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ABSTRACT OF THE DISSERTATION
Determining the inhibitory functions of PSGL-1 and CD38 in T cells during infection and cancer
by
Julia DeRogatis
Doctor of Philosophy in Biological Science
University of California, Irvine, 2023
Professor Roberto Tinoco, Chair

T cell exhaustion occurs when T cells are engaged by persistent antigen in the context of
chronic infection and cancer. The formation of the exhaustion phenotype severely limits T cell effector
function and survival, leading to diminished tumor and viral control. Immune checkpoints, which are
upregulated in response to chronic T cell receptor engagement, promote the dysfunctional T
phenotype. P-selectin glycoprotein ligand-1 (PSGL-1) is a known immune checkpoint protein,
however the biological impact and therapeutic efficacy of targeting PSGL-1 in melanoma bearing mice
is unknown. In this dissertation, we utilized 7z vivo melanoma models to investigate the impact on the
anti-tumor T cell response after monoclonal antibody targeting of PSGL-1. We showed that anti-
PSGL-1 treatment slowed the growth of PD-1-resistant melanoma tumors and promoted increased
effector functions in tumor-infiltrating T cells. Further, we show that targeting PSGL-1 significantly
reduced the immunosuppressive Treg frequencies in the tumor, leading to a more pro-inflammatory
tumor microenvironment. While PSGL-1 is a known immune checkpoint, the role of CD38 in shaping
the T cell response to acute and chronic viral infections is currently unknown. In this dissertation, we
used an adoptive co-transfer approach of WT and Cd38" CD8" T cells into WT mice that were

subsequently infected with acute or chronic strains of lymphocytic choriomeningitis virus (LCMV) to

xiii



investigate the impact of cell-intrinsic CID38 deletion on the T cell response to infection. We found
that CD38 expression was important for the survival of virus-specific T cells over the course of
infection. Further, while CD38 deletion did not prevent the formation of the exhaustion phenotype,
we showed that T cells lacking CD38 had more proliferation and granzymeB production than WT
cells, particularly the progenitor exhausted T cells (Tpex). Finally, we found that loss of CD38 caused
reduced mitochondrial respiration in T cells, but only during chronic infection. Together, this
dissertation provides new insight into the therapeutic efficacy of targeting PSGL-1, as well as
uncovering a new role for CD38 in promoting survival of virus-specific T cells, while also limiting
their effector function. This work details the impact that antibody targeting and genetic modulation
of PSGL-1 and CD38 has on the exhaustion phenotype and is an important contribution to further

our understanding of the proteins that shape the T cell response to infection and cancer.
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INTRODUCTION
1.1 T cell exhaustion overview

During acute infection, T cells are activated through T cell receptor (TCR) signaling and co-
stimulation to form effector cells. These effector cells are highly functional, capable of proliferation
and cytokine release, as well as effective memory cell formation (1, 2). In the case of an acute infection,
T cells successfully clear the infection and viral antigens do not persist. In contrast, during chronic
infection or cancer, T cells are stimulated through their TCR and co-stimulatory pathways to become
activated but are unable to clear the antigen (3, 4). This chronic TCR stimulation promotes the
development of a population of dysfunctional T cells known as ‘exhausted’ T cells. The exhausted T
cell population is unique from effector T cells genetically and phenotypically, as chronic TCR
stimulation sets in motion a robust transcriptional program which drives T cell dysfunction (5, 6). The
unique chromatin landscape seen in exhausted T cells begins eartly during chronic antigen stimulus
and becomes a permanent epigenetic scar over time, resulting in severely diminished T cell effector

function and failure to clear infection and tumors (7-9).
1.1.1 T cell exhaustion phenotype

Effective T cell activation requires multiple signals including TCR-pMHC, co-stimulation, and
cytokines by antigen presenting cells that promote T cell proliferation and survival (10). In addition to
co-stimulatory signals, T cell inhibitory pathways such as PD-1/PD-L1 and CTLA-4 are important as
“brakes” that ensure effective TCR signaling required for T cell differentiation and to prevent aberrant
activation (11). Both CD4" and CD8" T cells express immune checkpoints that are upregulated after
activation and then downregulated after antigen clearance; however, during chronic antigen
stimulation such as in tumors and chronic viral infections, the expression of immune checkpoints

remains elevated to promote the generation of exhausted CD4" and CD8" T cells (12, 13). Immune



checkpoints inhibit T' cells through multiple mechanisms, but their main function is to inhibit TCR
signaling (12, 13). PD-1 signaling, for example, has been reported to interfere with both TCR and
CD28 signaling pathways to limit T cell activation (14). Many additional immune checkpoints
including TIGIT, LAG-3, TIM-3, VISTA, CD160, and BTLA have been discovered and work through
diverse mechanisms to limit T cell activation and have been reviewed elsewhere (12, 15). In the
exhausted state, T cells express high levels of these inhibitory receptors, have limited cytokine and
granzyme production, and ultimately undergo apoptosis (16-20). However, even though exhausted
cells are dysfunctional, they are still capable of some effector function and therefore provide vital viral
and tumor control (21, 22). Further, although the exhaustion programming begins eatly, subsets of
exhausted T cells can be therapeutically reinvigorated through immune checkpoint blockade (23, 24).
Antibodies targeting PD-1/PD-L1, CTLA-4, and TIM-3 among others, block suppressive signals
from these immune checkpoints, allowing for clinically significant improvements in T' cell function

and viral and tumor control (12, 25).

1.1.2: Genetic exhaustion programming/transcriptional regulation of exhaustion

The development of T cell exhaustion is set in motion by strong and persistent TCR signaling
(26). Transcription factors known to respond to TCR signaling, such as nuclear factor of activated T
cells, cytoplasmic component 1 (NFATC1), basic leucine zipper transcriptional factor ATT-like
(BATF), and interferon regulatory factor 4 (IRF4) are vital drivers of T cell exhaustion (27-30). Many
TCR-responsive transcription factors that are upregulated in exhausted T cells are also upregulated in
effector T cells. However, there are a few transcription factors that have exhaustion-specific
expression, with upregulation only occurring after chronic TCR engagement. One such transcription
factor is thymocyte selection-associated high mobility group box protein (TOX), an essential regulator

of exhausted T cells (31-33). TOX is downstream of NFAT, and its expression is significantly



upregulated by day 4 of chronic antigen engagement. While TOX is associated with hallmarks of
exhaustion, such as high inhibitory receptor expression and reduced effector function, it is also
essential to the maintenance of exhausted subsets, as TOX” T cells fail to persist during chronic
infection (32). Epigenetic analysis revealed that TOX supports expression of the transcription factors
TCF-1 and Eomes, as well as downregulates genes involved in effector function such as Kirg?, Gzmeb,
Cx3erl, and Prf1 (31, 32). TOX expression during chronic TCR engagement reshapes the genetic
landscape of T cells, pushing them toward the unique exhaustion identity, which results in limited

effector function but allows for long term persistence of T cells in environments with chronic antigen.

As the field of T cell exhaustion expanded, so has our understanding of the subsets that make
up the exhausted population. While TOX expression is necessary to sustain the exhausted T
population, it is particularly linked to the formation of a more terminal subset known as the terminally
dysfunctional, or Tex, subset (34). Numerous reviews cover the full characterization of Tex cells;
however, they are largely defined by high expression of inhibitory receptors, retention of limited
cytokine and granzyme production, and high rates of apoptosis (34-36). In contrast to the Tex
population, there is a more stem-like, progenitor population of exhausted T cells, known as Tpex (30).
Tpex cells share some similarities to memory cells, in that they are long-lived and able to self-renew
as well as seed Tex populations (37, 38). While Tex cells are phenotypically characterized by high PD-
1, CD101, CCR5, and TIM-3, Tpex are defined by expression of Slamf6, CXCR3, CXCR5, and low
PD-1 (Fig. 1.1) (34). Like Tex, Tpex cells are a unique population, generated by chronic TCR
stimulation. However, the transcriptional landscape of Tpex cells differs from that of Tex cells, as
Tpex are shaped by the expression of the transcription factor T cell factor 1 (TCF1) (21). As with
TOX, the upregulation of TCF1 is linked with TCR signaling and activation of transcription factors
NFAT, AP-1, and IRF (27, 28, 30). TCF1 expression drives the Tpex phenotype, resulting in
expression of genes linked with memory and stemness (Cxer5, I/7r, Myb, Cd28, Icos, 1d3) and

3



suppression of genes associated with the terminal exhaustion and effector function (Lag3, Cd160,
Gznb, Tbx21, Fasl, 1d2, Runx3, Cd38) (39). The Tpex population is key to the anti-viral and anti-tumor

immune response, as it seeds the Tex population and can respond to immune checkpoint blockade

(21, 37, 40).
Stem-like Effector-like Terminally
Progenitor Transitory exhausted (Tex)
Naive T cell Exhausted (Tpex) Exhausted
. e o o0 %’
NFAT/Nur77 TOX . ¢ o
BACH2 Thet TOX
s s s .
TCF1 ® o IRF4 () %@ %00 o
° 0o o LX)
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Figure 1.1 Subsets of exhausted T cells. Transcription factors and surface markers of stem-like
progenitor exhausted (Tpex), transitory effector-like exhausted, and terminally exhausted (Tex) T cell
subsets. Markers used to define subsets by flow cytometry are highlighted.




1.2 PSGL-1 overview

The initial studies of PSGL-1 focused primarily on its expression and role in neutrophils, but
PSGL-1 has since been identified on all myeloid and lymphoid lineages. Despite the ubiquitous
expression of PSGL-1 on all hematopoietic lineages, its expression level and functionality differ among
these cell types. On myeloid cells, PSGL-1 is constitutively expressed in its functional form, which has
the posttranslational modifications required for selectin binding (41). Within the lymphocyte lineage,
all T cell subsets express PSGL-1, whereas very low to undetectable expression is present in B cells
(42). Like myeloid cells, T cell binding and endothelial migration is regulated by PSGL-1. Unlike
myeloid cells, however, T cells do not constitutively express functional PSGL-1 and must express the
enzymatic machinery required to modify PSGL-1 during T cell activation (41). Although PSGL-1 is
expressed on all T cell subsets, including both Th1 and Th2 CD4" T cells, Th2 cells do not express
the functional form and thus have decreased binding capacity to P- and E-selectins when compared
to Th1 cells (43). In follicular T helper cells (Tth), PSGL-1 downregulation by the transcription factors
Bcl6 and Ascl2 facilitate migration in follicles (44). Tregs also express highly functional PSGL-1 and
in a model of experimental autoimmune encephalomyelitis (EAE), PSGL-1 expression was linked to
the suppressive capacity of Tregs (45). PSGL-1 is also expressed by Th17 and CD8" T cells (46, 47).
The widespread expression of PSGL-1 on immune cells, as well as its roles in adhesion and
immunosuppression make PSGL-1 an interesting area of study and potential target for

immunotherapeutic treatments.
1.2.1 Human and mouse PSGL-1

While humans and mice both express PSGL-1, it is important to consider the similarities and
differences between these two proteins (Fig. 1.2). Murine PSGL-1 is encoded as a 397 amino acid

(a.a.) protein (48). The mature form of murine PSGL-1 has a 290 aa extracellular domain (ECD),



which contains 10 decameric repeats. In contrast, human PSGL-1 is encoded as a 412 aa protein and
has a 279 aa ECD that contains 16 decameric repeats (49). The sequence of the decameric repeats also
differs between human and murine PSGL-1. Studies comparing the amino acid sequence of human
and murine PSGL-1 have found the two proteins only share 43% sequence similarity in the ECD,
although the transmembrane and cytoplasmic domain are more similar (48). While the sequences may
be different, murine and human PSGL-1 share important similarities in the regions of the protein that
are involved in ligand binding and signaling. In order to interact with selectins, the N-terminus of
PSGL-1 must undergo Core-2 O-glycosylation of a threonine and sulfation at tyrosine residues (50).
In murine PSGL-1, O-glycosylation occurs at Thr17 and only one tyrosine is sulfated, Tyr13 (51). In
human PSGL-1, the O-glycosylation occurs at Thr16 and there are three sites of tyrosine sulfation
(Tyt5, 7, and 10) instead of one (Fig. 1.2). In both human and mice, PSGL-1 has a cysteine residue
that precedes the transmembrane domain and facilitates dimerization, as well as conservation of serine,
lysine, and arginine residues in the cytoplasmic moesin-binding sequence (52). Additionally, an aspartic
acid, a lysine, and a valine are conserved between species in the versican-binding region of the protein
(52, 53). While more research is needed into the signaling differences between human and murine
PSGL-1, the selectin-binding function of the protein is conserved, as well as the types of post-

translational modifications that occur at the N-terminus (Fig. 1.2).



Mouse N-term Seq: QVVGDDDFEDPDYTYNTDPPELLKNVT
Human N-term seq: QATEYEYLDYDFLPETEPPEMLRNST Y13: sulfation site, T17: O-linked glycosylation site
Y5, 7, 10: sulfation site, T16: O-linked glycosylation site

—

Conserved cysteine
involved in PSGL-1
dimerization

Conserved amino acids involved
in moesin binding: Ser-346,
Arg-347, Lys-348, Ser-358 \

ECD: 10-12 decameric aa repeats

ECD: 14-16 decameric aa repeats

Mouse

Extracellular domain: (43% homology)

Transmembrane domain: (83% homology)

Cytoplasmic domain: (76% homology)

Binds human P-selectin?

