* cells expressed CXCR6 and T-bet

but lacked CD62L and CXCRS5 (Figures 2A and 2B). The Ly-6C~ PSGL1-
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cells again expressed CXCR5 and PD-1, less T-bet than the PSGL1* Th1
cells and lacked CXCR6 and CD62L. The Ly-6C"° PSGL1* population again
contained CXCR6" CD62L-, CXCR6~ CD62L*, and CXCR6~ CD62L~
varieties and the CXCR6* CD62L" cells lacked CXCR5 and expressed the
same amount of T-bet as the Ly-6C" Th1 cells. The Ly- C'° PSGL1*
CXCR6~ CD62L~ and CD62L* populations expressed CXCRS5 but less than
at day 7, less T-bet than the Th1 cells, and lacked PD-1. Thus, the post-
contraction 2W:IAP tetramer-binding memory T cell population contained
varieties that resembled the Ly-6C" Th1, Ly-6C'° Th1, pre-Tfh, M-Tfh, and
GC-Tfh effector cells present on day 7. Indeed, the percentages of cells
with these phenotypes were nearly identical at days 7 and 21 indicating
that each subset underwent the same amount of contraction (Figure 2C).
Cells with the phenotypes of Ly-6C" Th1, Ly-6C'° Th1, pre-Tfh, and M-Tfh,
subsets were also present in the blood on days 7 and 21 after aLm-2W
infection, whereas GC-Tfh cells were difficult to detect in this location. The
only significant change in the blood over time was that Ly-6Clo Th1 cells
accounted for a smaller fraction of the day 21 than the day 7 population,
consistent with progressive residency in tissues. 2W:I-A° tetramer binding

cells also migrated to the liver, a tissue with Lm tropism#° and the
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population was dominated by Ly-6C" Th1 and Ly-6C'° Th1 cells at both
days 7 and 21. Thus, the phenotype and localization of memory cell
subsets were like the earlier effector cells subsets. No effector cell subsets
were missing from the memory pool, suggesting that none were comprised
exclusively of SLECs. The low representation of Ly-6C'° Th1 and GC-Tfh
memory cells in the blood suggested that these cells resided in tissues

longer than the other memory cell types.

We performed a parabiosis experiment to test this possibility. Mice with
different congenic markers were infected with aLm-2W bacteria and
surgically joined 60 days later such that their blood supplies were
shared™®. CD4* T cells that bound 2W:I-AP tetramer or an I-AP-tetramer
containing a peptide (LLOp) from the listeriolysin O protein that is naturally
expressed by Lm'®" were analyzed to increase the number of aLm specific
cells in the experiment. Tetramer-binding CD4* memory T cells from each
parabiont were assessed 21 days after joining to allow time for recirculating
populations to reach equilibrium. The Ly-6C" Th1, M-Tfh, and pre-Tfh
memory cell populations moved between the SLOs of the parabionts,

whereas Ly-6C" Th1 and GC-Tfh memory cells were more likely to remain
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in the parabiont in which they were generated (Figure 2D). These results
and those from the blood and liver (Figure 2C) indicate that M-Tfh and pre-
Tth cells are TCM cells that recirculate through SLOs (Figure 2C), whereas
Ly-6C" Th1 cells are TEM cells that recirculate through SLOs and liver. Ly-
6C'° Th1 and GC-Tfh memory cells are SLO TRM cells and Ly-6C" Th1

cells may also reside in the liver.

Memory cell populations are derived from similar effector cell

populations.

The results raised the possibility that the memory cell populations were
each derived from the corresponding effector cell population, rather than a
unique MPEC cell population. We tested this possibility by using an
adoptive transfer approach. 2W:I-AP and LLOp:IAP tetramer-enriched Ly-
6CM Th1, Ly-6C'° Th1, pre-Tfh, M-Tfh, and GC-Tfh effector cells were
sorted from the SLOs of day 7 aLm-2W-infected mice (Figure 3A). The
purity of the post-sort Ly-6C" Th1, Ly-6C'° Th1, M-Tfh, and GC-Tth
populations was greater than 95 percent and the pre-Tfh population was
greater than 85 percent (Figure 3B). The sorted cells were injected
intravenously into mice expressing a different congenic marker, which had
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been infected 7 days earlier with aLm-2W bacteria. The phenotypes of the
transferred 2W:I-AP tetramer-binding T cells were then determined 3 weeks
later after the effector-to-memory cell transition occurred. Ly-6C" Th1
effector cells mainly produced Ly-6C" and Ly-6C'" Th1 and some M-Tfh
memory cells (Figures 3C and 3D). Ly-6C'" Th1 effector cells produced
mostly Ly-6C"° Th1 and some M-Tfh memory cells. M-Tfh effector cells
mainly produced mainly M-Tfh and some Ly-6C'° Th1 memory cells,
whereas GC-Tfh effector cells mainly produced GC-Tfh and M-Tfh memory
cells. The pre-Tth effector cell donor population, which consisted of about
90% pre-Tth and 10% M-Tfh cells at the time of transfer, generated a
memory cell population of 25% pre-Tfh and 40% M-Tfh memory cells with
smaller populations of Ly-6C'"° Th1 and GC-Tfh memory cells. Thus, Ly-6C"
Th1, Ly-6C" Th1, pre-Tfh, M-Tfh, and GC-Tfh effector cells each produced
memory cells with the matching phenotype. Each effector cell type,
especially pre-Tfh cells, however, also had some capacity to produce other

memory cell types.

Discussion
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Tracking the many phenotypes of CD4" effector and memory cells has
posed a challenge due to subsets lacking specific markers, moreover some
of the markers change over the course of the infection. An example of this
is the Tfh marker CXCR5. While highly expressed on effector cells, Tfh
downregulate this receptor as the infection clears making it challenging to
track this population over time. We used the markers PSGL1, Ly6C,
CXCRG6 and CD62L to describe five subsets of effector and memory cells.
The non-Tth lineages, identified by persistence in the absence of the Tfh
master transcription factor BCL6, were comprised of CD62L" pre-Tfh,
Ly6C" Th1, and Ly6C" Th1 cells. CD62L" cells are likely the earliest pre-
bifurcation population that may give rise to Th1 and Tfh. CD62L" cells meet
the definition of Tcm although their presence at the peak of infection might
better fit the nomenclature Tcmp described by Ciucci et al.** CD62L*
effector cells largely gave rise to themselves and to pre-Tth after the
contraction. This could be due to CD62L shedding or to further
differentiation into pre-Tfh from remaining antigen in the host. The Ly6C'"

Th1 cells were the most surprising subset as they do not rely on the Th1
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master transcription factor Tbet but they have high levels of Tbet
expression. The Ly6C"° Th1 were one of two resident populations that we
were able to detect. Tbet independent interferon gamma producing cells
are not well defined in the literature but they would likely have the novel
characteristics that we have described here. Identifying this population as
CXCR®6* and Ly6C" may help other areas of immunology track this resident
Th1 like population in other infections and locations. The Ly6C" Th1
population has been well characterized in the literature and are bona fide
Th1 with Tem like properties. The RNAseq, shown later in this thesis,
suggests this population is likely a more mature Th1 population that gives
rise to the CX3CR1* which are a terminally differentiated Th1 population
that dominates virulent phagosomal infections. The Ly6C" Th1 effector
cells gave rise to Ly6C" and Ly6C" Th1 populations suggesting the
acquisition of a resident memory Th1 population may be flexible through

the contraction of Th1 cells.

