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ABSTRACT OF THE THESIS

Memory CD8 T cell Fate Divergence in Early Infection

by

Priscilla Yao

Master of Science in Biology
University of California San Diego, 2023
Professor John T. Chang, Chair
Professor James T. Kadonaga, Co-Chair
Tissue-resident memory (Trm) CD8" T cells are a non-circulating subset of memory T

cells that reside within barrier tissues and provide rapid and sustained host defense against
reinfections. Recent studies have revealed that the location at which T cells are activated
influences their trafficking patterns and cell fates. However, these findings often investigate T

cells following memory formation, whereby the time and location of memory T cell fate
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divergence is not well characterized. By analyzing CD8" T cells in the spleen, mesenteric
lymph nodes, and small intestines using flow cytometry, I showed that the mesenteric lymph
node exhibited a CCR9" CD62L" and a CD62L" CCR9' population, with the former bearing
phenotypic resemblance to bona fide gut-Trm cells and the latter to circulating memory T
cells at 4 days post-infection. These findings suggest that memory T cells begin to specify
their cell fates in the draining lymph node during early infection, prior to tissue entry.
Additionally, I showed that the transcription factor TCF1, known to promote circulating
memory T cell differentiation, is required for the formation of all memory precursors. These
findings provide additional insight toward our understanding of the early signals that
influence CD8" T cell fate specification, serving as plausible treatments to tissue-specific or

systemic infections.



INTRODUCTION

CDS8* T cells are members of the adaptive immune response critical for host defense
against pathogens. In response to a microbial infection, naive CD8" T cells residing in secondary
lymphoid organs, such as the spleen and lymph nodes, become activated and undergo
asymmetrical cell division into distinct effector and memory subsets!. Short-lived effector CD8*
T cells provide acute control of pathogens via secretion of pro-inflammatory cytokines and
cytolytic granules that kill infected cells, while long-lived memory CD8" T cells can rapidly
reactivate upon reinfection thus providing sustained host defense. Memory CD8" T cells exhibit
heterogeneity and are broadly classified as either circulating or non-circulating?. Circulating
memory (Tcrem) cells are further subdivided into central memory (Tcwm), effector memory
(Tem), and terminal effector memory (t-Tem) according to their trafficking patterns as well as
their phenotypic and functional properties® *. Tissue-resident memory (Trwm) cells are non-
circulating and are widely distributed across various tissues and barrier surfaces of the body?,
providing rapid pathogen clearance upon reinfection. However, dysregulated Trum cells are
involved in the pathogenesis of various autoimmune and chronic inflammatory diseases™ 6. Thus,
understanding the mechanisms that drive Trm formation and maintenance would provide further
insight toward vaccine immunogenicity’, cancer immunotherapy® 7, and immunopathology'°.

Although the key regulators that promote the differentiation of Tcirem and Trum cells have
been studied in greater depth!!, the timing and location at which these cell fates diverge are yet to
be elucidated. More specifically, it remains uncertain whether Tcirem and Trw cell fates diverge
prior to or post tissue entry. Initially, it has been demonstrated that CD8" T cells may be
influenced by the inflamed tissue microenvironment to favor Trwm differentiation!?, but a Trm-like

transcriptional signature has been identified within the effector T cell pool in the peripheral



blood, prior to tissue entry in studies of skin infection!3. These previous findings have prompted
our lab to investigate the bifurcation in Trm and Tcirem cell fates in the context of the gut. More
specifically, it remains unclear whether this bifurcation occurs while T cells are undergoing
proliferation in the secondary lymphoid organs (spleen or mesenteric lymph node (mLN)), or
after they reach the small intestines. Therefore, our lab has analyzed CD8" T cells from the
spleen, mLN, and small intestine intra-epithelial layer (silEL) at 4, 7, and 30 days post-infection
(dpi) using single-cell RNA-sequencing (scRNA-seq). The selected timepoints reflect early
infection, peak of infection, and post memory cell formation in our infection model. Unbiased
clustering revealed two transcriptionally distinct populations in the mLN starting at 4 dpi. One of
the two populations exhibit a gene signature reminiscent of bona fide silEL-Trwm cells, which
express high Ccr9, Id2, Gzma, and Prdm1'"-'*. The other population exhibits a gene signature
reminiscent of bona fide Tcirem cells, which express high Id3, Tcf7, and Sell'!. On the basis of
this data, we hypothesized there are putative precursors to Trm and Tcirem cells present in the
mLN at 4 dpi, prior to T cell entry into the small intestines.