# of N-terminus sulfonated tyrosines required for
P-selectin binding

Figure 1.2 PSGL-1 is expressed in mice and humans. PSGL-1 is expressed as a homodimer on the
surface of most hematopoietic cells. Similarities and differences between mouse and human PSGL-1 are

shown.




When considering the translatability of mouse PSGL-1 studies, the differences between mouse
and human PSGL-1 biology must be understood. While the selectin-binding function of the N-
terminus of murine and human of PSGL-1 is conserved, the differential requirements for P-selectin
binding are important to note. As mentioned above, human PSGL-1 requires a core-2 O-glycan plus
three sulfated tyrosine residues to bind P-selectin, of which two sulfated residues form direct bonds
to the lectin domain (54-56). In contrast, the binding of murine PSGL-1 to P-selectin is facilitated
largely by a core-2 O-glycan and a single sulfated tyrosine (51). When the canonically-glycosylated
threonine residues were mutated in human and murine PSGL-1, only human PSGL-1 binding to P-
selectin was abolished, indicating that murine PSGL-1 does not depend on these glycosylated residues
for binding. These studies highlight the differential contributions of post-translational modifications
surrounding protein structure to the selectin binding ability of human and murine PSGL-1. These
differences are important to understand, as targeting N-terminal residues or post-translational
modifications on PSGL-1 may have different outcomes in human and mouse. The differences in the
ligands that bind PSGL-1 should also be noted. While human PSGL-1 can bind Siglec-5, this ligand
is not present in mice, and therefore may contribute to a phenotype in human studies not seen in mice
(57). The possible ligand-receptor pairs can also differ from mice to humans, and these interactions
may change depending on the immune cells and the microenvironments in which are they located. In
a murine AML cell line, only PSGL-1 was capable of binding E-selectin (58). However, in human
AML cells lines, both CD44 and PSGI.-1 could bind E-selectin. The differences in PSGI.-1 between
species are important to consider, especially when these findings are applied for translational purposes

for immune modulation.

1.2.2 PSGL-1 ligands

Selectins



PSGL-1 protein engages a diverse array of ligands at steady state and at different stages of the
immune response. While multiple PSGL-1 ligands have been identified, the selectins were the first to
be characterized and are the most studied (48). All three selectins, platelet (P), endothelial (E), and
leukocyte (L) have been well characterized to bind PSGL-1 through the N-terminus extracellular
domain (59-61) (Fig. 1.3, Table 1.1). However, PSGL-1 binding affinities differ between the three,
with P-selectin having the highest affinity, followed by E- and L-selectins, respectively (62-65).
Importantly, while all leukocytes can bind selectins due to PSGL-1 post-translational modifications
(64, 66, 67), naive CD4" and CD8" T cells engage selectins only after T cell activation (41). Naive T
cells express PSGL-1, however lack of sialylation and fucosylation on PSGL-1 prevent selectin binding
(41). Various enzymes are involved in modifying PSGL-1 to allow P-selectin binding, including
fucosyltransferase IV and VII, core 2 b1,6-glucosaminyltrasferase-1, b1,4-galactosyltransferase-1, sialyl
3-transferase IV, and tyrosylprotein sulfotransferase 1 or 2 (68). CD4" and CD8" T cell activation
induces enzymatic activity which facilitate P-selectin binding (69-71). Furthermore, I1L-12 signaling in
Th1 cells was shown to induce PSGL-1 functionality, while II.-15 in CD8" T cells induced core 2 O-
glycan expression 7 vitro and in vivo (69, 72). PSGL-1 binding of these selectins plays a major role in
leukocyte migration and recruitment. PSGL-1 expressing leukocytes circulating in the blood attach to
activated endothelium expressing P- and E-selectins. This PSGL-1-mediated attachment allows
leukocytes traveling at high velocities to attach, roll and tether to the endothelium and transmigrate to

sites of inflammation, infection, and in tumors (73-70).
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Figure 1.3 Various ligands can engage PSGL-1. PSGL-1 can bind P-, E-, and L-selectin.
P-selectins are presentin a variety of cells including platelets and endothelial cells. E-selectins
are expressed by endothelial cells and L-selectin by leukocytes. CCL19 and CCL21
chemokines are present in secondary lymphoid organs and can be produced by endothelial
cells, stromal cells, and mature dendritic cells. Versican is produced by epithelial, endothelial,
stromal cells, and leukocytes. Siglec-5, which is only present in humans, is expressed in
neutrophils, mast cells, monocytes, DCs, NK cells, and stimulated T cells. VISTA is
expressed on myeloid cells and granulocytes.

TABLE 1.1 PSGL-1 and its binding partners.

Molecule Gene Name Cells expressed
P-selectin glycoprotein ligand-1 Selplg CD4* T cells, CD8* T cells,
(PSGL-1) Tregs, HSCs, DCs, neutrophils,

monocytes, macrophages, most
lymphocytes and granulocytes

V-domain Ig suppressor of T cell Vsir Myeloid cells, granulocytes, T

activation (VISTA) cells

Platelet selectin (P-selectin) Selp Platelets, endothelial cells

Endothelial selectin (E-selectin) Sele Endothelial cells

Leukocyte selectin (L-selectin) Sell Granulocytes, monocytes and
most lymphocytes

Versican Vean Epithelial, endothelial, stroma
and leukocytes

Sialic Acid Binding Ig Like Lectin SIGLEC5 (Human) Neutrophils, mast cells,

5 (Siglec-5) monocytes, DCs, NK, T cells

C-C motif chemokine ligand 19 Ccl19 Stromal cells and mature DCs

(CCL19)

C-C motif chemokine ligand 21 Cclz21a, Ccl21b, Ccl2zic  Lymphatic endothelial and

(CCL21) stromal cells
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Limiting PSGL-1 and selectin interactions may promote improved T cell responses. Recent
work has shown that ¢cDC1 cells are required to effectively activate both CD4" and CD8" T cell
responses to tumors (77). Whether PSGL-1 on T cells and/or ¢DC1 dendritic cells contributes to T
cell activation is unknown, but studies show that P-selectin engagement on DCs can induce a
tolerogenic phenotype that can suppress T cells (78). When T cells exit the lymph node and enter
circulation, they can activate additional signaling pathways through PSGL-1/selectin interactions on
endothelial cells, inducing cellular migration through cytoskeleton rearrangement (79). It is unknown
whether migration signaling pathways alter the function of anti-tumor T cells as they enter tumors.
Whether anti-tumor CD4" and CD8" T cells engage selectins in tumors and if these interactions
contribute to T cell exhaustion is unknown. However, a chronic viral infection model showed that
blocking P, E, and L selectins did not reverse anti-viral CD8" T cell exhaustion (80), indicating that

other PSGL-1 binding partners outside of selectins may promote T cell exhaustion.
Chemokines

While the selectins have been well studied as receptors for PSGL-1 and their involvement in
immune cell trafficking during inflammation, the chemokines CCL19 and CCL21 have also been
shown to bind PSGL-1 under steady state conditions (81-83) (Fig. 1.3, Table 1.1). The interactions
between PSGL-1 and these chemokines are important for homing of resting lymphocytes into
secondary lymphoid tissues. Mature dendritic cells can produce and secrete CCL19, whereas CCL21
is secreted by endothelial cells in lymphatic vessels. Both CCL19 and CCL21 are produced and
secreted by stromal cells in the spleen, lymph nodes, and the lumen of high endothelial venules (84).
Naive and memory T cells can all bind these chemokines through CCR7 interactions, which provide
lymphocytes multiple opportunities to circulate through secondary lymphoid tissues and detect

antigens presented by antigen presenting cells (85, 86). Importantly, as CCR7" effector T cells progtess
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to an exhausted state during viral infection, they downregulate CCR7 expression (85). This CCR7
downregulation is also observed in virus specific CD8" T cells duting lymphocytic chotiomeningitis
virus (LCMV) infection (87). It is at these key stages when CD4" and CD8" T cells downregulate
CCR7 that they may have PSGL-1 accessible to interact with CCL19 and CCL21 chemokines (Fig.
1.3, Table 1.1). These chemokines could impact anti-tumor T cell responses through PSGL-1
engagement in the tumor draining lymph nodes. Indeed, CCL19 and CCL21 have been shown to
induce activation induced cell death (AICD) of responding CD4" T cells (88). PSGL-1 engagement
by these chemokines in tumor draining lymph nodes may induce cell death of anti-tumor T cells,
resulting in decreased effector T cells exiting lymph nodes and thereby reducing infiltration in tumors.
CD4" and CD8" T cells interactions with dendritic cells duting priming and later stages of T cell
activation could be meditated by PSGL-1 and CCL19/CCL21 interactions since inflammatory
dendritic cells also express PSGL-1 (89). Furthermore, whether cDC1 cells utilize PSGL-1 during
tumor antigen presentation to both CD4" and CD8" T cells is unknown. More work is needed to
provide insight into how PSGL-1/chemokine interactions and signals may be playing a role in the T

cells response to virus infection and tumors.
Vetsican

Versican, a chondroitin sulfate proteoglycan that is found in the extracellular matrix of a wide
range of cell types including epithelial, endothelial, stromal cells and leukocytes has also been shown
to bind PSGL-1 (90-92) (Fig. 1.3, Table 1.1). Some of its functions include mediating cellular
adhesion, migration, proliferation, and differentiation (93-96). The specific binding between PSGL-1
and versican has been reported to mediate leukocyte aggregation (92). In addition to binding PSGL-
1, versican can also bind TLR2, and P- or L-selectin (92, 97-101) and is reported to be both pro- and

anti-inflammatory. Mice treated with LPS and siRNA to inhibit versican showed increased leukocyte
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infiltration into the lungs and inflammatory TNF-a, NFkB and TLR2 levels, illustrating that versican
can limit inflammation (102). Macrophages stimulated with LPS showed an increase in versican
expression as these cells became more inflammatory (103, 104). Versican is a relevant PSGL-1 ligand
to consider during therapeutic design, as versican has been found to be increased in several cancers
(105-107). In the tumor microenvironment (TME), both cancer cells and stromal cells can be a source
of versican (108-110). Myeloid cells also produce versican, high levels of which can promote tumor
metastasis reduce CD8" T cell infiltration (91, 111, 112). Tumor cell-derived versican can also induce
the upregulation of PD-L1 on monocytes and macrophages (113), an important molecular driver of
T cell exhaustion. As it is known that PSGL-1 binds versican, and that versican seems to be playing a
pro-tumoral role in the TME, it is possible that versican-PSGL-1 interactions in the tumor
microenvironment may inhibit T cell infiltration and prevent tumor killing (Fig. 1.3, Table 1.1).
Versican is an important PSGL-1 ligand that should be investigated further and considered as a target

for cancer immunotherapy.

Siglec-5

Sialic acid-binding immunoglobulin-type lectins (Siglecs), are expressed on the cell surface of
both innate and adaptive immune cells (114). These surface receptors recognize and bind glycans and
are involved in various diseases including sepsis and cancer (115-118). While multiple Siglecs have
been identified in humans and mice, Siglec-5 (only expressed in humans), has been shown to bind
PSGL-1 (119) (Fig. 1.3, Table 1.1). Siglec-5 is expressed in neutrophils, mast cells, monocytes, pDCs,
in vitro generated DCs, NK cells and in T cells after stimulation (120-125). PSGL-1 is highly sialylated
and was found to bind soluble Siglec-5 in a calcium- and dose-dependent manner (119). Furthermore,
sialidase treatment of PSGL-1 reduced Siglec-5 binding. Studies also showed that on human PBMCs,

both Siglec-5 and PSGL-1 are closely associated, and 77 vitro perfusion assays demonstrated that
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soluble Siglec-5 inhibited leukocyte rolling on E- and P-selectin, indicating that Siglec-5 may have an
anti-adhesive role. This was also observed in a model of TNF-a induced inflammation, wherein
injection of soluble Siglec-5 in mice prevented inflammatory leukocyte recruitment (119). While it
appears that Siglec-5 may inhibit leukocyte migration, the role of PSGL-1 and Siglec-5 binding in the

T cell response is unknown.

VISTA

Recently, V-domain immunoglobulin suppressor of T cell activation (VISTA), a known
negative regulator of T cells, was shown to be another ligand for PSGL-1 (126). Myeloid and
granulocytes are the primary VIST'A-expressing cells, however, T cells express low levels and tumor
cells can also express VISTA (126-128). VISTA was reported to bind PSGL-1 and suppress T cell
activity in acidic conditions 7 vitro, like those found in tumor microenvironments (129) (Fig. 1.3,
Table 1.1). P-selectin binding to PSGL-1 is dependent on sulfotyrosine and sialyl-Lewis X
tetrasaccharide modifications (130), while VISTA- binding depends on tyrosine sulfation but not
sialyl-Lewis X modifications on PSGL-1 (129). Moreover, blocking PSGL-1/VISTA binding reversed
VISTA-mediated immune suppression (129). The suppressive binding of VISTA to PSGL-1 in acidic
conditions may be a potential tumor evasion strategy, highlighting both a new role for PSGL-1 in

tumors and the possibility of targeting PSGL-1 and/or VISTA for future immunotherapies.