The two populations of BCL6 dependent cells were PSGL-1" M-Tfh and
PSGL1"° GC-Tfh. The M-Tfh population largely generated memory versions
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of themselves, shared CXCRS5 expression with the GC-Tfh population, and
recirculated through conjoined mice the same as Naive cells. This
population was absent from the liver which ruled out a designation of TEM,
rather they appear to be TCM. The conventional marker assigned to TCM
is CCR7 or CD62L. It's possible that these cells express CCR722 but not
CD62L but the fact cells exhibiting this mixed phenotype can recirculate to
the same extent as naive cells caution the use of a single marker to identify
cells with a recirculation pattern of canonically described Tcm. The GC-Tfh
population was the second resident population that we identified by the lack
of PSGL1 expression. This method of identification remained stable over
time which is the main benefit over using CXCRS and PD-1. It is unclear
what role PSGL1 could be playing in residency due to Ly6C'" Th1

expression of this marker but also exhibit a resident like phenotype.

We demonstrated a flow cytometry panel capable of identifying five
populations of effector and memory CD4" T cells in response to an acute
bacterial infection and that each population prefers to form memory cells
that are the same phenotype as the effector cells. Further, we describe the
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trafficking patterns that each population uses to surveil the host at a
memory timepoint. The identification of a novel Th1 and Tth resident
population may provide insight into different ways that T cells can remain
resident within SLO’s. Each subset forming a similar memory subset by the
cell transfer approach did not align with the MPEC/SLEC model that has
been illuminating for CD8* T cell research but it did not address what
transcriptional changes occurred between the peak of the response and the

resulting memory populations.
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Figure 1. Naive 2W:I-Ab-specific T cells undergo expansion after
intravenous infection with aLm-2W bacteria. Memory cell populations

are phenotypically like effector cell populations.

(A) Mean numbers (£}SD) of 2W:I-Ab tetramer-binding cells in the indicated
organs of B6 mice (n = three at each time point from two independent
experiments) at the indicated times after aLm-2W infection. (B) Flow
cytometry plots of staining of the indicated proteins on 2W:I-Ab tetramer+
cells from the SLOs of mice, 7 days after aLm-2W infection. (C) Mean
fluorescence intensities of antibody staining of the indicated proteins on the
indicated subsets identified as in (B). (D) Numbers (top) and percentages
(bottom) of 2W:I-Ab tetramer-binding cells of the indicated subsets from the
SLOs of individual WT (filled circles) or Tbx21 -/- (open circles) mice (n =
six from two independent experiments) on day 7 after aLm-2W infection.
Mean values are indicated with a horizontal bar. (E) Numbers (top) and
percentages (bottom) of 2W:I-Ab tetramer-binding cells of the indicated
subsets from the SLOs of individual Lck WT/WT Bcl6 fl/fl (filled circles) or
Lck Cre/WT Bclé6 fl/fl (open circles) mice (n = five from two independent

experiments) on day 7 after aLm-2W infection. Mean values are indicated
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with a horizontal bar. (F) Histograms of CXCR5 staining on 2W:|-AP
tetramer-binding pre-Tth cells (blue) or naive 2W:I-AP tetramer— CD4* T
cells (black) from mice of the indicated genotypes on day 7 after aLm-2W

infection.
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Figure 2. Phenotype and location of 2W:I-Ab-specific memory T cells

after intravenous infection with aLm-2W bacteria.

(A) Flow cytometry plots of staining of the indicated molecules on 2W:|-AP
tetramer+ cells from the SLOs of mice, 21 days after aLm-2W infection. (B)
Mean fluorescence intensities of antibody staining of the indicated proteins

on the indicated subsets identified as in (A). (C) Percentages of 2W:I-AP
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tetramer-binding cells of the indicated subsets from the SLOs, blood, or
livers of mice (n = 4 from two experiments) on day 7 (circles) or day 21
(squares) after aLm-2W infection. Mean values are indicated with a
horizontal bar. The only significant difference between day 7 and 21 for a
subset is shown with an adjusted P value from a Multiple unpaired T test.
(D) Mean percentages (£ SD, n 9-10 from 3 independent experiments) of
the indicated 2W:I-AP tetramer-binding memory cell subsets that did not
recirculate between the SLOs of the parabionts in a 21-day period (%
Resident). P values were derived from a oneway ANOVA with a Tukey's
multiple comparisons test. One outlying value was removed from the Ly6C"

Th1 cell group based on the ROUT method with a Q value of 1%.
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Figure 3. CD4+ effector T cell subsets generate phenotypically similar

memory T cell subsets.

(A) Flow cytometry plots of the indicated molecules on 2W:I-AP tetramer+
cells from the SLOs of CD45.2+ mice, 7 days after aLm-2W infection from
a sample later subjected to FACS sorting. (B) Flow cytometry plots of the
indicated molecules on 2W:I-AP tetramer+ effector cells of the indicated
subsets from SLOs of day 7 aLm-2W-infected CD45.2+ mice after FACS
sorting based on the gates shown in (A). (C) Mean percentages (£} SEM, n
> 3 from 4 independent experiments) of 2W:I-AP tetramer-binding memory
cell subsets of CD45.2+ donor origin in CD45.1+ mice that received the
indicated FACS-sorted CD45.2+ effector cell populations 21 days earlier.
(D) Flow cytometry plots of the indicated molecules on 2W:I-AP tetramer+
memory cells derived from the indicated FACS-sorted effector cell subsets

21 days after transfer into day 7 aLm-2W-infected recipients.
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Chapter 4. Single cell RNA sequencing reveals transcriptionally

distinct Th1 and Tfh effector cells.