To test this hypothesis, I used flow cytometry to analyze CD8" T cells from the spleen,
mLN, and silEL at 4 and 5 dpi. The results reveal that putative silEL-Trm and Tcirem precursors
are present in the mLN starting at 4 dpi, indicating that the bifurcation in Trm and Tcirem cell
fates occur in the draining lymph node, prior to tissue entry. Additionally, I performed an
inducible deletion of 7¢f7, previously known to promote Tcirewm differentiation, to validate the
role it plays in skewing memory T cell fate specification. Unexpectedly, the results reveal that

Tcf7 is essential for the formation of both Tcirem and Trwm precursors.



MATERIAL & METHODS

Mice

All mice were housed in an American Association of Laboratory Animal Care-approved
facility at the University of California, San Diego (UCSD). Experiments were conducted in
accordance with protocols approved by the UCSD Institutional Animal Care and Use
Committee. C57BL/6J (CD45.2) and B6.SJL-Ptprc*Pepc’/BoyJ (CD45.1) mice were purchased
from the Jackson Laboratory. Tcf7"/" and Ert2-Cre” mice were purchased from Jackson
Laboratory and bred together with P14 T-cell receptor (TCR) transgenic mice to generate
Tcf7"Ert2-Cre” (TCF1 iKO) P14 mice. Donor mice were P14, while recipient mice were P14,
P14 mice exhibit a transgenic TCR that recognizes the Lymphocytic Choriomeningitis Virus
(LCMV) peptide residues 33-41. Thus, a LCMYV infection will induce a controlled T cell
response in the donor P14 CD8" T cells within recipient mice. All mice were used between 6-9
weeks of age.
Adoptive transfer and infection

Donor CD45.1%, CD45.1.2%, or CD45.2* CD8" P14 T cells were adoptively transferred
into congenically distinct CD45.1" or CD45.2" recipient mice (2.5 x 10° or 5 x 10° cells/mouse)
by retroorbital (RO) injection. Donor cells and recipient cells that express different congenic
markers (CD45.1 vs. CD45.1.2) were used to distinguish the different cell populations within the
same mouse by flow cytometry analysis. In competition experiments, TCF1 iKO CD8" P14 T
cells (2.5 x 103 cells/mouse) were co-transferred with control (wildtype) CD8* P14 T cells (2.5 x
10° cells/mouse). An aliquot of the 1:1 co-transfer cell suspension was sampled using a flow
cytometer to correct for the input ratios between wildtype CD8" P14 T cells vs. TCF1 iKO CD8"

P14 T cells. Recipient mice were infected via intraperitoneal (IP) injection with 2 x 103 plaque-



forming units (PFU) of LCMV-Armstrong 20 minutes following adoptive transfer of donor cells.
Infection by LCMV-Armstrong will result in an acute systemic infection, with pathogen
clearance observed at 8-10 days post-infection.
Tamoxifen Treatment

For the inducible deletion of 7¢f7, tamoxifen was administered by IP injection (1
mg/mouse x 5 days). A 100 mg/mL tamoxifen stock solution was made using 100% ethanol,
which is further diluted at 1:10 in 100% sunflower seed oil. Each mouse received 100uL of
tamoxifen treatment per day for 5 days.
Lymphocyte isolation