1.2.3 PSGL-1 signaling

Numerous studies have focused on understanding the signaling pathways that are activated
upon PSGL-1 engagement. Some of the earliest studies looking into PSGL-1 signaling have
demonstrated that engagement of PSGL-1 promotes tyrosine phosphorylation, as well as activation
of MAPKSs (131). As research progressed, it has become clear there are multiple, complex PSGL-1

signaling pathways in different cell types. In neutrophils, signaling through PSGL-1 is induced through
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PSGL-1-selectin interactions. PSGL-1 engagement with P- and E-selectin results in the
phosphorylation of the src family kinases (SFKSs), Fgr, Lyn, and Hck, as well as Akt, spleen tyrosine
kinase (Syk), and phospholipase C (PLC) y2 (132-134). This signaling cascade results in lymphocyte
function-associated antigen 1 (LFA-1) activation and engagement with intercellular adhesion molecule
1 ICAM-1), leading to slow rolling in neutrophils. Interestingly, it has been found that L-selectin is
vital to this signaling pathway, as Se//’" neutrophils failed to phosphorylate SFKs and downstream

proteins 7n vitro, and showed increased rolling velocities and diminished adhesion 7z vivo (132).

Specifically, in the context of E-selectin engagement of PSGL-1 on neutrophils, the
cytoplasmic domain of PSGL-1 signals through the src-family kinase Fgr and the ITAM adapters
DAP12 and FcRy (133). While initial results showed that mice lacking Fgr fail to transmit adhesion
signals, a follow up study showed that a combined deletion of both Hck and Lyn had a similar result,
indicating that while Fgr may be the dominant SFK involved in the PSGL-1-selectin signal
transduction, Hck and Lyn together play an important role in this pathway (135). The importance of
the ITAM adaptor proteins to PSGL-1 signaling has also been demonstrated. In DAP12 and FCRy-
deficient neutrophils, engagement with E-selectin failed to phosphorylate Syk, and slow rolling was
not achieved, indicating the necessity of these two adapter proteins in PSGL-1 driven adhesion
signaling. The final steps after Syk recruitment in the E-selectin/ PSGL-1-mediated signaling cascade
involve the activation of SH2 domain—containing leukocyte phosphoprotein of 76 kD (SLP-76), which
in turn activates the Tec kinase Bruton tyrosine kinase (Btk) (135-137). Btk facilitates the
phosphorylation of Akt, PLCy2, and p38 mitogen-activated protein kinase (p38 MAPK), which

cumulate in LFA-1-dependent slow rolling of neutrophils on ICAM-1 (134, 138).

PSGL-1 has also been shown to associate with ezrin and moesin. While the interactions of

PSGL-1 with SFKs and ITAM adaptor proteins signal to promote slow rolling, it appears that the
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interactions of PSGL-1 with ezrin and moesin promote leukocyte transcriptional changes and
transient MAPK activation. It has been shown that PSGL-1 interacts directly with the amino-terminal
domain of both moesin and ezrin, and that these interactions take place in the uropods of activated
neutrophils (139, 140). Moesin and ezrin, like DAP12 and FcRy, are ITAM-adapters that are able to
recruit Syk (141). While moesin and ezrin are capable of Syk activation, the signaling outcomes seem
to differ from the previously detailed PSGL-1 signaling pathway involving SFKs, DAP12 and FcRy.
In vitro experimentation using a leukocyte cell line found that PSGL-1 signaling through ezrin and
moesin resulted in an increase in serum response element (SRE) transcription and expression of the
early-activation C-fos gene. Further 7z vitro experiments showed that the ezrin-radixin-moesin-binding
Sequence (EBS) on the cytoplasmic tail of PSGL-1 was not necessary for Syk activation (139). While
the EBS sequence was shown to support leukocyte tethering to selectins, integrin activation and slow
rolling on ICAM-1 is not dependent on ezrin and moesin binding to PSGL-1. Instead, ezrin and
moesin engagement with PSGL-1 promotes transient phosphorylation of ERK. From these studies,
it is clear that PSGL-1 signaling is multi-faceted and that its engagement with selectins can result in
numerous outcomes, ranging from increased activation signals to increased adherence and slow

rolling.

There has been less research evaluating PSGL-1 signaling in T cells, however it has been found
that PSGL-1 on T cells can have a similar role in signaling integrin-driven adhesion. The use of a
PSGL-1 cross-linking antibody resulted in increased LFA-1 clustering (142). This upregulation of
LFA-1 promoted adhesion of Th1 cells to ICAM-1 and was driven at least in part by PSGL-1 signaling
through PKCo or PKCRIIL In addition to promoting adhesion and migration of T cells, PSGL-1
ligation can promote inflammatory responses. Although, many experiments that investigate PSGL-1
inflammatory signaling involve a ligating antibody, these approaches may result in signaling outcomes
that differ from PSGL-1 ligand binding. Ir vitro experiments using leukemic Jurkat cells found that
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antibody ligation of PSGL-1 upregulated transcription of the inflammatory cytokine IL.-18 through a
pathway involving phosphatidylinositol 3-kinase (PI3K) (79). Antibody ligation of PSGL-1 on Jurkat
cells was also found to increase transcription of colony-stimulating factor 1 (CSF-1) in a Syk-
dependent manner (143). While these studies show that PSGL-1 can promote inflammatory
transcriptional responses, the transcriptional responses peaked at 30 or 60 minutes, indicating that

PSGL-1 inflammatory signals may be transient and require further study.

The question then is raised as to the timing of PSGL-1 signaling, and whether signaling output
changes depending on the duration of PSGL-1 engagement and the length of time that a T cell has
been activated. While direct mAb engagement of PSGL-1 #» witro promoted an increase in
inflammatory signals, the timing of PSGL-1 engagement does result in differential signaling outputs.
On late stage activated T cells, PSGL-1 signaling has been shown to promote T cell death (144). Both
the binding of activated T cells to P- and E-selectin under flow, as well as antibody crosslinking of
PSGL-1, can trigger apoptosis in late-stage activated T cells. This PSGL-1-driven apoptosis involves
Apoptosis Inducing Factor (AIF) translocation to the nucleus and the subsequent release of
cytochrome C, although the full pathway through which PSGL-1 signals induce apoptosis remains to
be identified. Further, PSGL-1 signaling has been shown to transduce suppressive signals in periods
of prolonged T cell activation. During chronic viral infection, PSGL-1 engagement promotes effector
T cell exhaustion (80). While the intracellular signals that direct this PSGL-1 driven enhancement of
T cell exhaustion are not known, it has been shown that ligation of PSGL-1 on exhausted CD8" T

cells resulted in diminished ERK and AKT signaling (80).

How PSGL-1 signaling in anti-tumor T cells supports their functional exhaustion and
inhibitory signaling is not fully known. Since T cells will be in an immunosuppressive environment

with chronic antigen stimulation inside tumors, PSGL-1 signals may be transient or prolonged
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depending on ligand binding. In steady-state conditions, PSGL-1 engagement promotes a tolerogenic
DC phenotype #n vivo, increasing the formation of CD4"FOXP3" T regulatory cells in the thymus
(78). When considering that PSGL-1 signaling prompts immunosuppression both through an increase
in the tolerogenic DC phenotype and Treg formation, as well through a decrease in T cell receptor
(TCR) signaling, targeting PSGL-1 presents a viable path to increase the inflammatory phenotype of
CD4" and CD8" T cells. Although PSGL-1 plays a role in signaling for slow rolling and adhesive
behavior, this pathway shows redundancy, as PSGL-1 genetic deletion did not decrease
migration/infiltration of T cells to the tumor site (80). PSGL-1 signaling is complex and much remains
to be discovered, but its suppressive signaling in T cells makes it an attractive target for reinvigorating

the immune response.
1.2.4 PSGL-1 in disease

When considering PSGL-1 as a therapeutic target, it is necessary to understand the differing
roles that PSGL-1 plays depending on the cancer context. As PSGL-1 is known to facilitate attachment
and migration, a large body of research has been centered around the role of PSGL-1 in cancer
metastasis. In a murine model of multiple myeloma (MM), PSGL-1 on MM cells was shown to interact
with P-selectin to promote adhesion signaling and homing of MM cells to the bone marrow (145). In
this model, the deletion of PSGL-1 on MM cells led to a significant decrease in tumor initiation and

proliferation, illustrating the importance of PSGL-1 in promoting tumorigenesis.

Interestingly, PSGL-1 has also been found on bone-metastatic prostate cancer and lung
carcinomas (146, 147). PSGL-1 was linked with metastasis, as it was expressed on a bone-metastatic
prostate cancer cell line and in metastatic prostate tumor tissue, indicating that certain cancer types
may gain PSGL-1 expression as a part of a metastatic phenotype. The mechanism through which

PSGL-1 may facilitate prostate cancer metastasis is unknown, however, in a non-small cell lung cancer
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(NSCLC) cell line, PSGL-1 was found to facilitate interactions between lung cancer cells and activated
platelets (147). This interaction between P-selectin on activated platelets and PSGL-1 on tumor cells
is hypothesized to drive metastasis, as activated platelets are known to facilitate metastatic movement
of cancer cells (148). In the context of small cell lung cancer (SCLC), cancer cell interactions with P-
and E-selectin have been shown to promote robust metastasis. As PSGL-1 is a ligand for both
selectins, it is likely that PSGL-1 is involved in the selectin-mediated metastatic behavior of SCLC cells
as well (149). Additionally, P-selectin blockade in mice with gastric cancer decreases metastasis and
allows for sustained immune function, a phenotype showing that PSGL-1 likely plays a role in as the
main P-selectin ligand (150). While these experiments show that PSGL-1 plays a pro-metastatic role,
the contributions of PSGL-1 on immune cells to this phenotype are still being uncovered. One study
showed that PSGL-1 promoted colon cancer metastasis through the recruitment of monocytes to
metastatic sites, illustrating how PSGL-1 on immune cells may modulate cancer cell behavior and the
TME (151). Although the impact that targeting PSGL-1 on T cells or cancer cells will have on cancer
metastasis is unknown, these studies illustrate that PSGL-1 presents an exciting target for potentially

reducing metastatic behavior of tumors.

In addition to promoting cancer metastasis, PSGL-1 is involved in the development of drug
resistance, particularly in blood cancers. It has been shown that PSGL-1-mediated interactions
between multiple myeloma (MM) cells and macrophages increased ERK1/2 activation, myc
upregulation, proliferation, and drug resistance in MM cells (152). The use of a PSGL-1 neutralizing
antibody abrogated this MM drug resistance 7z vivo, signifying PSGL-1 as an important driver of MM
therapeutic escape. In a separate model of MM, it was found that combination antibody blockade of
PSGL-1 and P-selectin lessened bortezomib resistance in MM cells, and led to increased mouse
survival (153). Additionally, PSGL-1 was shown to promote chemoresistance in a human acute
myeloid leukemia (AML) cell line through interactions with E-selectin (58). Through 7z vivo mouse
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models of AML, it was seen that Se/p/g’~ AML blasts showed increased cell cycling, decreased homing
to the bone marrow, and increased chemosensitivity. This study showed that PSGL-1 is involved in
the formation of bone marrow reservoirs of quiescent, chemoresistant AML cells and is correlated

with worse disease outcomes in mice with WT AML blasts.

Taken together, the current body of research has found PSGL-1 to be expressed on numerous
human SCLC cells lines (149, 154), on a human alveolar cell carcinoma cell line (147), on human MM
cell lines (152), and on a metastatic prostate cancer cell line (146). In the clinic, PSGL-1 expression
has been detected in primary acute leukemia cells as well as in some acute lymphoblastic leukemia cells
from large patient cohorts (58, 155). Further, a link between disease progression and PSGL-1
expression was shown in a group of MM patients, PSGL-1 was significantly increased in active MM
disease when compared to both monoclonal gammopathy of undetermined significance (MGUS) and
healthy donors (145). PSGL-1 is expressed in many cancers and is involved in disease progression,
metastasis, and drug resistance. Importantly, few studies have examined how PSGL-1 expression is
regulated in cancers that are not hematopoietic cell-derived. The potential impact of targeting PSGL-
1 on tumor control is evident from mouse studies, however the question remains as to whether PSGL-

1 blockade affects CD4" and CD8" T cells and other immune cells within the TME of human cancers.
1.2.5 PSGL-1 as an immune checkpoint protein

When investigating the role of PSGL-1 on immune cells in numerous diseases, there is a
growing body of literature supporting the notion that PSGL-1 functions as a negative regulator of the
immune system. In a murine DSS-induced colitis model, PSGL-1 was shown to decrease the
inflammatory immune response, resulting in reduced disease severity (156). There is evidence that in
diseases of chronic inflammation, such as systemic lupus erythematosus (SLE), PSGL-1 signaling

works to suppress inflammation, as Se//s’” mice with SLE suffer more inflammation and early death
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(157). In this murine SLE model, Se/plg’ mice had increased amounts of the inflammatory chemokine
CCL2 present in the kidneys. CCL2 is known to promote cytokine production in CD4" T helper cells,
and chemotaxis of T cells and monocytes (158-161). The reduction in CCL2 production driven by
PSGL-1 demonstrates a possible mechanism through which PSGL-1 controls inflammation and limits
the induction of T cells responses. Immunotherapeutic blockade of PSGL-1 may increase

inflammatory chemokines present iz vivo and promote a more inflammatory CD4" T cell phenotype.

Mice with genetically deleted PSGL-1 have been valuable in showing the role that PSGL-1
plays in inflammatory immune responses. Se/plg/” mice have shown to develop a systemic sclerosis
(8Sc)-like syndrome. In these mice, the absence of PSGL-1 led to a notable decrease in Tregs in the
lungs and an increase in IFN-y-producing T cells and macrophages, highlighting the role of PSGL-1
in suppressing autoimmunity (162). Another autoimmunity study of SSc-like disease in Se/p/g’" mice
found increased serum levels of autoantigens, activated DC and CD4" T effector cells in the skin,
vascular damage, and increased mortality rates in mice due to loss of PSGL-1 (163). In the absence of
PSGL-1, T cells become more inflammatory and can cause chronic inflammation and autoimmunity.
The inflammatory T cell phenotype seen in Sepg’” mice provides support for the therapeutic targeting
of PSGL-1 on T cells in cancer, as it may provide a way to lessen immune suppression and increase
the activation of T cells. However, these studies showed that deletion of PSGL-1 led to increased
autoimmune occurrences, so patients treated with PSGL-1-targeting treatments would need to be

monitored closely for treatment side effects.