An unbiased single cell transcriptomics study was then performed to
identify potential mechanisms governing the effector-to-memory cell
transition. 2W:I-A and LLOp:I-AP tetramer-binding cells were enriched and
sorted from SLOs on days 6, 21, or 60 after aLm-2W infection and single
cells were subjected to an RNA sequencing protocol. Using the Seurat R
package, the sequencing data from all time points (11,000 cells from day 6,
5,000 from day 21 and 5,000 from day 60) were integrated before quality
control assessment and a Uniform Manifold Approximation and Projection
(UMAP) plot was generated containing cells clustered by transcriptional
state'®?. The effector to memory cell transition was readily apparent based
on the segregation of cells along the X-axis of the UMAP plot (umap_1).
Greater than 96 percent of the cells from day 6 had negative umap_1
values, whereas greater than 95 percent of the cells from day 21 or 60 had
positive umap_1 values (Figure 4A). 10 percent of the day 6 cells had
umap_1 values less than -5 (umap_1low) and expressed Mki67 indicative

of cell cycle progression’3. Eighty-seven percent of the day 6 cells,
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however, did not express Mki67 and had intermediate umap_1 values
between -5 and 0 (umap_1int), while 4 percent were Mki67 — and had
umap_1 values greater than 0 (umap_1high) like the memory cell
populations present on days 21 and 60. We then identified a module of 19
differentially expressed genes (DEGs) with at least 2.5-fold higher
expression in the day 6 versus the day 21 population. The effector module
was filtered to exclude genes expressed by less than 10 percent of the day
6 cells or genes with highly variable expression along the Y-axis (umap_2).
We similarly generated a DEGs list of 20 genes whose expression was
enriched in memory cells. The effector cell module contained genes
involved in apoptosis (Gsn, S100a11, Lxn, KIf10, Gstt2, Casp3, Pycard,
Rilpl2) in different contexts'®*-'6" inhibition of T cell activation (Pdcd1,
Tigit)'%2183 or CD8* effector T cell activation (/rf4, Irf8, Ctla2b)'®*-1%6, (Table
2), whereas the memory module contained genes involved in cell survival
(Bcl2, Prkce, Scml4, Pde2)50-53, transcriptional repression (Atn1,
Nr1d2)'"1:172 vesicular trafficking (Vps37b, Rab6b)'"3174 or cGMPEC-
mediated signaling (Pde2a, Rundc3b)**'"° (Table 3). As expected, the
effector module was expressed more by the day 6 than the 21 and day 60

populations (Figure 4B), whereas the memory module was expressed more
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by the day 21 and day 60 populations than the day 6 population (Figure
4C). Importantly, however, the day 6 umap_1high cells showed low
expression of the effector module (Figure 4B) and high expression of the
memory module (Figure 4C). Likewise, umap_1int cells with higher umap_1
values were enriched for the memory module over the effector module
(Figure 4B). Thus, although most of the cells in the day 6 population had an
effector cell transcriptome associated in part with cell death, a minority

already had the memory cell transcriptome.

While umap_1 segregated cells with effector or memory phenotypes,
umap_2 segregated cells by T helper phenotype. At all times, the cells with
umap_2 values greater than 0 expressed a module of Th1 genes including
Tbx21 (encoding T-bet), Ifng, Nkg7, and Ccl5 (Figure 4D), whereas the
cells with umap_2 values less than 0 expressed a module of Tfh genes
including Cxcrb, lI6st, ll6ra, and Btla (Figure 4E). The effector (day 6) and
memory (days 21 and 60) time points contained a similar fraction of cells
expressing either the Th1 or Tfh module. This pattern was also observed
among the day 6 cells already expressing the memory module (umap_1hi

and umap1int cells with the highest umap_1 values). Thus, a minority of

65



Th1 and Tfh cells with memory cell transcriptomes are present as early as
day 6 among a larger population of cells with effector cell transcriptomes.
Notably, the umap_1low Mki67* cycling cells on day 6 (Figs. 4A) expressed
the Th1 module but not the Tfh module (Figure 4D), consistent with the
work of Ray et al.’” showing that Tfh effector cells exit the cell cycle earlier

than Th1 cells.

Special attention was given to //7r because it encodes the alpha chain of
the IL-7R, which gives CD8*" MPECs a survival advantage during the
contraction phase?’. On day 6, the umap_1low Mki67* cycling cells lacked
II7r, some umap_1int cells expressed //7r, and many but not all of the
umap_1high cells expressed II7r (Figure 4F). Surprisingly, /I7r expression
was distributed across the X-axis (umap_1) of the umap_1int population
rather than concentrated in day 6 cells that expressed the memory module.
Moreover, very few day 6 cells expressing the Tfh module expressed //7r
including the cells that expressed the memory module. On days 21 and 60,
nearly all cells expressing the Th1 module were /I7r* but many cells
expressing the Tth module had lower or no expression of //7r. Overall, II7r

expression correlated less well with survival than expression of the memory
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cell module. Therefore, in accordance with Marshall et al. 7, it is unlikely
that expression of the IL-7R determined whether CD4" cells survived the

contraction phase to become memory cells.

The transcriptional state of Th1 and Tfh cells is largely conserved

from effector to memory phases.

The sequencing data was analyzed in more detail to further understand the
relationship between the CD4* memory and effector T cells. We performed
differential gene expression analysis in Seurat and identified 15 cell
clusters with unique expression signatures across days 6, 21, and 60
(Figure 5A). Only a small number of Foxp3* Treg cells were detected as
expected based on the flow cytometry results, and clustered with Foxp3-
cells in cluster 8 (Figures 5A and 5B). Cells in cluster 12 had a type |
interferon stimulated signature exemplified by expression of /sg75 and did
not change with time after aLm-2W infection. Treg cells and cluster 12 cells
were not analyzed further. The cells in cluster 3, 4, 5,6, 7, 9, 13, and 14

were predominantly umap_1lo and umap_1int effector cells, whereas cells
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in clusters 0, 1, 2, 8, and 10, were predominantly umap_1hi memory cells
(Figures 4E and 5A). Cells in cluster 11 were umap_1int effector cells on

day 6 and umap_1hi memory cells on days 21 and 60.

Clusters 1, 5, 7, 8, 11, 13, and 14 contained cells that expressed the Th1
module (Figures 4E, 5A and 5B). Clusters 13 and 14 contained proliferating
Th1 cells, whereas cluster 11 cells expressed Cx3cr1 typical of terminally
differentiated Th1 cells'’®. We confirmed by flow cytometry that cells
expressing CX3CR1 indeed accounted for about 10% of the Ly-6C" Th1
population detected by flow cytometry (Figure 5C). Cells in effector cell
cluster 5 and memory cell cluster 1 had similar umap_2 values and
expressed Ly6c2, Cxcr6, Selplg, Tbx21, and Ccl5 (Figure 5B) and thus
corresponded to the Ly-6Chi Th1 effector and memory cells identified by
flow cytometry. Likewise, cells in effector cell cluster 7 and memory cell
cluster 8 had similar umap_2 values and expressed Cxcr6, Selplg, Tbx21,
and Ccl5 but less Ly6c2 than cells in clusters 5 and 1 and were likely the
Ly-6C" Th1 effector and memory cells. The main difference between the
memory cells in clusters 1 and 8 was that cluster 8 expressed TRM genes