To preserve CD8* T cells during their isolation process, Treg-Protector (Biolegend) was
administered according to manufacturer’s recommendation by IP injection to mice 15 minutes
prior to sacrifice. The spleen, mLN and small intestines were harvested upon sacrifice. For
lymphocyte isolation in the spleen and mLN, the tissues were passed through a 70pum strainer to
establish a single cell suspension. The spleen was further treated with Red Blood Cell Lysing
Buffer Hybri-Max (Sigma) to exclude erythrocytes. For lymphocyte isolation from the small
intestine, Peyer’s patches were excised and the tissue was cut longitudinally for rinsing in PBS.
To extract lymphocytes from the silEL, the tissues were cut into 1 cm pieces and shaken in DTE
buffer [dithioerythritol (1pug/ml; Thermo Fisher Scientific) in 10% HBSS and 10% HEPES
bicarbonate] at 37°C for 30 minutes. The supernatant containing the silEL cells were collected
and centrifuged. The remaining pellet was resuspended and placed in a 44%/67% Percoll
gradient for lymphocyte isolation upon centrifugation. The silEL lymphocytes were collected

between the density gradient.



Flow cytometry and antibodies

To assess the extracellular and intracellular proteins expressed by CD8* T cells,
fluorescent antibodies targeting specific proteins were used. All cellular staining and treatment
was performed shielded from light. Single-cell suspensions of spleen, mLN, and silEL samples
were first stained with a Fixable Viability Dye eFluor780 (Thermo Fisher Scientific) at 1:1000
for 10 minutes on ice. Cells were further stained with the following fluorescent cell-surface
antibodies from Biolegend at 1:100 for 30 minutes on ice: CCR9 (CW-1.2), CD45.1 (A20),
CD45.2 (104), CD62L (MEL-14), LPAM-1 (DATK32), Ly6C (HK1.4). For intracellular
staining, cells were fixed for 30 minutes at room temperature and permeabilized using the
Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific). Post fixation, cells
were stained in permeabilization buffer for 30 minutes at room temperature with the following
intracellular antibodies diluted at 1:50: T-bet [4B10 (Biolegend)], TCF1 [S33-966 (BD
Biosciences)], GzmA [GzA-3G8.5 (Thermo Fisher)]. Cells were resuspended in PBS for flow
cytometry analysis.
Flow cytometry analysis

Flow cytometry was performed by running samples on a Novocyte 3000 (Agilent) and
data was collected using the NovoExpress (Agilent) software. Analysis of flow cytometry data
was performed using the FlowJo software (BD Biosciences). Statistical analyses of flow
cytometry data were analyzed using the Prism (GraphPad) software. Statistical parameters and

tests performed are as indicated in the figure legends.



RESULTS

Putative silEL-Trm and Tcirem precursors can be identified in the mLN at 4 days post-
infection

Previously, our laboratory performed a scRNA-seq analysis, which identified a silEL-
Trm-like population expressing high Ccr9 and a Tcirem-like population expressing high Sel/ in
the mLN at 4 dpi. Since T cells require the expression of a tissue-homing marker to facilitate its
migration, high expression of C-C motif chemokine receptor 9 (CCR9) induces migration to the
gut, while expression of CD62L (encoded by Sell) induces migration to the lymph nodes.
Therefore, we hypothesized that a CD8" T cell population expressing CCR9" CD62L'° (denoted
as CCR9M) contained putative silEL-Trm precursors, whereas a population expressing CD62LM
CCR9" (denoted as CD62L") contained putative Tcirem precursors. Moreover, we predict that
the mLN population expressing CCR9'® CD62L" potentially contain short-lived effector cells,
since this population is neither gut-homing nor lymph node homing.

To phenotypically validate the scRNA-seq analysis performed by our laboratory, I
adoptively transferred wildtype P14 CD8" T cells into congenically distinct recipients, which
were subsequently infected with Lymphocytic Choriomeningitis Virus (LCMV) and sacrificed at
4 and 5 dpi (Figure 1A). P14 CD8" T cells exhibit transgenic T cell receptors that recognize the
LCMYV peptide residues 33-41. Thus, infecting recipient mice with LCMV, promotes activation
and proliferation of the donor P14 CD8" T cells. At 4 and 5 dpi, I identified the putative silEL-
Trm and Tcirem precursors (donor P14 CD8* T cells) by their respective expression of CCR9 and
CD62L in the mLN (Figure 1B). I then analyzed the expression of phenotypic markers a4p7, T-
bet, GzmA, Ly6C, and TCF1 in putative silEL-Trm (CCR9") and Tcirem precursors (CD62LM)

in the mLN at 4 dpi.