Understanding the differential roles of PSGL-1 on effector T cells and Tregs is particularly
important when considering PSGL-1 as an immunotherapeutic target. Sustaining a more effector-like
T cell response is vital for the immune system to control cancer, and PSGL-1 can affect the balance

of inflammatory and suppressive cells. As mentioned previously, Se/s/s’” mice with DSS-induced colitis
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show an increased effector T cell to Treg ratio in the colon, a trend that was also observed in the lungs
of Selply’ mice (156, 162). In an experimental autoimmune encephalomyelitis (EAE) model, PSGL-1
on Tregs was found to be necessary for suppression of the late stage T cell response (45). Tregs lacking
PSGL-1 were unable to limit T cell proliferation and interactions with DCs in the late stages of T cell
activation, leading to worsening of the EAE disease phenotype. In addition to limiting the immune
response in autoimmune diseases, PSGL-1 on Tregs can affect immune control of cancer (164). Mice
lacking P-selectin showed a largely diminished tumor size and a markedly small presence of Tregs in
tumors (164). The absence of P-selectin leads to an increase in tumort-infiltrating effector CD8" T
cells, an increase in pro-inflammatory cytokines, and a decrease in tumoral TGF-3 (164). Although
this study did not directly address the role of PSGL-1, as the primary ligand for P-selectin, it is likely
supporting P-selectin driven phenotypes. Taken together, PSGL-1 promotes development and Treg

function and may lead to a reduction in immunosuppression when targeted as an immunotherapy.

Effector T cells are also affected by PSGL-1 signaling. In an z vitro setting, stimulated T cell
proliferation was negatively regulated by PSGL-1 (165). In vive, PSGL-1-mediated suppression of
effector T cell functions has been seen in multiple disease models. In mice with T cell driven
inflammatory bowel disease, deletion of PSGL-1 on T cells caused a significant worsening of the
disease. The absence of PSGI.-1 in mice with a chronic infection led to much more functional,
effector-like T cells (80). Although the mechanism is still being studied, it has been shown that PSGL-
1 can dampen TCR signals and effector functions. Further, mice lacking PSGL-1 showed increased
melanoma tumor control and reduced T cell exhaustion within the tumor environment (80). In models
of chronic infection and cancer, antigen-specific Se/p/g’ T cells had increased tumor infiltration and
increased response to PD-L1 blockade (166). Interestingly, PSGL-1 deletion resulted in decreased
Tpex frequencies, although the full impact of PSGL-1 on Tpex and Tex formation and phenotype are
still under investigation. The work done to understand the roles of PSGL-1 in disease has shown that
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PSGL-1 can function as a potent suppressor of immune responses. Targeting PSGL-1 on CD4" T
cells may be new opportunity to not only increase effector T' cells, but also to reduce the detrimental

presence of Tregs in the TME.
1.3 CD38 overview

CD38 is an ectoenzyme expressed on the surface of most innate and adaptive immune cells
(167-169). CD38 plays an important role in energy metabolism, as its enzymatic activity drives the
consumption of nicotinamide adenine dinucleotide (NAD") and supports adenosine generation (170-
172). Mote specifically, CD38 catalyzes the conversion of NAD" to ADP-ribose (ADPR), cyclic-
ADPR (cADPR), and NAADP" (167, 168, 170, 171). Additionally, CD38 in combination with
CD203a and CD73, form an enzymatic axis capable of converting NAD" to adenosine (172). CD38
enzymatic activity has numerous physiological impacts, as ADPR, cADPR, and NAADP" all regulate
cytoplasmic Ca** levels while NAD", which is consumed by CD38, is a modulator of cellular
metabolism, stress response, and circadian rhythms (167, 168). Increased CD38 expression depletes

NAD?" levels and increases intracellular Ca** illustrating how CD38 expression functions as an

important immune modulator (173-175). CD38 expression is directly linked with activation signals:
CD38 is induced by CD3 stimulation and reduced when CD3 is diminished, and agonistic engagement
of CD38 7 vitro resulted in increased expression of IL-2, IL-1, and IL-6 mRNA (169). I vitro activation
of T cells caused CD38 upregulation and co-expression with activation markers such as CD25 and
CD44, further demonstrating a link between activation and CD38 expression(176). Additionally,

CD38 acts as a receptor on the surface of T cells, the ligation of which can further increase T cell

activation through Lck-mediated activation of MAP kinase and CD3( signaling pathways (177).
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Figure 1.4 CD38 enzymatic activity at neutral and acidic pH.

1.3.1 CD38 in disease

Given the prevalence of CD38 on most immune cells, it is notable that CD38 has been
implicated in numerous infections and disease. In a mouse model of Listeria monocytogenes, DCs,
neutrophils, monocytes, and macrophages upregulated CD38 in response to infection, and Cd38”
mice had increased susceptibility to infection (178). A similar result was seen in a mouse model of
Streptococcus pneumoniae, in which mice lacking CID38 were more susceptible to infection (179). Further,
mice lacking CD38 had diminished cADPR in myeloid and lymphoid tissues, an important metabolic
mediator of inflammation (179, 180). The upregulation of CD38 in response to infection is in part
due to regulation of the Cd38 gene locus by interferon signaling and transcription factors NF-xB and
AP-1(181-183). Further, the endothelial adhesion molecule CD31 is a known ligand for CD38 and is
involved in recruitment of immune cells to sites of infection and inflammation (184, 185). In addition
to bacterial infections, numerous autoimmune diseases display CD38 upregulation. Murine models of

experimental autoimmune encephalomyelitis (EAE) and multiple sclerosis (MS) revealed an
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upregulation of CD38 in cells from lymph nodes of diseased mice (186). CD38 was also found to be
highly expressed on B cells, macrophages, and monocytes from patients with active systemic lupus
erythematosus (SLE) (187, 188). CD38 expression correlated with higher scoring on the SLE disease
activity index, indicative of worse disease pathology (188). The prevalence of CD38-expressing cells
in inflammatory conditions has resulted in a clinical push to target CD38 for the treatment of

autoimmune disorders such as rheumatoid arthritis and SLE (189, 190).

CD38 is also upregulated in response to viral infection. CD38 is a key indicator of T cell
activation during viral infection, and CD38"CD8" T cells have been detected in patients infected with
HCV, HIV, Dengue, HIN1 IAV, H7N9, Ebola, and SARS-CoV-2 (191-199). In the case of chronic
viral infections, such as HIV, CD38 expression is correlated with disease severity (200). During HIV
infection, CD38 is upregulated on T cells and can serve as a marker of disease progression (201-203).
As patients develop acquired immune deficiency syndrome (AIDS), the frequency of CD38 expressing
CD8" T cells increases, and then declines with antiretroviral treatment (201, 204, 205). In cases of
H7N9 avian influenza, a larger population of CD38"HLA-DR'CDS8" T cells ate found in patients who
succumb to flu (196). In both Dengue and Ebola-infected patients, CD8"CD38" T cells are

upregulated in febrile patients (194, 196, 2006).

The disease area with the largest body of literature and clinical trials with respect to CD38 is
cancer. CD38 is highly expressed on multiple myeloma (MM) cells and has been effectively utilized as
a target for MM treatment (207). Chronic lymphocytic leukemia also highly expresses CD38, and
expression levels have been linked to poor prognostic outcomes in patients (208). Numerous other
blood cancers upregulate CD38, and there are multiple FDA-approved therapies targeting CD38
including the 2018 approval of Janssen’s human anti-CD38 IgG1 daratumumab (209). In addition to

CD38 as a marker for cancer, its expression has numerous impacts on tumor growth and
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immunogenicity. Murine lung adenocarcinoma cells express CD38 and use the product of its
enzymatic activity, cADPR, to promote Ca’" and tumor progtression (210). Further investigation
showed that CD38 is upregulated in lung cancer by all-trans retinoic acid (ATRA) and IFNB, and that
CD38 expression in murine lung and melanoma models, as well as in patient samples, promotes
resistance to PD-L1 and PD-1 treatment (211). A key component of tumor growth and resistance to
immune-checkpoint blockade is adenosine, which is enriched in CD38" tumors and suppresses the
anti-tumor immune response. The impact of CD38 activity on tumor-infiltrating immune cells is two-
fold: CD38 depletes NAD", an important molecule for T cell metabolism and effector function, and
adenosine is created, which suppresses effector T cells (211-213). CD38 is also upregulated on Tregs
from patients with multiple myeloma, and these CD38" Tregs were highly immunosuppressive and
tumor-promoting (214). Macrophages in the tumor environment are also high expressors of CID38
and can promote tumor growth through adenosine production as well (215). Our current knowledge
highlights the importance of CD38 as a marker of infection and disease, as a target for cancer and
autoimmunity treatment, and as modulator of inflammation and immunotherapy response. However,
the precise roles of CD38 on activated and exhausted T cells in response to cancer and chronic

infection remain to be investigated.
1.3.2 CD38 on T cells and possible role in exhaustion

A strong link between T cell activation and CD38 has been established, as CD38 is upregulated
on activated T cells, localizes to the immunological synapse upon interaction between antigen
presenting cells (APC) and T cells, and has a role in MAPK and Ca*" signaling (167, 177, 216). Further,
the enzymatic activity of CD38 alters T cell functioning through the depletion of NAD™ and the
formation of ADPR, cADPR, NAADP", and downstream adenosine (167, 168, 170, 171). Although

CD38 is highly upregulated on T cells in multiple infection types as well as on tumor-infiltrating T
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cells, the impact of CD38 expression on T cell biology is still being investigated. In the case of chronic
infection and cancer, several pieces of evidence have emerged linking CD38 to T cell exhaustion. A
study by Philip e a/ analyzed the transcriptional landscape and chromatin accessibility of tumor-
specific exhausted T cells and found that C/Z38§ mRNA and CD38 surface expression were markers of
terminal exhaustion state (217). Tumor-specific T cells that expressed CD101 and CD38 had a fixed
chromatin state associated with dysfunction and were unable to produce cytokines in response to z
vitro stimulation. The expression of CD38 as a marker for terminal exhaustion was corroborated in
two separate chronic infection studies, showing that C/Z38 mRNA is significantly upregulated in
terminal exhausted cells (39, 218). Further, when impropetly primed, PD-1"CD38" cells from tumot-
bearing mice showed increased death and decreased expression of CD40L and IFN-y production
(219). When data from patients with melanoma tumors was investigated, high frequencies of PD-
1"CD38" T cells correlated with immunotherapy non-responders. CD38 has also been found to
reduce mitochondrial fitness and cytotoxic responses in SLE and LCMV models, and CD38-
expressing CD4" T cells from patients with inflammatory bowel disease showed elevated expression
of exhaustion markers TIGIT, CTLA4, PD-1, TIM-3, and CX3CR1 (220, 221). Recently, a study
investigating the impact of CD38 deletion on the formation of antigen-specific exhausted T cells in
tumors found that C438” cells still became functionally exhausted (222). This study opens more
questions about the role that CID38 may play in shaping the T cell response to infection and cancer,
as it is uniquely upregulated in response to strong TCR signaling but may be dispensable for the

formation of the exhaustion phenotype.
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ABSTRACT

Immune checkpoint inhibitors have had impressive efficacy in some cancer patients,
reinvigorating long-term durable immune responses against tumors. Despite the clinical success of
these therapies, most cancer patients continue to be unresponsive to these treatments, highlighting
the need for novel therapeutic options. While PSGL-1 has been shown to inhibit immune responses
in a variety of disease models, previous work has yet to address whether PSGL-1 can be targeted
therapeutically to promote antitumor immunity. Using an aggressive melanoma tumor model, we
targeted PSGL-1 in tumot-beating mice and found increased effector CD4" and CD8" T cell
responses, and decreased Tregs in tumors. T cells exhibited increased effector functions, activation,
and proliferation, which delayed tumor growth in mice after anti-PSGL-1 treatment. Targeting PD-1
in PSGL-1-deficient tumor-bearing mice led to an increased frequency of mice with complete tumor
eradication. Targeting both PSGL-1 and PD-1 in WT tumor-bearing mice also showed enhanced anti-
tumor immunity and slowed melanoma tumor growth. Our findings show that therapeutically
targeting the PSGL-1 immune checkpoint can reinvigorate anti-tumor immunity and suggest that

targeting PSGL-1 may represent a new therapeutic strategy for cancer treatment.
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INTRODUCTION

Immune checkpoint inhibitors have revolutionized the treatment of many cancer types,
including melanoma, and are now standard of care (224, 225). Blocking the PD-1/PD-L1 and CTLA-
4 pathway in melanoma has shown efficacy in patients through the reinvigoration of anti-tumor T
cells (226, 227). While these immune checkpoint inhibitors show significant clinical success in multiple
cancer types, most patients with melanoma remain unresponsive, and many develop immune-related
adverse events (irAEs) (225, 228-231). Immune checkpoints in melanoma actively suppress T cells to
induce an exhausted dysfunctional state, which promotes tumor growth and metastasis (232). The
high expression of these immune checkpoints on exhausted T cells diminishes their effector functions
and cytotoxicity (233). While PD-1 and CTLA-4 have been well studied, additional immune
checkpoints have been identified that also promote T cell exhaustion, including P-selectin glycoprotein

ligand-1 (PSGL-1) (234).