such as ltga1 62 and Rgs1 63 while cells in cluster 1 expressed genes
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involved in egress from lymphoid tissue (KIf2, S1pr1)%4. These results align
with the parabiosis results indicating that Ly-6C'° Th1 memory cells are
tissue resident while Ly-6C" Th1 memory cells recirculate (Figure 2D).
Clusters 0, 2, 3, 4, 6, 9, and 10 contained cells that expressed the Tfh
module (Figures 4E, 5A and 5B). Cells in effector cell cluster 4 and memory
cell 10 expressed the Tfh genes Cxcr5,°® and /l6st and the GC-Tfh genes
Tox2," and Izumo1r '® and lacked KIf2 and S71pr1 involved in egress from
lymphoid tissues'®' (Figure 5B). The cells in these clusters were therefore
likely the SLO-resident GC-Tfh effector and memory cells identified by flow
cytometry. Cells in clusters 3 and 6 were candidates for pre-Tfh or M-Tfh
effector cells and cells in clusters 0 and 2 for the memory cell versions.
Cells in all 4 clusters expressed Selplg but not Ly6c2 or Cxcr6 (Figure 5B)
and had lower expression of Cxcr5, Tox2, and Izumo1r and higher
expression of KIf2 and S1pr1 than the GC-Tfh cells in clusters 4 and 10.
Although Sell was poorly detected in general, clusters 0, 2, 3, and 6 were
the only clusters that contained cells that expressed Ccr7, which is under
the same transcriptional control as Sell'®'. Therefore, clusters 3 and 6 likely
contained a mixture of pre-Tfh and M-Tfh effector cells and clusters 0 and 2

a mixture of pre-Tfh and M-Tfh memory cells. This conclusion is bolstered
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by the fact that the sum of the frequencies of pre-Tfh and M-Tth memory
cells among the tetramer+ population identified by flow cytometry was
about the sum of the frequencies of cells in clusters 0 and 2 among the
sequenced tetramer+ cells (Figure 5D). The fact that pre-Tfh and M-Tfh
memory cells did not resolve into separate clusters is further evidence of
the relatedness of these cell types. The few genes that differ between
clusters 0, 2, 3, and 6, for example Psmd3 and Pgap1, do not have obvious
immunological functions and are under investigation. Cells in cluster 9 had
similar amounts of Cxcr5, Tox2, and Izumo1r as cluster 3 and 6 cells but
low amounts of KIf2 and S1pr1 like GC-Tfh cells. As described below,
cluster 9 cells may have been pre-Tth or M-Tfh effector cells in the process

of becoming GC-Tfh cells.

Notably, the aLm-induced CD4* memory T cells did not preferentially
express Tcf7, Foxo1, or Myb 185-188 a5 described for CD8* memory T cells.
Foxo1 was uniformly expressed in all CD4" effector and memory cell
subsets, Tcf7 was well expressed in all effector and memory cell subsets
with highest expression in Tfh effector cells, and Myb was preferentially

expressed in some of the Tfh subsets (Figure 5B). Rather, each CD4*
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effector and memory cell subset pair were segregated on the UMAP
because the effector cells expressed the effector cell module typified by
Rilpl2 and Gstt2 whereas the memory cells express the memory module

typified by II7r, Vps37b, and Sspb2 (Figure 5B).

Secondary infection shows a Th1 progression towards CX;CR1+ Th1.

The Th1 module showed a gradient of Th1 genes with the lowest
expressing subset being the Ly6C'° Th1, Ly6C" Th1 being intermediate and
the CX3CR1* Th1 subset with the highest Th1 genes. This raised the
possibility that there is a progressive differentiation from Ly6C' Th1 to
Ly6C" Th1 and finally to the terminally differentiated CX3CR1* Th1
population. We tested this possibility by using the previously described
adoptive transfer approach. 2W:I-A° and LLOp:IA® tetramer-enriched Ly-
6C" Th1, Ly-6C'° Th1, pre-Tfh, M-Tfh, and GC-Tfh memory cells were
sorted from the SLOs of day 30 aLm-2W-infected mice (Figure 6A). The
purity of the post-sort Ly-6C" Th1, Ly-6C'° Th1, M-Tfh, and GC-Tfh
populations was greater than 95 percent and the pre-Tfh population was

greater than 90 percent (Figure 3B). The sorted cells were injected
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intravenously into naive mice expressing a different congenic marker,
which were then infected with aLm-2W bacteria. The phenotypes of the
transferred 2W:I-AP tetramer-binding T cells were then determined 6 days
later. Ly-6C" Th1 memory cells mainly produced CX3CR1* Th1 and Ly6C"
Th1 secondary effector cells and very few cells of the Tfth variety. (Figures
6C and 6D). Ly-6C" Th1 memory cells produced mostly Ly-6C" Th1
secondary effector cells and some CX3CR1* and Ly6C" Th1 cells, as well
as some M-Tfh cells. The pre-Tfh memory cell donor population generated
a secondary effector cell population of 30% M-Tfh, 20% GC-Tfh, and
mostly Ly6C" cells of the Th1 variety. M-Tfh memory cells mainly produced
Ly-6C" Th1 secondary effector cells and some M-Tfh and GC-Tth cells,
whereas GC-Tfh memory cells mainly produced GC-Tfh and Ly6C'"
secondary effector cells. These results demonstrate that Th1 memory cells
tend to differentiate from Ly6C' to Ly6C" and finally to CX3CR1*
secondary effector cells and that both pre-Tfh and M-Tfh seem capable of
generating Ly6C" Th1 and M-Tfh and GC-Tfh populations while GC-Tfh
largely remain GC-Tfh as secondary effector cells but they are not
precluded from generating Ly6C'"° Th1 effectors. Importantly, memory Pre-

Tfh, M-Tfh and GC-Tfh were overall very poor at generating CX3CR1* Th1
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cells. The Ly6C" Th1 cells preferred to become Ly6C" Th1 cells and the
Ly6C" Th1 cells preferred to become CX3CR1* Th1 secondary effectors

providing evidence for a stepwise progression to Th1 cell differentiation.

Discussion

We created an unbiased list of genes that were upregulated at memory
timepoints and selected genes that were expressed across all subsets.
When the memory module list of genes was applied to the whole dataset
there was a relatively small number of cells that were enriched for memory
genes at day 6 and these cells had started to downregulate genes
associated with effector cells. These cells are likely the MPEC cells that
have been described for CD8" T cells although they did not correlate with
IL7R expression as demonstrated by Kaech et al?’. There were also an
even smaller number of cells at the effector time that occupied the same
space as the memory cells. These cells appear to be the earliest memory
cells and were mostly comprised of M-Tfh and Th1 cells. These cells

express some of the effector module at D6 explaining why they do note
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reside in memory umap space, but the number of cells that were present
on the memory half of the plot makes it unlikely that these are the only cells

that are capable of forming memory cells.

Overall, the transcriptome analysis supported the cell transfer results
indicating that effector cell subsets generate phenotypically similar memory
cell subsets. These results add to the plausibility that the cluster 5 Ly-6C"
Th1 effector cells are the primary source of the transcriptionally related
cluster 1 Ly-6C" Th1 memory cells, cluster 4 GC-Tfh effector cells are the
primary source of cluster 10 GC-Tfh memory cells, cluster 7 Ly-6C'° Th1
effector cells are the primary source of cluster 8 Ly-6C'° Th1 memory cells,
and cluster 3 and 6 pre-Tth and M-Tfh effector cells are the primary source

of cluster 0 and 2 pre-Tfh and M-Tfh memory cells.