The expression of integrin a4f7 [shown as LPAM-1] enables CD8" T cells to integrate
and adhere to the silEL'>. At 4 and 5 dpi, CCR9" cells expressed higher concentrations of a4f7
relative to CD62LM cells (Figure 1C). The expression of a4B7 also increased from 4 to 5 dpi in
both CCR9" and CD62LM cells. Since CCR9 and a4f7 are well-established molecules that
mediate trafficking and adhesion to the intestinal epithelium!®, we concluded that CD8" T cells
expressing high levels of these molecules were likely to give rise to silEL-Trwm cells.

The T-box transcription factor, T-bet, is known to be abundantly expressed in both short-
lived effector and effector memory CD8* T cells, but is minimally expressed by mature Trm
cells!® 7. At 4 and 5 dpi, CCR9" cells exhibited higher expression of T-bet relative to CD62LM
cells (Figure 1D). Moreover, the expression of T-bet increased from 4 to 5 dpi in both CCR9™
and CD62LM cells.

Granzymes are cytolytic granules secreted by CD8" T cells onto infected cells to reduce
pathogen spread by inducing apoptosis. At 4 and 5 dpi, granzyme A (GzmA) expression trended
higher in CCR9" cells relative to CD62L" cells (Figure 1E). GzmA appears to be expressed at
similar levels in both CCR9" and CD62L" cells between 4 and 5 dpi. These results suggest that
CCRO9" cells may be putative silEL-Trm precursors, as Trm cells have been reported to express
higher levels of GzmA relative to Tcwm cells, a population of Tcirem cells!™.

Lymphocyte antigen 6 complex (Ly6C) is a lymphoid homing glycoprotein highly
expressed by Tcewm cells'®. The expression of Ly6C is greater in the CD62L" cells relative to
CCRO9" cells at 4 and 5 dpi (Figure 1F). The expression of Ly6C increases from 4 to 5 dpi in
both CCR9" and CD62LM cells. These findings suggest that CD62L" cells exhibit a Ly6C

phenotype similar to that of Tcwm cells, which are a subset of Tcirem cells.



T cell factor 1 (TCF1, encoded by 7¢f7) is a transcription factor essential for Tcirem
differentiation'® and is highly expressed in Tcwm cells?®. At 4 and 5 dpi, CD62L" cells expressed
higher levels of TCF1 relative to CCR9M cells (Figure 1G). Additionally, there is reduced
expression of TCF1 from 4 to 5 dpi in both CCR9" and CD62L" cells.

Overall, putative silEL-Trm precursors defined by CCR9"M CD62L'° exhibited an
increased expression of a4p7, T-bet, and GzmA relative to putative Tcirem cells. Putative Tcerem
precursors defined by CD62L" CCR9' exhibited an increased expression of Ly6C and TCF1

relative to putative silEL-Trwm precursors.



Figure 1. Putative silEL-Trm and Tcircm precursors can be identified in the mLN at 4 days
post-infection

(A) Experimental setup. Donor wildtype P14 CD8" T cells were adoptively transferred into
recipient mice by RO injection. Recipients were subsequently infected with LCMV-
Armstrong by IP injection. Spleen, mLN, and silEL were harvested at 4 and 5 dpi.

(B) A representative flow cytometry plot depicting the expression of CCR9 by CD62L in
donor wildtype P14 CD8" T cells isolated from the mLN.

(C-G) Representative flow cytometry plots (left) and bar plots (right) depicting frequencies of
wildtype P14 CD8' T cells expressing (C) a4B7 (D) T-bet (E) GzmA (F) Ly6C (G) TCF1
in the mLN gated on CCR9" CD62L'" and CD62L" CCR9'" populations as shown in (B).
A biologic negative control was utilized to set the LPAM-17, T-bet", and GzmA™ gate.
An isotype negative staining control was utilized to set the Ly6C" gate. A biologic
positive control was utilized to set the TCF1* gate.