Most tumor-infiltrating leukocytes involved in the immune response express PSGL-1 (81, 235,
236). While T cells utilize PSGL-1 for migration through selectin interactions, PSGL-1 binds
additional molecules such as Siglecs, chemokines, and the recently identified ligand, VISTA (82, 83,
119, 129). PSGL-1 and selectin-mediated migration has been extensively studied, however, less is
known regarding PSGL-1 engagement in the tumor microenvironment, and whether these
interactions promote T cell exhaustion (68). Much of what is known regarding PSGL-1 immune
inhibitory function has relied on the use of PSGL-1-deficient mice (Seplg”) (74). Studies have shown
that Se/p/7’ mice develop autoimmunity involving the skin, lungs, and kidneys (237). In addition,
Selply’” mice were shown to develop glomerulonephritis in lupus-prone mice, scleroderma, ulcerative
colitis and experimental autoimmune encephalomyelitis (73, 238-240). Se/plg’” dendritic cells (DCs) are
more immunogenic, and PSGL-1 signaling in human monocyte-derived DCs leads to a tolerogenic
phenotype that promotes Treg differentiation (241). Furthermore, Se/p/s’” mice were found to generate
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less Tregs in the thymus (241-243). PSGL-1 inhibitory function in T cells was also found during
immune responses to viral infections and tumors (234, 244). Se/pls’" mice were shown to control
chronic viral infection and melanoma tumors through increased effector T cell responses (234), and
PSGL-1 was also shown to restrain proliferation of memory T cells during acute viral infection (245).
These studies also showed that despite lacking PSGL-1 expression, Sejpls’ effector T cells efficiently
migrated to infected tissues and tumors (234). Together, these studies identify PSGL-1 as an important
negative immune regulator that not only facilitates T cell migration, but also functions as an immune
checkpoint in T cells (234, 245, 246). While studies using Se/pls’” have been important for our
understanding of PSGL-1 biology, it has not been explored whether PSGL-1 can be therapeutically
targeted in WT mice with established aggressive melanoma tumors. Here we report therapeutic
efficacy targeting the PSGL-1 immune checkpoint 7z v in melanoma tumor-bearing mice which
resulted in delayed tumor growth attributed to enhanced effector T cell responses. Our findings
highlight that targeting the PSGL-1 inhibitory pathway therapeutically is an effective strategy to

enhance anti-tumor immunity in melanoma.
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MATERIALS AND METHODS
Mice and Experimental Model

All experimental animal procedures were approved by the Institutional Animal Care and Use
Committee of University of California, Irvine (AUP-18-148) and complied with all relevant ethical
regulations for animal testing and research. C57BL/6] and Sejpls’” mice were purchased from the
Jackson Laboratory, then bred in SPF facilities. Male mice 26 weeks of age were used in experiments.
Mouse selection for experiments was not formally randomized or blinded. For tumor growth
experiments, mice were injected subcutaneously (s.c.) with 1x10° B16-GPs; or D4M-3A tumor cells
and designated into treatment groups on 8dpi. For survival experiments, mice were injected with 1x10°
B16-GP3; s.c. and tumors of <2000mm’ were designated as surviving at 18dpi. Mice in each treatment
group had an average tumor size of 60-100mm’ on 8dpi, mice exceeding 100mm’ at 8dpi were
euthanized. For YUMMER1.7 study, mice were s.c. injected with 2x10° YUMMER1.7 tumor cells.
Tumor size was measured using calipers at the indicated time points. Tumors were weighed at the

time of excision.
Cell Lines

Braf'""*; Pten”/~; and Cdkn2a~'~ mouse melanoma cells (YUMMERT1.7) were kindly provided
by Marcus Bosenberg (Yale). BI6GP3; melanoma cells were kindly provided by Dr. Ananda Goldrath
(UCSD). Dartmouth murine mutant malignant melanoma-3A (D4M-3A) were kindly provided by Dr.
Francesco Marangoni (UC Irvine). Cell lines were maintained in Dulbecco’s modified eagle’s medium
(D4M-3A) or Iscove's Modified Dulbecco's medium (YUMMER1.7 and B16-GPs3) supplemented

with 10% fetal bovine serum and antibiotics. All cell lines were free of mycoplasma.

Tumor digestion
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Tumors were excised, minced, and digested for 40 min at 37°C using the gentleMACS tumor
kit and gentleMACS™ dissociator (Miltenyi Biotec). Digests were then passed through a 70-pm cell

strainer to generate a single-cell suspension. The cells were then stained for flow cytometry.
Flow Cytometry

Tumor-derived single-cell suspensions were washed twice with FACS staining buffer, fixed
for 15 min with 1% formaldehyde in PBS, washed twice, and resuspended in FACS staining buffer.
For intracellular cytokine staining, cells were resuspended in complete RPMI-1640 (containing 10 mM
HEPES, 1% nonessential amino acids and L-glutamine, 1 mM sodium pyruvate, 10% heat inactivated
fetal bovine serum (FBS), and antibiotics) supplemented with 50 U/mL IL-2 (NCI) and 1 mg/mL
brefeldin A (BFA, Sigma), and then incubated with phorbol myristate acetate (10 ng/ml) and
ionomycin (0.5 pg/ml) at 37°C for 16h overnight. Cells wete then fixed and permeabilized using a
Cytofix/Cytoperm Kit (BD Biosciences) before staining. For intranuclear transcription factor staining,
cells were fixed and permeabilized using a Foxp3/transcription factor fixation/permeabilization kit
(Invitrogen). Antibodies are listed in Supp. Table 1. Surface stains were performed at a 1:200 dilution,
while intracellular and intranuclear stains were performed at a 1:100 dilution. All data were collected

on a Novocyte 3000 (Agilent) and analyzed using Flow]Jo Software (Tree Star).
Tetramer Staining

Tumor-derived single-cell suspensions were stained with tetramer antibodies for an hour and
15 minutes at room temperature in complete RPMI-1640 (containing 10 mM HEPES, 1%
nonessential amino acids and L-glutamine, 1 mM sodium pyruvate, 10% heat inactivated fetal bovine
serum (FBS), and antibiotics), washed twice, fixed for 15 min with 1% formaldehyde in PBS, washed

twice, and resuspended in FACS staining buffer.

In vivo antibody treatments
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For antibody treatments, mice were injected i.p. with 200 pg anti-PD-1 (clone RMP1-14), anti-
PSGL-1 (clone 4RA10), or rat IgG (Sigma) isotype control on day 8, 10, and 12 after tumor inoculation
(B16GPs3 and D4M-3A) or day 11, 13, and 15 after tumor inoculation (YUMMERT1.7). All mAbs for
in vivo use were from BioXcell New Hampshire, USA). CD8" T cells were depleted by intraperitoneal
(i.p.) injection of 400 pg of anti-mouse Thyl.2 (CD90.2) (clone 30H12 from BioXCell), 400ug of anti-
mouse Thyl.1 (CD90.1) (clone 19E12 from BioXCell), or rat IgG isotype control. Antibodies were
injected at day -1, 0, and 3 (B16-GP;3;) or day -1, 0, 3, and 14 (YUMMerl.7) in respect to tumor
inoculation occurring at day 0. The efficacy of depletion was assessed by FACS analysis of blood

samples collected on day 8 (B16-GPs;3) or day 8, 14, and 21 (YUMMERT1.7).
3’-single cell RNA-seq data analyses

WT mice were injected s.c. with (1 x 10°) B16-GP3; melanoma cells and treated with IgG, anti-
PD-1, and-PSGL-1, or anti-PSGL-1/anti-PD-1 at 8, 10, and 12dpi. Tumors wetre excised and
processed at 18dpi and immune cells sorted (PITCD45.2") and processed for 3’-single cell RNA
sequencing. Sorted cells were subjected to 10X Genomics Chromium Single-Cell Platform
manipulation, followed by sequencing using an NovaSeq 6000. Raw reads were subjected to quality
control analysis with FASTQC software and aligned to the reference transcriptome mm10 using a
short-read aligner STARGS via 10X pipeline cellRanger (v.3.1.0) software. The following represent the
number of cells obtained per sample processed: IgG (9726 cells), anti-PD-1 (5614 cells), anti-PSGL-
1 (7292 cells), Combo (4596 cells). All cells had an average read depth of approximately 18,763 reads
per cell with 2,500 to 3,000 median unique molecular identifiers across approximately 15,000 genes

each.

Doublets observed predominantly in larger analyses, particularly the IgG analysis, were

identified and removed using Scrublet (247). Expression matrices underwent filtering (nFeature RNA
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> 200 and < 5,500 - 6000, percent.mt < 5), normalization, scaling, PCA and subsequent UMAP
analysis using Seurat packages (248). Resultant Seurat objects were integrated using a CCA (canonical
correlation analysis)—based integration method (249). Unique functional cell types were identified by
gene expression profiling and query against Immgen gene expression databases (www.immgen.org)
using the interactive tool “MyGeneSet”. Results were visualized using Seurat FeaturePlot,
DotPlot and HeatMap functions. Feature plots and dot plots were generated using Seurat pipeline
functions and log-normalized raw counts (data slot). Heatmaps were created using the Seurat
DoHeatMap function with log-normalized and scaled raw counts (scale.data slot). All functions were

run in the RNA assay.

Data and code availability

The authors declare that all supporting data are available within the Article and its
Supplementary Information files. 3>-scRNA-seq data sets will be deposited in the Gene Expression

Omnibus (GEO) database under the accession code: GSE196112.

Quantification and statistical analysis

Data were analyzed using Prism GraphPad software. Analysis was performed using two-tailed
ttest or Mann—Whitney U test. Tumor volume growth curves were analyzed by 2nd way ANOVA
with Sidak’s multiple comparisons test (two groups) or 2nd way ANOVA with Tukey’s multiple
comparisons test (four groups). Survival was analyzed by log-rank (Mantel-Cox) test. Unless otherwise

noted, all data are shown as the mean * s.e.m.
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RESULTS

Selplg is expressed by melanoma tumor-infiltrating immune cells

To determine how PSGL-1 is regulated in tumor-infiltrating immune cells, we implanted wild
type (WT) mice with B16-GPss-expressing melanoma cells (250) and evaluated Selplg gene expression
at 18 days post injection (dpi). We analyzed Selp/z levels in CD45.2" sorted cells using 3’-single-cell
RNA sequencing (scRNA-seq) (Fig. 2.1A,B). We characterized the tumot-infiltrating CD45.2" cells
as both myeloid and non-myeloid immune cells including macrophages, dendritic cells, neutrophils, T
cells, NK cells and B cells (Fig. 2.1A, S2.1 and S2.2A-F). Selplg was expressed by subsets of
macrophages, dendritic cells, and neutrophils, with very low expression in B cells (Fig. 2.1B). The
highest Se/plg expression levels were observed in CD4" and CD8" T cells and NK cells (Fig. 2.1B).
We analyzed expression levels of the PSGL-1 ligands P-selectin (Sefp) and VISTA (I7sir), and detected
uniformly low Sef levels, while high 1757 expression was observed in macrophages, neutrophils and
T cells (Fig. 2.1C,D and S2.2G,H). These findings showed that while Sejplg was expressed in most
immune cells, the highest expression was observed in T cells and NK cells that infiltrated melanoma

tumors.

PSGL-1 is upregulated and co-expressed with immune checkpoints on tumor-infiltrating T
cells

Since we found high Se/p/g expression in tumor-infiltrating T' cells, we next characterized how
PSGL-1 protein expression was regulated during the anti-tumor response. We detected high PSGL-1
expression in effector CD4" T cells (CD4"CD44 FoxP3), CD8" T cells (CD8"CD44"), and Tregs
(CD4"CD44 FoxP3") in tumor draining lymph nodes (TdLN), and significant upregulation in tumors
(Fig. 2.1E,F and S2.3A). We next determined whether PSGL-1 was co-expressed with additional
immune checkpoints and found the majority of tumot-infiltrating CD8" T cells expressed both PSGL-

1 and PD-1, TIM-3, and LAG3 (Fig. 2.1G and S2.3B,C). The majority of effector CD4" T cells and
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Tregs also had this phenotype, with most tumor infiltrates being PSGL-1"PD-1", PSGL-1"TIM-3",
and PSGL-1"LAG3" (Fig. 2.1G and S2.3B,C). While T cells in TdLN expressed PSGL-1, the
frequencies of co-inhibitory expression (PD-1, TIM-3, LAG3) were lower when compared to the high
co-expression found in tumors (Fig. 2.1G and S2.3D,E). These findings showed that PSGL-1 was
highly expressed in T cells in the tumor-draining lymph nodes (TdLN) and was further upregulated

along with other immune checkpoints on tumor-infiltrating T cells.
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Figure 2.1 PSGL-1 expression in tumor-infiltrating T cells. WT mice were injected s.c. with B16-GP3; (1
X 106) melanoma cells, and tumors and TdLNs were isolated at 18 dpi and tumors assessed via scRNA-
seq. A, Integration of Seurat clustering analysis of sorted CD45.2+ immune cells isolated from B16-
GP33 melanoma tumors projected in UMAP with color-coded cluster identities. Integrated Seurat immune
cell clusters with relative (B) Seiplg, (C) Selp, and (D) 17sir expression are shown. Yellow indicates low and
purple indicates high expression. E and F, The mean fluorescence intensity (MFI) of PSGL-1 on CD4+,
CD8*, and Tregs in the tumor and TdLNs is shown and quantified. G, PSGL-1 coexpression with PD-1,
TIM-3, and LAG3 is shown for CD4+, CD8*, and Tregs in TdLNs and tumors. Data are representative of
three independent experiments (# = 8 mice/group) and show the mean = SEM. *, P < 0.05; **, P < 0.005;
wk P < 0.001; ¥+ P < 0.0001 by ordinary one-way ANOVA with the Tukey multiple comparisons test.