Transferring memory cell subsets to naive hosts that then received a
secondary infection of aLm-2W showed that there is a progressive
differentiation of Th1 subsets towards CX3CR1" cells. While CX3CR1* Th1
are relatively rare in a primary infection we found that Ly6C'"° Th1 produced
Ly6C" Th1 and some CX3CR1* Th1 cells, while Ly6C" Th1 cells largely
produced CX3CR1* secondary effector cells. This result is supported by the
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Th1 module from the RNAseq where there is a gradient of the Th1 module
with CX3CR1* Th1 cells expressing the highest level of Th1 genes and
Ly6C" Th1 cells expressing the lowest. Overall Pre-Tfh, M-Tfh and GC-Tfh
were poor at generating CX3CR1* Th1 cells but each of these populations
generated some Ly6C"° Th1 cells. In the RNAseq data set the most closely
related Th1 subset to the Tfh subset is the Ly6C'° Th1 cell suggesting that
upon re-infection a Tfh like cell can become a Th1 but they do not complete

the differentiation process and stall at the Ly6C'"° Th1 stage.
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Figure 4. Identification of CD4+ effector and memory T cells by single

cell RNA sequencing.

(A) UMAP of single cell RNA sequencing data from 2W:I-A° and LLOp:I-AP
tetramer+ cells FACS-sorted at the indicated times after aLm-2W infection
featuring expression of Mki67. Percentages of cells in the umap_1low,
umap_1int, or umap_1high intervals indicated by the dashed lines are
shown above the plot. (B-F) UMAPs of single cell RNA sequencing data
from 2W:I-AP tetramer+ and LLOp:I-A® tetramer+ cells FACS-sorted from
the indicated times after aLm-2W infection featuring expression of an
effector cell module of genes expressed to a greater extent on day 6 than
day 21 (B), a memory cell module of genes expressed to a greater extent
on day 21 than day 6 (C), a module of genes over-expressed in Th1 cells

(D) or Tth cells (E), or expression of /I7r (F).
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Figure 5. Identification of Th1 and Tfh effector and memory cell

subsets by single cell RNA sequencing.

(A) Dimension reduction plot of single cell RNA sequencing data from 2W:I-
AP and LLOp:I-AP tetramer+ cells FACS-sorted from the indicated times
after aLm-2W infection with identity calls on each cluster listed in the
legend. (B) Violin plots of expression of the indicated genes by the
indicated Th cell subsets. (C) Flow cytometry plots of the indicated
molecules on 2W:I-AP tetramer+ cells from aLm-2W-infected mice
demonstrating the presence of CX3CR1* cells in the Ly-6C" Th1 cell
subset. (D) 2W:I-AP plus LLOp:I-AP tetramer-binding T cells sorted from the
spleens of day 21 and 60 aLm-2W infected mice were analyzed by single
cell RNA sequencing or by flow cytometry and memory cells subsets were
identified as described in Figure 5A and Figure 2A. The values in the table
indicate the percentage of each subset in the tetramer-binding population

identified by each method.
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Genes p_val avg_log2FC | pct.1 pct.2 p_val_adj PcDiff
Histlhlb 1.82E-240 4.079857211 | 0.142 0.015 3.95E-236 0.127
Stmnl 1.49E-279 3.631925569 | 0.213 0.045 3.23E-275 0.168
Mki67 1.10E-263 3.6058583 0.174 0.026 2.39E-259 0.148
Histlh2ae 2.21E-240 3.506221526 | 0.195 0.043 4.79E-236 0.152
S100a4 0 2.827916468 | 0.744 0.273 0 0.471
Top2a 0 2.812710547 | 0.252 0.055 0 0.197
Ckslb 1.91E-116 2.621278734 ] 0.102 0.023 4.15E-112 0.079
Gzmb 1.32E-174 2.615734507 | 0.129 0.023 2.87E-170 0.106
E2f2 0 2.599183938 | 0.258 0.045 0 0.213
Histlh2ap 1.38E-265 2.577469484 | 0.414 0.183 3.00E-261 0.231
Gsn 4.34E-200 2.439257975 | 0.14 0.022 9.43E-196 0.118
Lgals3 3.11E-146 2.265509321 | 0.129 0.03 6.76E-142 0.099
Tox2 0 2.243098592 | 0.465 0.126 0 0.339
Anxa2 0 2.223398198 | 0.446 0.133 0 0.313
Slc36a30s 1.72E-181 2.222194414 ] 0.142 0.028 3.73E-177 0.114
1d3 0 2.196662814 | 0.315 0.088 0 0.227
Irf4 9.54E-211 2.171669985 | 0.191 0.048 2.07E-206 0.143
Gzmk 2.69E-226 2.128917002 | 0.202 0.051 5.84E-222 0.151
l11r1 1.16E-123 2.119306235 | 0.102 0.021 2.53E-119 0.081
Ctla2b 7.65E-151 1.982291852 | 0.145 0.038 1.66E-146 0.107
Irf8 2.06E-90 1.952673705 | 0.101 0.03 4.46E-86 0.071
Ptms 0 1.903894992 | 0.289 0.076 0 0.213
S100a6 0 1.833800029 | 0.933 0.668 0 0.265
Ptrhl 1.44E-125 1.819520517 | 0.128 0.035 3.13E-121 0.093
Klc3 1.91E-110 1.808662124 | 0.101 0.024 4.16E-106 0.077
Rapgef5 1.38E-160 1.788555226 | 0.169 0.049 2.98E-156 0.12
Cks2 4.39E-224 1.747209971 | 0.254 0.084 9.52E-220 0.17
Ctla2a 1.02E-269 1.736991252 | 0.515 0.31 2.22E-265 0.205
Cenpa 1.68E-231 1.735318293 | 0.317 0.127 3.64E-227 0.19
Dtl 9.52E-112 1.689118454 | 0.131 0.041 2.07E-107 0.09
Lxn 4.37E-135 1.687271683 | 0.137 0.037 9.49E-131 0.1
Cenpw 4.11E-110 1.668747534 | 0.123 0.037 8.93E-106 0.086
Pdcd1 3.36E-168 1.667985231 | 0.185 0.056 7.29E-164 0.129
Racgapl 2.57E-135 1.662942011 | 0.159 0.051 5.59E-131 0.108

Table 2. Effector gene list
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List of genes that were expressed at least 2-fold greater in day 6 (pct.1)
than day 21 (pct.2) 2W:I-Ab and LLOp:I-AP tetramer-binding cells from
aLm-2W infected mice and in at least 10% of the effector. The genes used
to produce the effector cell module are highlighted in yellow. These genes

were chosen because of uniform expression across the day 6 Th subsets.
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Genes p_val avg_log2F pct.l pct.2 p_val_adj | PcDiff
C