Data depicted in the bar graphs are represented as mean = SEM. Multiple paired t tests
were performed. *p < 0.05, **p <0.01, ***p <0.001, ****p <(0.0001. Data are
representative of > 2 independent experiments, with 6 mice per experiment. (E-G) A
distinct dataset, in which 3 mLN were stained with one antibody cocktail and the
remaining 3 were stained with a separate antibody cocktail.
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Tcf7 is required for the formation of both putative Tcircm and Trm precursors

Previous studies have established that the formation and maintenance of Tcwm cells, a
subset of Tcirem cells?, requires the transcription factor TCF1 (encoded by Tcf7). Since TCF1
has been well documented to be required for Tcirem differentiation and has been shown to
suppress lung Trm development?!, we hypothesized that the deletion of TCF1/7 would result in a
numerical deficit of CD62L" putative Tcirem precursors, with an increase in CCR9M Try
precursors. Moreover, we reasoned that TCF1/7 deletion may increase putative Trm precursors
because TCF1 has been reported to antagonize the expression of Blimp1 (encoded by Prdml) an
essential transcription factor promoting Trym differentiation®?. To determine whether Tcf7 is
critical for the formation of putative Tcirem precursors, we used a Tcf7"/' ER-Cre inducible
knockout (iKO) mouse model. Tcf7" ER-Cre P14 donor mice were treated with tamoxifen for 5
consecutive days prior to adoptive transfer to delete 7cf7 (Figure 2A).

To directly assess the impact of a TCF1/7 deletion relative to the wildtype (WT) on the
formation of putative memory precursor cells in the same mouse at 4 and 5 dpi, I adoptively
transferred a 1:1 mixture of WT and TCF1/7 iKO P14 CD8" T cells into recipients that were
subsequently infected with LCMV (Figure 2A). The deletion of TCF1/7 resulted in a numerical
reduction of donor CD8" T cells across the spleen, mLN, and silEL (Figure 2B). At 4 dpi, the
effect of TCF1/7 deletion was not apparent in the spleen; however, there was a greater reduction
in total CD8" T cells across all three tissues by 5 dpi.

To determine if the reduction in total donor CD8" T cells upon TCF1/7 deletion was a
reflection of a loss in putative Tcirem precursors (CD62LM) and not Trm precursors (CCR9M), the
proportion of donor CD8* T cells solely expressing either CCR9 or CD62L was determined

across the three tissues at 5 dpi (Figure 2C). Analysis of 5 dpi is shown, since the phenotypic

11



defect is most evident at 5 dpi. Contrary to what was hypothesized, the loss of TCF1/7 resulted
in a reduction in both Tcirem and Tru precursors relative to the WT control. These results

suggest that TCF1/7 is essential for the formation of both putative Tcirem and Trm precursors.

12



Figure 2. Tcf7 is required for the formation of both putative Tcircm and Trm precursors

(A) Experimental setup. Donor 7¢f7"® ER-Cre mice received tamoxifen treatment by IP
injection once per day for 5 consecutive days prior to adoptive transfer into recipient
mice. CD8" T cells from control (WT) and Tcf7"" ER-Cre (TCF1/7 iKO) P14 mice were
adoptively co-transferred at a 1:1 ratio into 6 recipient mice retro-orbitally per timepoint.
Recipient mice were subsequently infected with LCMV-Armstrong by IP injection.

Spleen, mLN, and silEL were harvested at 4 and 5 dpi.

(B) A representative flow cytometry plot (left) of donor WT and TCF1 iKO P14 CD8" T
cells isolated from a recipient mouse, quantified by absolute numbers (top) and

proportions (bottom).

(C) Representative flow cytometry plots (left) and bar graphs (right) depicting frequencies of
control vs. TCF1 iKO P14 CD8" T cells expressing CCR9 and CD62L across the three

harvested tissues at 5 dpi.

Data depicted in the bar graphs are represented as mean = SEM. Multiple paired t tests
were performed. *p < 0.05, **p <0.01, ***p <0.001, ****p <(0.0001. Data are

representative of > 2 independent experiments, with 6 mice per experiment.