37




PSGL-1 immune checkpoint targeting changed the melanoma tumor immune landscape

Since we observed Selplg expression in various immune cells and PSGL-1 upregulation on all
T cell subsets in melanoma tumors, we next determined whether targeting PSGL-1 and PD-1 in
tumor-bearing mice alone or in combination could alter tumor growth. We observed large B16-GPs;
tumors in the IgG and anti-PD-1 treated mice, and significantly smaller tumors in the anti-PSGL-1
and anti-PD-1/anti-PSGL-1 (combination) treated mice (Fig. 2.2A). We next evaluated the immune
cell landscape in these mice by scRNA-seq and identified 18 cell clusters using Immgen (Fig. 2.2B
and S2.2A-F). We determined changes in cell type frequencies between all four treatment groups.
Compared to the IgG and anti-PD-1 groups, the anti-PSGL-1 and combination groups had an increase
in neutrophils and T cells, while DCs and NK cells were decreased (Fig. 2.2B,C). Compared to the
anti-PD-1 group, the anti-PSGL-1 and combination groups had increased DCs, neutrophils, B cells,

and T cells and decreased macrophages and NK cells (Fig. 2.2B,C).

Since we observed an increase in T cells after anti-PSGL-1 and combination treatments, we
further evaluated these clusters independently. We observed six C#4" clusters that mapped to Tregs,
CD4" cells and CD4° NK T cells (Fig. 2.2D,E and S2.4A,B). Compared to IgG and anti-PD-1
treated tumors, the anti-PSGL-1 and combination had decreased Tregs and increased CD4" T cells
(Fig. 2.2F). Further gene expression profiling revealed that compared to IgG, the anti-PSGL-1 group
had decreased expression of inhibitory receptor genes (Hawver2, Lag3, Entpdl, Cd38, Cd101, Tigt, Ctlad,
Btla), increased activation (Cd69, Cd44, Cd28, Kirgl) and effector function genes (Ifug, Tnf, 1/2, Cd40/g,
Bhihe40), increased survival (I/2ra, 1/2, 1/77) and decreased inhibitory genes (1/70, Tgfb1, Foxp3) (Fig.
2.2G). Interestingly, many of the inhibitory genes downregulated in the anti-PSGL-1 tumors were
increased in the anti-PD-1 group, while effector genes (Ifng, Tnf, 1/2, Cd40lg, Bhlhe40) were decreased

with anti-PD-1 treatment (Fig. 2.2G).
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We next evaluated Cd§" cells and identified four subclusters (Fig. 2.2H and S2.4C,D).
Slingshot trajectory analysis showed a developmental trajectory which originated with C2, progressed
through CO and C1, and ended at C3 (Fig. 2.2H). Most clusters had similar frequencies between
treatment groups, except for C2, which was lowest in the anti-PD-1 treated group (Fig. 2.2I). Based
on the trajectory analysis we next evaluated whether there were changes in progenitor (Tpex) and
terminal (Tex) exhausted T cell gene signatures in these clusters (Fig. 2.2]) (38, 251). We found that
C2 represented the Tpex population while C0, C1, and C3 were terminally exhausted clusters (Fig.
2.2]). C2 had the highest expression of T¢f7, Slamft, Cd69, and Be/2, while the other clusters had the
lowest expression of these genes (Fig. 2.2]). Following the terminal exhausted trajectory, CO and C1
had higher C4200, Haver2, Cd244, Cd160, and Gzmb (Fig. 2.2]). Additional global changes in activation
and inhibitory markers and transcription factors were observed within the treatment groups (Fig.
S2.4E,F). These findings showed that targeting PSGL-1 alone or in combination with PD-1 in
melanoma tumor-bearing mice changed the immune landscape, resulting in decreased Tregs and

increased effector CD4" and CD8" T cell gene signatures.
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Figure 2.2 Immune cell changes in tumors after immune-checkpoint blockade. WT mice were
injected s.c. with (1 X 109) B16-GPs3 melanoma cells and treated with IgG or anti-PSGL-1 at 8, 10, and 12
dpi. A, B16-GP33 tumor volume at 18 dpi is shown for IgG, anti-PD-1, anti—PSGL-1, and combination
anti-PD-1/ant-PSGL-1—treated mice. Tumors were harvested and assess via scRNA-seq at 18
dpi. B, Seurat clustering analysis of sorted CD45.2* immune cells projected in two-dimensional UMAP
with color-coded cluster identities. C, Stacked bar graphs of immune cell frequencies derived from Seurat
cluster analysis are shown for each treatment group. Seurat subset clustering analysis of (D) C44+ immune
cells with (E) color-coded identities. F, Stacked bar graph showing Tregs, proliferating Treg, NKT, and
CD4* T-cell frequencies in each treatment group. G, Heatmaps displaying relative expression of the
indicated inhibitory and effector genes in Ca4+ subset clusters from all four treatment groups. H, Seurat
subset clustering of Cd§* cells with slingshot cluster trajectory (black arrow) and (I) corresponding stacked
bar graphs of Cd§* cluster frequencies for all four treatment groups. J, Heatmaps displaying relative
expression of T-cell precursor exhausted (Tpex) or terminally exhausted (Tex) genes in Cd8* subset clusters
from all four treatment groups.
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Anti-PSGL-1 and combination treatments increased effector gene signatures in Cd4* and Cd8*

T cells

We further evaluated the gene expression patterns in Ca4" clusters within treatment groups
(Fig. S2.5A). We observed that compared to IgG, all treatment groups increased 1/70, 1gfb1, 1/2ra, Itk,
Cd28 in Treg clusters (C1 and C3) (Fig. S2.5A). Interestingly, non-proliferative Tregs (C1) had higher
Kirg? in anti-PSGL-1 and combination, while K/g7 expression in proliferative Tregs (C3) was highest
in anti-PSGL-1 and anti-PD-1 groups (Fig. S2.5A). Pded1 expression in non-proliferative Tregs was
highest in anti-PD-1 and combination, yet proliferative Tregs showed the lowest Pded1 in the anti-PD-
1 group (Fig. S2.5A). Analysis of the effector Cd4" cell clusters (C0,C2,C4,C5) showed that compared
to IgG and anti-PD-1, higher 122, Tuf, Ifng, Fasl, Itk, and Cd28 (except for C5) expression was observed
with anti-PSGL-1 and combination treatment (Fig. S2.5A). There were unique changes in gene
expression with anti-PSGL-1 treatment, which included higher 122, Tnf, Cd40/z, and Cd69 expression
in many clusters (Fig. S2.5A). Combination treatment often led to the highest expression of effector

genes, even showing synergy in some effector genes (I22, Tnf, Fasl) (Fig. S2.5A).

We next evaluated the gene expression in Cd8" clusters and observed that compated to IgG,
clusters from all three treatments groups had higher Ifng, Prf1, Lamp1, Fasl, Cd28, Itk, Entpdl, Cdd4,
Cd69, Haver2 (Fig. S2.5B). Anti-PD-1 treatment caused an upregulation of [/2 and I/2ra, as well as
Cd200 (Fig. S2.5B). Anti-PSGL-1 treatment led to an increase in K/rg7 and Slamf6 expression, as well
as the survival genes 1/7r and Be/2 (Fig. S2.5B). The combination treatment group had the highest
expression of the effector genes Tuf, Gzma, and Gzmb, and many clusters showed synergistic
expression of Tuf, Gzma, Gzmb, Itk, and Icos. Tox2 was also upregulated in combination treatment

clusters (Fig. S2.5B). These findings showed that anti-PSGL-1 monotherapy increased expression of
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activation and pro-survival genes, while the combination treatment resulted in enhanced effector T

cell gene signatures.
PSGL-1 antibody treatment in tumor-bearing mice delays B16-GP;; melanoma tumor growth

We next sought to verify our findings from the scRNA-seq analysis by evaluating T cell
changes between WT and anti-PSGL-1 treated mice. WT mice were injected subcutaneously with B16-
GPs3; melanoma tumor cells and at 8dpi, when tumors were palpable, mice received either IgG or anti-
PSGL-1 antibodies (Fig. 2.3A). We found that melanoma tumors grew in IgG treated mice, but tumor
growth rate was significantly decreased in anti-PSGL-1 treated mice (Fig. 2.3B,C). Furthermore,
tumors from the anti-PSGL-1 treated mice had lower masses compared to control IgG groups (Fig.
2.3D). We next examined how anti-PSGL-1 treatment changed the infiltration and activation of T
cells within melanoma tumors. We found that anti-PSGL-1 treated mice had a higher frequency of
activated CD8" T cells in tumors, although neatly all the tumot-infiltrating CD8" T cells were activated
in both treatments (Fig. 2.3E). In contrast, activated CD4" T cell frequencies were increased, while
Treg frequencies were decreased in the tumors of mice that received anti-PSGL-1 treatment (Fig.
2.3E,F). Since we observed a difference in Tregs, we compared the ratio of effector T cells to Tregs
in tumors and found a significant increase in effector T cells compared to Tregs in mice that received
PSGL-1 antibody (Fig. 2.3G,H). Therefore, anti-PSGL-1 therapy in melanoma tumor-bearing mice
resulted in tumor control and changed the landscape of T cells that infiltrated these tumors, favoring

an increase in effector CD4" and CD8" T cells while decreasing the frequency of Tregs.
PSGL-1 targeting increased effector T cell responses in melanoma tumors

We next determined the extent that anti-PSGL-1 treatment changed the functionality of the
tumot-infiltrating CD4" and CD8" T cells. The frequency of GranzymeB" CD8" T cells was increased

in anti-PSGL-1 treated mice when compared to CD8" T cells from IgG treated mice (Fig. 2.31,]). We
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also detected low IFN-y and TNF-a production in T cells from IgG treated mice after
PMA/Ionomycin re-stimulation, while CD4" and CD8" T cells in the anti-PSGL-1 treated group had
a significantly higher frequency of IFN-y and TNF-a production (Fig. 2.3K-M). Our findings showed

that anti-PSGL-1 therapy in tumor-bearing mice increased effector functions in tumor-infiltrating
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Figure 2.3 WT mice treated with anti-PSGL-1 have improved tumor immunity. A, WT mice were
injected s.c. with (1 X 106) B16-GP3; melanoma cells and treated with IgG or anti—-PSGL-1 at 8, 10, and 12
dpi. B and C, Tumor volume and (D) tumor mass at 18 dpi. Tumors were harvested and analyzed by flow
cytometry at 18 dpi. E, Frequencies of tumor-infiltrating T cells and (F) representative FACS plots of
Tregs. G and H, Ratio of T-cell subsets to Tregs in tumors. I, Frequency of granzyme B* CD8* T cells in
the tumor and (J) representative FACS plots. K and L, Frequency of cytokine producing CD8* and CD4+ T
cells and (M) representative FACS plots. Data are representative of four independent experiments (7 = 8
mice/group). Graphs show the mean = SEM. *, P < 0.05; **, P < 0.005; *** P < 0.001; **** P < 0.0001
by two-way ANOVA with the Sidak multiple comparisons test (tumor growth curve) or two-tailed # test or
Mann—Whitney U test.
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PSGL-1 targeting differentially modulates immune checkpoints on T cells

Since anti-PSGL-1 treatment increased effector functions in anti-tumor T cells, we next
evaluated how targeting PSGL-1 modulated immune checkpoint expression in these cells. We
observed high PD-1, LAG3, and TIM-3 levels in CD8" T cells from IgG treated mice with melanoma
tumors (Fig. 2.4A). Surprisingly, CD8" T cells from tumors of anti-PSGL-1 treated mice had even
higher surface levels of these immune checkpoints than IgG treated mice (Fig. 2.4A and S2.6A). In
contrast to CD8" T cells, CD4" T cells from tumors of anti-PSGL-1 treated mice had no difference
in PD-1 expression but had decreased TIM-3 and LAG3 expression (Fig. 2.4B and S2.6B). Like
effector CD4" T cells, Tregs also expressed similatly high PD-1 levels in IgG and anti-PSGL-1 treated
mice (Fig. 2.4C and S2.6C). In contrast to CD4" and CD8" T cells, Tregs had no difference in
expression levels of TIM-3 and LAG3 between IgG and anti-PSGL-1 treated mice (Fig. 2.4C and
§2.6C). These data showed that while all T cells in tumors expressed high PSGL-1 levels, PSGL-1
targeting differentially changed expression of inhibitory receptors in CD4" and CD8" T cells, but not

in Tregs.
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Figure 2.4 Activated CD8* T cells are increased in tumors after anti—-PSGL-1 therapy. WT mice wete
injected s.c. with (1X109) B16-GPs3 melanoma cells and treated with IgG or anti-PSGL-1 at 8, 10, and 12
dpi, and tumors were isolated at 18 dpi and analyzed via flow cytometry. A, PD-1, TIM-3, and LAG3 MFI
on CD8* T cells, (B) CD4+ T cells, and (C) Tregs in tumors. D, CD8* T-cell populations in tumors were
phenotyped as terminally exhausted (PD-1MTIM-37), progenitor exhausted (PD-1inTIM-3-), and PD-1-
TIM-3- and (E) representative FACS plots are shown. Quadrants were set using isotype controls. F, The
number of CD8* PD-1MNTIM-3* T cells per gram of tumor. Data are representative of four independent
expetiments (7 = 8 mice/group). Graphs show the mean £ SEM. *, P < 0.05; **, P < 0.005; *** P < 0.001;
wk P < 0.0001 by two-tailed # test or Mann—Whitney U test.
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Terminal exhausted CD8" T cells are increased after anti-PSGL-1 treatment