Samd3 4.19E-162 -3.09704969 | 0.017 0.103 9.10E-158 | -0.086
Coro2a 2.04E-166 -3.07841686 | 0.032 0.133 4.43E-162 | -0.101
I7r 0 -3.05653311 | 0.251 0.85 0 -0.599
App 3.96E-139 -2.50636469 | 0.026 0.112 8.59E-135 | -0.086
Lypd6b 1.01E-191 -2.37035803 | 0.039 0.158 2.19E-187 | -0.119
Dse 3.68E-112 -2.27176477 | 0.03 0.106 7.98E-108 | -0.076
Ttc28 8.63E-263 -2.11067271 | 0.076 0.244 1.87E-258 | -0.168
Myo3b 5.74E-129 -2.06837326 | 0.055 0.152 1.25E-124 | -0.097
Fasl 1.79E-174 -2.00142926 | 0.054 0.174 3.89E-170 | -0.12
Vps37b 0 -1.97025864 | 0.411 0.753 0 -0.342
Tdrp 1.71E-105 -1.93230625 | 0.034 0.109 3.72E-101 | -0.075
Scml4 0 -1.91921969 | 0.271 0.628 0 -0.357
Trio 7.85E-135 -1.8900995 | 0.063 0.167 1.70E-130 | -0.104
Rab6b 5.30E-168 -1.85985799 | 0.066 0.188 1.15E-163 | -0.122
Ddx60 7.30E-195 -1.85548 0.107 0.255 1.58E-190 | -0.148
Ssbp2 0 -1.84099115 | 0.21 0.51 0 -0.3
Atnl 1.13E-91 -1.81111754 | 0.042 0.114 2.46E-87 -0.072
Abcbla 0 -1.78931525 | 0.262 0.507 0 -0.245
Crim1 0 -1.74540524 | 0.214 0.475 0 -0.261
Atp8b4 4.38E-182 -1.73369314 | 0.15 0.302 9.51E-178 | -0.152
Acoxl| 8.47E-72 -1.72178115 | 0.044 0.107 1.84E-67 -0.063
Chrm3 5.21E-76 -1.69399979 | 0.046 0.113 1.13E-71 | -0.067
ltgal 8.25E-62 -1.68747205 | 0.063 0.127 1.79E-57 | -0.064
Crim1 2.37E-98 -1.64317862 | 0.052 0.134 5.15E-94 | -0.082
Tent5a 1.21E-119 -1.60814239 | 0.067 0.167 2.63E-115 | -0.1
A330040F15Rik | 8.34E-62 -1.59922197 | 0.061 0.124 1.81E-57 | -0.063
Hs3st3b1 7.63E-172 -1.59123522 | 0.112 0.252 1.66E-167 | -0.14
Acvr2a 5.50E-52 -1.57936293 | 0.049 0.101 1.19E-47 | -0.052
Amy1l 4.78E-67 -1.56922254 | 0.05 0.112 1.04E-62 -0.062
Dstyk 2.22E-72 -1.52694002 | 0.05 0.117 4.82E-68 -0.067
Ifitlbl1 6.19E-86 -1.50443123 | 0.069 0.15 1.34E-81 -0.081
Nrld2 2.16E-137 -1.49855902 | 0.093 0.21 4.69E-133 | -0.117
Uspl8 4.41E-44 -1.49510697 | 0.065 0.117 9.56E-40 -0.052
Gm35188 7.93E-108 -1.47686833 | 0.081 0.179 1.72E-103 | -0.098

Table 3. Memory gene list
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List of genes that were expressed at least 2-fold greater in day 21 (pct.2)
than day 6 (pct.1) 2W:I-A° and LLOp:I-AP tetramer-binding cells from aLm-
2W infected mice and in at least 10 % of the memory cells. The
avg_log2FC values are negative because the comparison was done by
dividing the day 6 values by the day 21 values. The genes used to produce
the memory cell module are highlighted in yellow. These genes were

chosen because of uniform expression across the day 21 Th subsets.
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(A) Representative flow cytometry plots of the indicated molecules on 2W:lI-
AP tetramer+ cells from the SLOs of CD45.2+ mice, 30 days after aLm-2W
infection from a sample later subjected to FACS sorting. (B) Flow cytometry
plots of the indicated molecules on 2W:|-AP tetramer+ effector cells of the
indicated subsets from SLOs of day 30 aLm-2W-infected CD45.2+ mice
after FACS sorting based on the gates shown in (A). (C) Mean percentages
(£} SEM, n = 3 from 4 independent experiments) of 2W:I-AP tetramer-
binding secondary effector cell subsets of CD45.2+ donor origin in
CD45.1+ mice that received the indicated FACS-sorted CD45.2+ effector
cell populations 6 days earlier. (D) Flow cytometry plots of the indicated
molecules on 2W:I-AP tetramer+ secondary effector cells derived from the
indicated FACS-sorted memory cell subsets 6 days after transfer and

reinfection in naive recipients.
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Chapter 5. CD4+ memory T cell subsets vary in their dependence on

IL-7, IL-15 and TCR signaling for survival.

The increase in llr7 expression in the memory cell populations was
consistent with the well-established fact that IL-7R plays a role in memory
cell survival'?®, Given, however, that the earlier work was done on bulk
CD4* memory T cells it seemed important to confirm this concept for all
memory subsets. The role of IL-7R was assessed using Cd4 Cre-ERT2 II7r
fl/fl mice in which administration of tamoxifen results in deletion of the //7r
gene encoding the IL-7R alpha chain. Cd4 WT/Cre-ERT2 II7r fl/fl mice or
Cd4 WT/WT Ii7r fl/fl controls were infected with aLm-2W bacteria and then
treated on day 50 with tamoxifen for 1 week. One month later, the Ly-6C"
Th1, Ly-6C" Th1, M-Tfh, and pre-Tfh memory cell populations cells were
significantly smaller in Cd4 WT/Cre-ERT2 II7 fl/fl mice than in the Cd4
WT/WT II7r fl/fl controls (Figure 6A) and the GC-Tfh memory cells were
diminished but not to the point of statistical significance. The minimal effect
of IL-7R loss on GC-Tfh memory cells may have been related to these cells
expressing less /I7r than other memory cells (Figure 5B).
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The relatively minor effect of IL-7R ablation on GC-Tfh memory cells
warranted assessment of IL-15, another cytokine implicated in the survival
of CD4* memory T cells.12 Mice lacking IL-15, which is sensed by a
receptor consisting of the IL-15 receptor alpha chain, IL-2/IL-15 receptor
beta chain, and the common gamma chain'® were used for this purpose.
Ly-6C'° Th1 memory cells were the only subset to be substantially reduced
in aLm-2W-infected IL-15-deficient mice compared to controls (Figure 6B)
even though Ly-6C" Th1 memory expressed as much //2rb, which encodes
the IL-2/IL-15 receptor beta chain (Figure 5B). A clue about the
maintenance of GC-Tfh memory cells was present in the single cell RNA
sequencing data. Although very few umap_1int cells were present on days
21 and 60, the few that were present were transitional Tth cells in cluster 9,
which expressed the TCR-induced gene, Egr3 3!, and lacked //7r 30
indicative of ongoing TCR signaling (Figure 5B). It was therefore possible
that a source of aLm-derived peptide:MHCII complexes, perhaps GC B
cells 47, was present even on day 60 and driving a loop in which Tfh cells
were cycling between transitional Tth (cluster 9), GCTfh effector (cluster 4),
and GC-Tfh memory cells (cluster 10). Attempts to address this possibility