13
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Overall, these results suggest a model in which CD8* T cells primed in the mLN undergo
proliferation to give rise to several intermediate states of differentiation: (1) short-lived effector
cells that will undergo apoptosis after pathogen clearance; (2) precursors to Tcirem cells that will
remain in the circulation; and (3) precursors to silEL-Trwm cells that will migrate to the gut and
remain in the epithelium for rapid pathogen clearance upon reinfection (Figure 3). The presence
of two phenotypically distinct populations in the mLN that each resemble mature Trm and
Tcirem cells, indicate that these two cell fates begin to diverge prior to CD8" T cells entering the
silEL (Figure 3). Moreover, 7cf7 is not only essential for the differentiation of Tcirem cells, but

it is also critical for the formation of both putative Trm and Tcrem precursors (Figure 2).
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Figure 3. Divergence of CD8" Tcircm and Try cells occur in the mLN at 4 dpi, prior to
entry into the silEL

Representation of the proposed fate divergence model. Model depicts the activation of a naive
CDS8"* T cell by an antigen presenting cell, and the activated CD8" T cell gives rise to
heterogenous progeny. At 4 dpi, putative Tcirem and Trm precursors are observed in the mLN.
Upon the formation of memory T cells (>21 dpi), the precursors are predicted to give rise to their
respective Tcirem and silEL-Tru cells.
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DISCUSSION

In similar studies of the gut, the location at which a T cell is activated or primed,
influences its trafficking patterns and its subsequent differentiation into Trm and Tcrem cells?.
However, it is uncertain whether activated CD8" T cells experience a divergence in memory T
cell fates prior to or post-tissue entry. Here, I demonstrate that starting at 4 dpi, CD8" T cells in
the mLN exhibit two phenotypically distinct populations. One population expresses CCR9M
CD62L", resembling mature silEL-Trw cells, while the other population expresses CD62LM
CCR9Y resembling mature Tcirem cells. Detection of such putative precursor populations imply
that some CD8" T cells are poised to become a specified cell fate prior to entering the tissue, as
soon as 4 days post-infection. Both putative silEL-Trm and Tcirem precursor populations exhibit
functional and phenotypic differences on the basis of a4p7, GzmA, Ly6C, and TCF1 expression,
which are in congruence with their putative cell fates. Additional fate-mapping experiments
would be required to validate whether CCR9™ CD62L!° and CD62LM CCR9™ expressing cells
would differentiate into silEL-Trwm and Tcirewm cells, respectively.

Although T-bet expression was observed to be greater in putative silEL-Trm precursor
cells and high T-bet expression has been reported to inhibit Trwm differentiation!? 23, these
findings remain consistent with reported observations. Notably, high T-bet expression is required
during early generation of Trwm precursors, but low expression is required in mature Trym cells'®
23

Moreover, we hypothesized that TCF1 would only be required for the formation of
putative Tcirem precursors, but not for Trm precursors. However, the results indicate that TCF1
is an important transcriptional regulator in the development of both putative Trm and Tcirem

precursors. TCF1 may potentially regulate memory precursor development on the basis of

17



promoting proliferation, cell survival, or inhibiting apoptosis. The mechanistic role of TCF1
regulation would require further study with proliferation and apoptotic assays performed on
control vs. TCF1/7 iKO CD8" T cells.

Ultimately, the identification of putative Trm and Tcirewm precursors in the draining
lymph node as early as 4 dpi, indicates that the bifurcation in memory cell fates occur prior to
CDS8* T cells seeding a target tissue. These findings contribute to the field’s understanding of
early T cell fate specification and enables us to further explore the roles of other transcriptional
regulators that may preferentially promote the formation of tissue-specific or systemic T cell
populations. The ability to instruct preferential formation of a specified T cell subset serves as a
powerful treatment that may be tailored to combat a specified pathogen. Furthermore, identifying
key transcription factors and the regulatory role they play in CD8" T cell differentiation is also
an essential consideration in designing treatments against pathologies surrounding dysregulated

T cells.
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