Since we observed increased expression of immune checkpoints in CD8" T cells from anti-
PSGL-1 treated mice, we next evaluated whether terminal vs progenitor exhausted T cell subsets were
different between treatment groups. We observed an increased frequency of terminal exhausted (PD-
1"TIM-3") CD8" T cells and decreased frequency of progenitor exhausted (PD-1"TIM-3) CD8" T
cells in tumors after anti-PSGL-1 treatment (Fig. 2.4D,E). We also detected a population of PD-1-
TIM-3" CD8" T cells that was decreased in anti-PSGL-1 treated mice (Fig. 2.4D,E). Terminal
exhausted T cells, which retain cytotoxic function, are increased after anti-PD-1 immune checkpoint
therapy (252-254). We observed that terminal exhausted T cells proliferated more than progenitor
exhausted T cells in both treatment groups as shown by their higher Ki67" cells (Fig. $2.6D). We
observed increased proliferation in the anti-PSGL-1 treated PD-1"TIM-3" population (Fig. S2.6D)
despite their lower frequencies in the anti-PSGL-1 treated mice (Fig. 2.4D). Ki67 may last longer in
cells than the period of proliferation, therefore, the increased Ki67 in the PD-1"TIM-3" population
could indicate more rapid differentiation into the terminal state. Since the proliferative burst after anti-
PD-1 treatment results in the accumulation of the PD-1"TIM-3" population, we examined whether
anti-PSGL-1 treatment changed the absolute number of these T cells within tumors. We detected an
increase in the accumulation of these terminal exhausted CD8" T cells in melanoma tumors after anti-
PSGL-1 treatment (Fig. 2.4F). Since our earlier findings showed a decrease in Tregs after anti-PSGL-
1 treatment, we evaluated whether the PSGL-1 antibody (clone 4RA10 IgG1) depleted cells 77 vivo. We
found no depletion of Tregs, CD4", or CD8" T cells in spleen or lymph nodes in anti-PSGL-1 treated
mice (Fig. S2.6E). These findings indicate that after anti-PSGL-1 treatment, there is an increase in

the presence of terminal exhausted (PD-1"TIM-3") T cells in tumors.
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Figure 2.5 Tumor immune responses after anti-PSGL-1 and anti-PD-1 combination therapy. WT
mice were injected s.c. with (1X109) B16-GP3; melanoma cells and treated with IgG, ant—PD-1, and—PSGL-
1, or both anti—PD-1 and anti-PSGL-1 at 8, 10, and 12 dpi. Tumors were isolated at 18 dpi, and (A) frequencies
of activated (CD44+) CD8* and CD4*, T cells, Tregs, and (B—C) the ratio of CD4+ and CD8* effector to
Tregs are shown. D and E, Frequencies of Ki67*T cells and representative FACS plots for CD8*T
cells. F, Frequencies of granzyme B+ CD8* T cells and (G) representative FACS plots. H, Survival curve of
IgG, anti—PD-1, ant—PSGL-1, or both anti—PD-1 and anti-PSGL-1-treated mice up to 18 dpi. Data are
representative of four independent expetiments (7 = 7 mice/group). Graphs show the mean £ SEM. *, P <
0.05; **, P < 0.005; *** P < 0.001; ** P < 0.0001 by two-tailed # test or Mann—Whitney U test (tumor
mass) or log-rank (Mantel-Cox) test (survival).
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Targeting PSGL-1 with PD-1 blockade promotes anti-tumor immunity to melanoma

We next assessed the efficacy of combination therapy with antibodies targeting PSGL-1 and
PD-1 in B16-GP;3; tumor-bearing mice (Fig. S2.7A). We evaluated the frequencies of activated T cells
in tumors and found that the majority of CD8" T cells in tumors were CD44", with a small increase
in activated CD8" T cells in mice treated with anti-PSGL-1 and combination therapy (Fig. 2.5A). We
observed increased frequencies of CD4" T cells in mice that received anti-PSGL-1 monotherapy and
combination therapy compared to IgG or anti-PD-1 treated mice (Fig. 2.5A). While we observed a
large Treg infiltrate in tumors from IgG and anti-PD-1 treated mice, anti-PSGL-1 monotherapy and
combination therapy both caused a significant decrease in frequencies of Tregs (Fig. 2.5A).
Furthermore, we found an increased ratio of effector CD4" and CD8" T cells to Tregs in mice treated
with anti-PSGL-1 and combination therapy compared to IgG treated mice (Fig. 2.5B,C). We next
determined if antibody therapy affected T cell proliferation in tumors and found that compared to
IgG, anti-PD-1 treatment increased CD8" but not CD4" T cell proliferation as measured by Ki67
levels (Fig. 2.5D,E). We did detect, howevert, a significant increase in Ki67" CD8" and CD4" T cells
after both anti-PSGL-1 monotherapy and combination therapy (Fig. 2.5D,E). While we detected
increased proliferation in T cells from anti-PSGL-1 treated mice, the combination therapy had similar
results, showing no synergistic increase from the addition of anti-PD-1 (Fig. 2.5D,E). To determine
how combination therapy changed T cell function, we evaluated GranzymeB levels in CD8" T cells
(Fig. 2.5F,G). We found similar frequencies of GranzymeB™ CD8" T cells in tumors from IgG and
anti-PD-1 treated mice, and increased frequencies after anti-PSGL-1 monotherapy and combination
therapy (Fig. 2.5F,G). We again did not detect synergy in terms of GranzymeB production when anti-
PD-1 was combined with anti-PSGL-1 treatment. Although we saw increased anti-tumor immunity
with anti-PSGL-1 treatment in experiments performed with B16-GPs; melanoma cells, tumors
eventually grew in all treatment groups and mice had to be euthanized. However, we observed the
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highest median survival at 18dpi in mice treated with combination therapy (Fig. 2.5H). These findings
showed that anti-PSGL-1 therapy improved anti-tumor immunity in melanoma tumors that were

largely unresponsive to PD-1 therapy.

Antigen-specific CD8" T cells are increased relative to Tregs in tumors after antibody

targeting of PSGL-1

We next quantified the number of T cells infiltrating tumors and found increased infiltration
of CD8" and CD4" T cells in anti-PSGL-1 treated mice compared to IgG control (Fig. 2.6A). We
observed similar numbers of Tregs in IgG and anti-PD-1 treated mice, but found a significant decrease
in anti-PSGL-1 and combination treated mice (Fig. 2.6B). No differences in Treg numbers in tumors
were observed between mice receiving anti-PSGL-1 monotherapy or combination therapy (Fig.
2.6B). We next examined the frequencies of antigen-specific CD8" T cells by staining with MHC class
I tetramers specific for the GPs; peptide expressed by B16-GPs; melanoma. We found similar
frequencies of GP3;;'CD8" T cells in IgG and anti-PD-1 treated mice, a significant increase in the
frequency of GPs;" CD8" T cells in anti-PSGL-1 treated mice, and a trend towards increased
frequencies in combination treated mice compared to IgG (Fig. 2.6C,D). We observed no differences
in the numbers of GP3"CD8" T cells per gram of tumor between treatment groups (Fig. 2.6C). We
quantified the ratio of GP3; ' CD8" T cells to Tregs in tumors and found a significant increase in
GP3"CD8" T cells compared to Tregs in anti-PSGL-1 and combination treated mice compared to
IgG and anti-PD-1 treated mice (Fig. 2.6E). To assess the role of T cells in this model, we next
depleted T cells in tumor-bearing mice that received immune checkpoint antibody therapy (Fig.
$2.7B). We found no differences in tumor volume or mass in any of the antibody-treated groups (Fig.
S2.7C,D). We next evaluated the efficacy of anti-PSGL-1 treatment in a different melanoma tumor

model. We treated WT mice harboring D4M-3A tumors with anti-PSGL-1 and found a significant
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decrease in tumor volume and mass when compared to IgG treated mice (Fig. 2.6F,G). These findings
showed increased ratio of tumor-infiltrating antigen-specific CD8" T cells to Tregs after anti-PSGL-1
and combination treatment. Importantly, anti-PSGL-1 treatment also slowed D4M-3A melanoma

tumor growth, which like B16-GP3;, is also an aggressive tumor resistant to anti-PD-1 treatment (255).
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Figure 2.6 Tumor-specific CD8*+ T cells and Tregs after anti-PD-1/anti-PSGL-1 combination
therapy. WT mice were injected with (1X106) B16-GP33 melanoma cells s.c. and injected with IgG, anti—
PD-1, anti-PSGL-1, ot anti-PD-1/anti-PSGL-1 at 8, 10, and 12 dpi. Tumors wete harvested and assessed
via flow cytometry at 18 dpi. A, The number of CD8*, CD4* T cells, and (B) Tregs per gram of tumor at
18 dpi. C, The frequencies and numbers of GP33CD8* T cells per gram of tumor. D, Representative FACs
plots showing the frequency of tetramer*(GP3s) CD8* T cells in tumors. E, The ratio of GP3;*CD8* T
cells to Tregs in tumors. F and G, WT mice were injected with (1 X 109 D4M-3A melanoma cells s.c. and
injected with IgG or anti-PSGL-1 antibodies at 8, 10, and 12 dpi. F, Tumor volume and (G) tumor mass
are shown at 19 dpi. Data are representative of four (A=B) or two (C—G) independent experiments (7 = 5
mice/group). Graphs show the mean = SEM. *, P < 0.05; **, P < 0.005; *** P < 0.001 by two-tailed 7 test
or Mann—Whitney U test or by two-way ANOVA with the Sidak multiple comparisons test (tumor growth
curve).
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PSGL-1 deficiency with anti-PD-1 treatment promotes melanoma tumor control

We next determined whether immune checkpoint therapy could be combined with PSGL-1
deficiency to promote melanoma tumor control. We injected WT and Se/p/s’”" mice subcutaneously
with YUMMER1.7 melanoma cells, a highly immunogenic, anti-PD-1 sensitive cell line (Fig. 2.7A)
(256), and treated these mice with either IgG or anti-PD-1 antibodies when tumors were measurable.
We found that WT IgG treated mice developed tumors which continued to increase in size (Fig.
2.7B,C). WT anti-PD-1 treated mice also developed tumors and their average tumor volume was
similar to 1gG treated mice (Fig. 2.7B,C). In contrast, Se/p/s’ mice treated with IgG had significantly
smaller tumors compared to WT IgG or anti-PD-1 treated mice (Fig. 2.7B,C). Furthermore, when
Selply’” mice were injected with anti-PD-1 antibodies, they demonstrated the most robust tumor
control of all four groups examined, eliminating their tumors by 24 dpi (Fig. 2.7B,C). Despite some
small tumors present in some WT IgG treated mice, none of these (0/6) controlled their tumors, while
WT anti-PD-1 treated mice (2/6) showed some tumor control (Fig. 2.7D). In contrast, Se/pls’ 1gG-
treated mice (3/6) eliminated tumors, whereas all Sejplg’” anti-PD-1 treated mice (6/6) eradicated their
tumors (Fig. 2.7D). To demonstrate the robustness of this phenotype, we combined tumor control
data from three independent experiments. We determined complete responses (CR) leading to tumor
clearance in 0/18 (0%) WT IgG, 4/18 (22%) WT anti-PD-1, 4/19 (21%) Selplg” 1gG, and 13/20
(65%) in Selplg’ anti-PD-1 treated mice (Fig. 2.7E). Even though some Se/p/g’" anti-PD-1 treated mice
had tumors, the tumors never reached the larger volumes observed in the IgG or anti-PD-1 treatment
groups (Fig. 2.7E). To confirm the role of T cells in the observed phenotypes, we depleted T cells in
WT and Selpls’” mice before anti-PD-1 therapy and observed tumor growth and no tumor clearance
in all mouse groups by 28dpi (Fig. 2.7F,G). These findings showed that while Se/p/z’ mice had better
tumor control than WT mice, combining PSGL-1 deficiency with PD-1 blockade resulted in the
highest frequency of tumor-free mice.
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Figure 2.7 PD-1 blockade in Selplg-/- mice promotes complete responses to melanoma. A, WT
and Se/plg~/~ mice were injected s.c. with (2X106) YUMMER1.7 melanoma cells and then treated with IgG
or anti-PD-1, or with T-cell-depleting antibodies and IgG or anti-PD-1 at the indicated
times. B and C, Tumor volume over time. D, Quantification of tumor mass at 34 dpi and (E) tumor
volumes. Tumor volumes are representative of three combined experiments. F and G, Quantification of
tumor volume over time, and tumor mass in T cell-depleted mice. G, Mice euthanized at 21 dpi (open
symbols) or 28 dpi (filled symbols). Data are representative of three combined independent experiments
in A-E (n = 6 mice/group, endpoints 34 and 38 dpi) or one expetriment in F=G (# = 6 mice/group,
endpoint 28 dpi). Fraction of mice without tumors at the end of each experiment is shown at (D—E) 34 dpi
and (G) 21 dpi (open symbols) or 28 dpi (filled symbols). Graphs show the mean = SEM. *, P < 0.05;
*k, P < 0.005; %%, P <0.001; ¥+ P <0.0001 as determined by two-way ANOVA with the Tukey multiple
comparisons test (tumor volume growth curve).
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DISCUSSION

In this study, we targeted PSGL-1 in tumor-bearing mice and uncovered an increased anti-
tumor T cell response in the tumor microenvironment, which slowed melanoma tumor growth.
Targeting PSGL-1 increased the activation phenotype of effector CD4" and CD8" T cells in tumors.
T cells from anti-PSGL-1 treated mice had increased effector functions, proliferation, and were
essential in delaying tumor growth after antibody treatment. We found that targeting PSGL-1
decreased the frequencies of Tregs in tumors, resulting in an increased presence of effector T cells.
We assessed whether combination treatment further improved anti-tumor responses in WT mice and
found that while targeting PSGL-1 and PD-1 resulted in smaller tumors compared to IgG controls,
combination therapy had a similar efficacy to anti-PSGL-1 monotherapy. Even though combination
therapy did not eliminate the poorly immunogenic B16-GPs; cell line, we did find complete responses

when Se/ply’ tumor-bearing mice were given anti-PD-1 therapy using the more immunogenic

YUMMERI1.7 cell line.