by blocking I-A®* MHCII molecules with the Y3P monoclonal antibody were
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foiled by the fact that this treatment depleted most I-A®* cells (KCO,
unpublished observation). Instead, we utilized the YTS177 CD4
monoclonal antibody, which is known to block CD4-dependent T cell
activation without depleting all CD4* T cells.’®! Mice were infected with
aLm-2W bacteria and on day 30 treated with YTS177 or isotype-control
antibody for 2 weeks. YTS177 antibody treatment reduced the frequency of
GC-Tfh but no other memory cell subset in the 2W:I-AP or LLOp:I-AP
tetramer-binding population (Figure 6C). Therefore, CD4-assisted TCR
activation was required for maintenance of GC-Tfh memory cells or their
phenotype. One explanation for this phenomena was that GC-Tfh cells
were maintained by TCR signals from antigen-presenting cells in GCs were
GC-Tfh cells normally reside®. As expected, about 30 percent of the
follicles in the spleens of mice infected intravenously with aLm-2W 14 days
earlier contained GCs, whereas GCs were rare in the spleens of uninfected
mice (Figures 6D and 6E). Remarkably, however, about 20 percent of the
splenic follicles still contained GCs 60 days after aLm-2W infection. Thus, it
is possible that the GC-Tfh memory cells were maintained by TCR
stimulation in response to aLm-2W-derived peptide:MHCII complexes in

GCs.
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Discussion

Survival of memory CD4* T cells has largely been described to rely on IL7
or IL15 signaling, but the reliance of newly appreciated subsets on these
cytokines has not been investigated. By applying our phenotyping panel to
inducible IL7r knockout mice we confirmed that most subsets are reliant
upon IL7r signaling to maintain their cellular numbers. GC-Tfh were the
exception showing no decline over the course of the experiment. We tested
if this resident subset was using IL15 to survive but only the resident Ly6C'"
Th1 showed a small but significant decline in the absence of IL15. We
hypothesized that the GC-Tfh population may be sensitive to latent antigen

that could be maintained in germinal centers.

To test this hypothesis, we blocked CD4 with a non-depleting antibody and
found that after 2 weeks of CD4 inhibition there was a significant decrease
in the number of GC-Tfh cells. This suggested that there were lingering
germinal centers after aLM-2W infection that could maintain this subset
through CD4 assisted TCR signaling. By imaging sections and staining for

GL7 on B cells we found an increased number of germinal centers at both
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day 14 and day 60 when compared to uninfected controls. This evidence
supports the idea that long lasting germinal centers are providing latent

antigen to memory GC-Tfh maintaining their survival over time.

Overall, most memory CD4" T cells relied on IL7r signaling to survive with
the Ly6C'" Th1 also being minorly dependent on IL15 and the GC-Tfh using
a surprising strategy of antigen sensing to maintain their survival. The cells
providing antigen remain elusive but the persistence of GC structures after
an acute bacterial infection provides evidence that perhaps limited antigen
presentation within the latent GC structures sustains long lived GC-Tfh
survival. Kunzli et al.*” suggest that preventing long lived GC-Tfh
interaction with memory B cells through ICOSL blocking experiments
decreases the overall titers of IgG within the host but whether or not these

processes have any protective roles in the host remain to be studied.
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Figure 6. Memory T cell subsets depend on IL-7 and/or IL-15 or CD4

for survival.

(A) Numbers of 2W:I-AP tetramer-binding cells of the indicated memory

subsets from the SLOs of individual Cd4 WT/WT II7r fl/fl (filled circles) or

Cd4 Cre-ERT2/WT II7r fl/fl (open circles) mice (n = 5 from 4 independent

experiments) 50 days after aLm-2W infection, and 30 days after tamoxifen

treatment. Mean values are indicated with a horizontal bar. P values from a
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Multiple T test. (B) Numbers of 2W:I-AP tetramer-binding cells of the
indicated memory subsets from the SLOs of individual wild-type (filled
circles) or /15 -/- (open circles) mice (n = 8 from 4 independent
experiments) 30 days after aLm-2W infection. Mean values are indicated
with a horizontal bar. P values from a Multiple T test. (C) Numbers of 2W:I-
AP tetramer-binding cells of the indicated memory subsets from mice
infected with aLm-2W bacteria and then 40 days later, injected twice
intraperitoneally with YTS177 CD4 antibody or control IgG, seven days
apart and analyzed seven days after the second antibody injection. Mean
values are indicated with a horizontal bar. P values from a Multiple T test.
(D) Fluorescence microscope images of spleen from uninfected mice or
mice infected intravenously with aLm-2W bacteria for 14 or 60 days before
analysis. Staining with CD90.2 (yellow) identified T cell areas. Follicles
were identified as dense collections of IgD+ (purple) CD19+ (blue) cells
and GCs as foci of CD19+ GL7+ cells (bluish green) within follicles. (E)
Mean percentages (x} SD, n = 2 sections averaged from 3 mice per group)
of follicles containing a GC in the spleens of mice from the indicated
groups. P values were derived from a one-way ANOVA with a Tukey's

multiple comparisons test.
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Chapter 6: Concluding remarks

The goal of this research was to better understand how CD4* memory T
cells are generated. Our results show that aLm-2W-induced naive CD4* T
cells rapidly generate a large population of Th1 and Tfh effector cells, which
peaks 6 days after infection. At this time, about 90 percent of the cells in
both subsets expressed transcriptomes enriched for genes involved in cell
stress and death. About 4 percent of the cells, however, expressed a
transcriptome enriched for genes involved in cell quiescence and survival
and shared by later memory cells and another 10 percent were trending in
this direction. These results are consistent with the possibility that the cells
with stress and death prone transcriptomes on day 6 died during the
contraction phase, while the cells with quiescence and survival prone
transcriptomes lived to become memory cells. This model raises the
question of what factor causes a minority of effector cells to become
memory cells. Research on CD8" T cells indicates that memory cells are
derived from MPECs marked by early expression of the IL-7R. Marshall et
al.®°, however, showed that IL-7R- and IL-7R* CD4"* effector cells

generated memory cells with the same efficiency. Likewise, we found that
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about the same fraction of day 6 Th1 and Tfh effector cells became
memory cells equally despite a greater fraction of the Th1 population
expressing the IL-7R at the time when the contraction began. Rather than
early expression of the IL-7R, the key to CD4* memory cell survival
appears to be rapid acquisition of a quiescence program. The effector cells
that become quiescent earlier than others may be exposed to less
activation-associated macromolecular damage and therefore gain a
survival advantage. Some effector cells may exit the cell cycle before
others because of early disengagement from antigen-presenting cells or
because of an intrinsic property of their TCRs, for example, weak activation
due to low affinity the agonist peptide:MHCII ligand or tuning due to a TCR
with a higher-than-average affinity for a self peptide:MHCII ligand.
Conversely, cells with high affinity TCRs may experience intense TCR
signaling that causes premature induction of an inhibitory pathway. The
facts that an inverse relationship between memory cell formation and
proliferation has been observed in other studies’®?'%3 and rapamycin, an
Mtor and proliferation blocking drug'®4, enhances memory cell formation
favor this model. The results indicate that CD4* effector cells retain their

Th1 of Tfh identities once becoming memory cells. The most compelling
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evidence supporting this contention is that purified effector cell subsets
generated memory cells with the same cell surface phenotype after transfer
into infection matched recipients. This relationship was not perfect,
however. Although Ly-6C" Th1 effector cells generated memory cells with
that phenotype, they also generated some Ly-6C"° Th1 and M-Tfh memory
cells. Along this line, Hu et al.’®® showed that Ly-6C" Th1 memory cells can
generate Ly-6C'° Th1 effector cells during the secondary response. The
capacity of T-bet-dependent Ly-6C" Th1 effector cells to produce Ly-6C"
Th1 and M-Tfh memory cells may explain the small reductions in these
populations in T-bet-deficient mice. The fact, however, that T-bet deficiency
had only a small effect on the Ly-6C'° Th1 population suggests that T-bet
independent Ly-6C"° Th1 effector cells are the main source of Ly-6C" Th1
memory cells. Other work has shown that Ly-6C" Th1 cells can also
generate terminally differentiated CX3CR1* Th1 cells'”®, which made up a
small fraction of aLm-2W-induced effector cells population. We therefore
tested the possiblity that Ly-6C'° Th1 effector cells are capable of forming
Ly6C" Th1 cells that then produce CX3CR1* Th1 cells in a secondary
infection. The secondary infection experiments suggest that the

progressive differentiation of Th1 subsets from Ly6C" to Ly6C" and finally
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to CX3CR1* Th1 cells is a somewhat stepwise progression. Tfh cells were
relatively poor at forming CX3CR1* Th1 cells, but formed some Ly6C" Th1
cells further suggesting that Tfh memory cells are not poised to complete
the Th1 differentation process. Evidence for progressive differentiation was
also found for Tth cells. CXCR5" pre-Tth cells, which were defined by
expression of the naive T cell marker CD62L, may be recently activated
naive cells. Additional TCR signaling may induce Bcl-6 in these cells
causing differentiation into M-Tfh cells. More prolonged TCR signaling,
perhaps triggered by interactions with GC B cells, may cause the M-Tfh
cells to generate GC-Tfh effector cells. The fact that all the effector cell
types were present at the same time on day 6 could be related to a sudden
reduction in antigen presentation as the bacteria are cleared around this
time. The associated cessation of TCR signaling may prevent the less
differentiated cells in the progression from differentiating further and trigger
transition to the memory cell state. This research also shed light on the
functions and migration behaviors of the Th1 cells induced by acute
systemic bacterial infection. The Ly-6C" Th1 cells, originally identified by
Marshall et al.*®, depended on T-bet to form, produced mRNA encoding

IFN-y, circulated through SLOs, and migrated to the liver. These cells
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therefore fit the classical definition of TEM cells'?® and likely function as
recruitable macrophage activators. We also identified the enigmatic Ly-6C'"
cells that expressed T-bet but formed in a relatively T-bet-independent
manner and resemble cells described in several studies on the immune
response to Toxoplasma gondii'®-'%" These cells were transcriptionally
similar to the Ly-6C" Th1 cells but differed by lacking Kif2 and S1pr1
needed for egress from tissues'®! and expressing /tga1'”® (encoding the
alpha chain of CD49a) and Rgs7’, which are associated with tissue
residence. These facts, together with the observations that Ly-6C'" Th1
cells were progressively lost from the blood and migrated slowly into joined
parabionts suggest that Ly-6C'° Th1 cells are TRM cells in the SLOs and
probably the liver. Although CD4" effector T cells may not require IL-7R
expression to become memory cells, our data show that most CD4*
memory T cells re-express it, and Ly-6C" Th1, Ly-6C'° Th1, pre-Tfh, and M-
Tfh memory cells use it to survive. Ly-6C'° Th1 TRM cells also required IL-
15 for optimal survival, perhaps because of a need for more STATS signals,
which are transduced by both IL-7R and IL-15R %8, than other memory cell
types. IL-15 is also required for the survival of some types of CD8" TRM

cells™® suggesting that TRM may live in IL-15-rich niches. GC-Tfh memory
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cells differed from the other memory cell types by being less dependent on
IL-7 and by requiring CD4-assisted TCR signaling to survive or maintain
their phenotype. It is possible that this TCR signaling is driven by self
peptide:MHCII ligands or of the tonic variety described for B cells?°0-20"
Another possibility, based on Kunzli et al.*” and our finding that GCs are
still present 2 months after infection, is that GC B cells specific for the aLm
antigens, acquire this material from follicular dendritic cells, which can store
injected proteins bound to antibodies or comlement fragments for
months?°2-2%4 These GC B cells may then stimulate the TCRs on aLm
peptide:MHCII-specific GC-Tfh memory cells causing them to become
transitional Tth cells (cluster 9), which eventually disengage from the B
cells and return to the GC-Tfh memory cell state (cluster 10). Interestingly,
transitional Tfh cells did not express Mki67 on day 60 despite strong
expression of the effector cell module indicating that conversion between
the transitional Tth and GC-Tfh memory cell states does not involve
proliferation, perhaps because of expression of inhibitory receptors such as
PD-1. In any case, the long-term maintenance of GC-Tfh cells by a TCR-
dependent process indicates that these cells are not remembering the

antigen, but rather are being reminded by it.
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The aLm peptide:MHCII-specific T cells that expressed the effector module
and accounted for 90 percent of the effector cell population on day 6 may
have all died during the contraction phase, and thus behaved like SLECs,
while the minority population that expressed the memory module, may
have survived, and thus behaved like MPECs. The fact that the CD4*
memory T cells that were present at day 6, 21, or 60 had basically the
identical transcriptomes suggests that these cells do not undergo the
progressive differentiation described for CD8* T cells.?% In addition, the
CD4" memory T population described here did not contain a small subset
of Tcf7* stem-like cells, which maintain the CD8* TCM subset?® Rather,
CD4* T cells rapidly become Th1 or Tfh effector cells, most of which
express a death promoting transcriptome. A minority of cells of both types,
however, quickly lose the death program and turn on a survival program to
avoid cell death. These cells then survive as stable memory cells by
sensing IL-7 or by intermittent TCR signaling in response to peptide:MHCI|I

ligands, perhaps contained only in GCs.
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