It is well established that immune checkpoints are upregulated on exhausted T cells in tumors,
which inhibits T cell effector functions (257). While most immune checkpoints are induced upon T
cell activation, PSGL-1 is constitutively expressed on T cells. However, PSGL-1 expression does
increase significantly as T cells move from the TdLN into the tumor microenvironment. Even though
PSGL-1 was exptressed on all tumot-infiltrating T cells, expression levels differed in CD4" and CD8"
T cells, and Tregs, with Tregs expressing the highest levels. Furthermore, most T cells in melanoma
tumors co-expressed PSGL-1 and additional immune checkpoints (PD-1, TIM-3, LAG3). This
suggests potential co-regulation of these inhibitory receptors and possible cooperation in promoting
the T cell exhaustion state. Indeed, Se/plg’” T cells in melanoma tumors were shown to have decreased
PD-1, TIM-3, and LAG3 levels (234). Our findings suggest that these varying PSGL-1 levels in tumor-
infiltrating T cells may result in different phenotypic and functional changes as these cells respond to
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tumor antigens. This concept is supported by our observations of increased PD-1, TIM-3, and LAG3
levels on CD8" T cells, decreased TIM-3 and LAG3 on CD4" T cells, and unchanged immune
checkpoint levels in Tregs from ant-PSGL-1 treated mice. While CD8" T cells expressed higher
immune checkpoint levels after PSGL-1 targeting, these levels are proposed by others to indicate T
cell activation (258). Furthermore, it was recently shown that exhausted CD8" T cells increase their
PD-1 expression levels and TCR signaling after anti-PD-L1 blockade 7z vivo (259). Anti-tumor CD8"
T cells responding to PD-1 checkpoint blockade have increased frequencies of the exhausted terminal
PD-1"TIM-3" population, seeded by proliferation of progenitor exhausted T cells (38). Although this
is a terminally exhausted population, these T cells retain effector functions that promote tumor killing
(38). Like PD-1 blockade, we found that after anti-PSGL-1 treatment, PD-1"TIM-3" CD8" T cells
were enriched in tumors, indicating that this population may be key in promoting tumor killing. This
conclusion was supported by the increased IFN-y", TNF-a*, and GranzymeB production, increased
proliferation, and the increased T cell activation gene signatures we observed in CD8" T cells in tumors
from anti-PSGL-1 treated mice. CD4" T cells had decreased TIM-3 and LAG3 immune checkpoint
expression and were more functional in anti-PSGL-1 treated mice, suggesting improved help to CD8"
T cells during therapy, as CD4" T cell help is critical in melanoma tumor control (260, 261). Indeed,

our scRNA-seq analyses showed improved CD4" T cell helper functions after anti-PSGL-1 treatment.

The cellular mechanisms that promote melanoma tumor control during anti-PSGL-1
treatment require T cells, as shown by our studies in which T cell-depleted mice treated with anti-
PSGL-1 antibodies had no observable tumor control. While we found that T cells were critical in
mediating melanoma tumor control, it is possible that additional immune cells may also be modulated
after anti-PSGL-1 therapy. Others have shown that Se//s’- DCs are more stimulatory and that PSGL-

1 signaling can induce tolerogenic DCs that support Tregs (241). Future studies will address how anti-
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PSGL-1 therapy alters the differentiation and function of additional immune cells in the melanoma

tumor microenvironment to support an improved anti-tumor T cell response.

Our finding that Treg frequencies were decreased in melanoma tumors after anti-PSGL-1
therapy further highlights the inhibitory role of Tregs in limiting effector T cell responses. Studies
have shown that depleting Tregs in melanoma tumors can promote tumor rejection (262), and the
ratio of Tregs to effector T cells increases in growing tumors (263). Decreasing Tregs in murine and
human cancers has been suggested to predict immunotherapy efficacy (264-266). We found decreased
Tregs and increased effector T cells after anti-PSGL-1 treatment. These findings suggest that a more
pro-inflammatory environment was present in tumors from anti-PSGL-1 treated mice. Our findings
that antd-PSGL-1 treatment reinvigorated CD4" and CD8" T cell proliferation in tumors supportts the
concept that targeting PSGL-1 can relieve Treg-mediated inhibition. This was further supported by
our scRNA-seq analysis showing upregulated activation and effector genes in C4" and Cd8” cells after
anti-PSGL-1 treatment. Important for therapeutic purposes, these immune changes occurred after
melanoma tumors were already palpable in mice, indicating that reducing Tregs in established tumors

is attainable when PSGL-1 is targeted.

Melanoma is a very aggressive cancer and until recently, patients with metastatic disease had
few treatment options and most died within months of diagnosis (267). Immune checkpoint blockade
therapies, such as anti-PD-1 and anti-CTLA-4 treatment, have saved the lives of patients worldwide,
but many continue to be unresponsive to these therapies (268). While the human disease differs from
melanoma in animal models, preclinical studies have been key in testing the efficacy of new approaches
to reinvigorate T cells in tumors. We injected highly immunogenic YUMMER1.7 melanoma cells into
mice and discovered that Se/p/s’” mice had better tumor control than WT IgG or WT anti-PD-1 treated

mice. When tumor-bearing Se/p/s’ mice were additionally injected with anti-PD-1 antibodies, these
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mice showed complete responses with many mice eliminating their tumors. These findings mirror
clinical findings showing that immune checkpoint blockade therapies are more effective in patients
with highly mutated melanomas (269). Our findings in Se/p/s’" mice underscore the relevance of

combining PSGL-1 inhibition with PD-1 blockade as a new strategy to promote tumor control.

Our studies using the highly aggressive B16 melanoma model revealed that anti-PSGL-1
antibody therapy was effective in slowing melanoma growth through mechanisms leading to increased
T cell activation, proliferation, and effector functions. While B16 melanomas have been reported to
be resistant to anti-PD-1 and anti-PD-L1 therapy (270, 271), we found that anti-PSGL-1 treatment in
tumor-bearing mice could delay B16 tumor growth. We also observed delayed D4M-3A melanoma
tumor growth in anti-PSGL-1 treated mice, an additional melanoma cell line resistant to anti-PD-1
therapy (255). When we combined therapies in B16-tumor bearing mice by injecting them with anti-
PSGL-1 and anti-PD-1 antibodies, we observed no synergy in T cell effector phenotypes. However,
the combination treatment increased the medial overall survival of these mice. While our work focused
on targeting PSGL-1 to promote anti-tumor immunity, others have shown tumor control through
blockade of known PSGL-1 ligands, such as the recently identified VISTA ligand (126, 272, 273). Our
scRNA-seq showed that most immune cells in melanoma had low to undetectable P-selectin (Se/)
expression, but they did express high VISTA (17s:7) levels. The anti-PSGL-1 antibody (4RA10 clone)
has been shown to block P-selectin binding (274), but since more [sir than Sefp is present in the cells
in the tumor microenvironment, our data suggest that VISTA-PSGL-1 binding may be a dominant
interaction. It is also possible that additional PSGL-1 binding partners may contribute to PSGL-1-
dependent inhibition in the tumor draining lymph node and/or the tumor microenvironment. Our
findings showing that anti-PSGL-1 treatment was effective against anti-PD-1/anti-PD-L1 resistant
B16-GPs; and D4M-3A melanomas indicate that targeting PSGL-1 may represent a new therapeutic
approach to control tumors that are unresponsive to standard therapies.
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We showed that PSGL-1 is highly expressed and upregulated on T cells in the melanoma
tumor microenvironment and is co-expressed with multiple immune checkpoints on exhausted T cells
and Tregs. Given the importance of immune checkpoint blockade therapies that reinvigorate T cells
in tumors, it is significant that anti-PSGL-1 therapy in mice harboring aggressive B16-GPs; and D4M-
3A melanomas delayed tumor growth. Furthermore, combining anti-PD-1 therapy in PSGL-1-
deficient mice showed complete responses in mice harboring highly mutated YUMMERI1.7
melanomas. Our findings identify PSGL-1 as an immune checkpoint target and suggest that inhibiting
this pathway may provide new treatment options with the possibility of eliciting anti-tumor immunity

in patients with cancer.
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Figure S2.1 Immune cell clusters and cell types in melanoma tumors after antibody treatment. Two-
dimensional Uniform Manifold Approximation and Projection (UMAP) plot of single-cell transcriptomic profiles
of 23,858 CD45.2+ immune cells from IgG, a-PD-1, a-PSGIL-1, and anti-PD-1/anti-PSGI-1 treated B16GP33
melanoma tumors (A). Heatmap displaying expression levels of top marker genes for cluster identification (B).
Seurat clustering analysis projected in two-dimensional UMAP of combined treatment groups with color coded
cell identities derived from expression of hallmark genes (C). Feature plots of established markers of T cells,

macrophages/DCs, neutrophils, and B cells. Yellow is high expression and purple is low expression (D).
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Figure S2.2 Seurat clustering analysis of myeloid and B cells and expression of PSGL-1 ligands.
IeG, a-PD-1, a-PSGL-1, and anti-PD-1/anti-PSGL-1 treated B16GP33 melanoma tumor populations
projected in two-dimensional UMAP (A). Unbiased Seurat clustering analysis projected in two-dimensional
UMAP of combined treatment groups with color coded cell identities (macrophages, DCs, neutrophils, B
cells) derived from expression of hallmark genes (B). Immgen plots of macrophage clusters c0, cl, c2, c4,
and c5 (C). Immgen plot of neutrophil cluster c6 (D). Immgen plots of dendritic cell clusters ¢3, ¢8, ¢9, and

c10 (E). Immgen plot of B cell cluster ¢7 (F). Violin plots of Sepp (G) and 1sir (H) expression in Seurat-
generated immune clusters.
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Figure S2.3 PSGL-1 expression and co-expression with inhibitory receptors in melanoma tumors
and TdLNs. WT mice were injected s.c. with (1x106) B16-GP33 melanoma cells. Representative FACS
plots of PSGL-1 fluorescence in CD8*, CD4*, and Tregs in the tumor and TdLN at 18dpi (A). Control
FMOs are shown. Representative FACS plots of PSGL-1 co-expression with PD-1, TIM-3, and LAG3 in
tumors (B,C). Control FMO and isotype staining are shown. Representative FACS plots of PSGL-1 co-
expression with PD-1, TIM-3, and LAG3 in the TdLN (D,E). Representative PD-1 FMO and isotype
control stains are shown.
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Figure S2.4 Seurat subset T cell clustering and heatmaps. Feature plots of established matkers of
CD4+ T and NKT cells are shown for the C#4*+ and Cd4'e subset clusters, yellow is high expression and
putple is low expression (A,B).Seurat clustering analysis of Cd§* immune cells projected in two-
dimensional UMAP with color coded cell cycle designations (C). Feature plots of established markers of
CD8+ T cells are shown for the Cd8*+ subset clusters, yellow is high expression and purple is low
expression (D). Heatmap displaying expression levels of activation and inhibitory marker (E) and
transcription factor (F) genes for Cd8+ clusters from IgG, a-PD-1, anti-PSGL-1, and combo anti-PD-
1/anti-PSGL-1 treatments. Putple is high and green is low expression.
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Figure S2.5 Regulation of activation and effector genes within Cd4+ and Cd8* subclusters. Dot plots
show percent expression and relative intensity of expression of activation and effector genes in Cd4*
subclusters (A). Dot plots show percent expression and relative intensity of expression of activation, effector,
precursor, and terminal exhaustion genes in Cd8+ subclusters (B).
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Figure $2.6 Immune checkpoint expression and proliferation in antitumor T cells. WT mice were
injected s.c. with (1x106) B16-GP33 melanoma cells and treated with IgG or anti-PSGL-1 at 8, 10, and
12dpi. Representative FACS plots showing PD-1, TIM-3 and LAG3 expression in CD8* (A), CD4* (B),
and Treg cells (C) in tumors. The frequencies of Ki67+ CD8* T cell subsets (PD-1MTIM-3+, PD-1iTTIM-3-
, PD-1- TIM-3-) are shown in (D). WT mice were injected i.p. with IgG or ant-PSGL-1 at 0, 2 and 4dpi
and LNs and spleen were dissected at 10dpi to check for T cell depletion with treatment. The number of
CD8*, CD4+, and Tregs in LN and spleen are shown (E). Data are representative of four independent
expetiments (n =7 mice/group) (A-D) or one experiment (n =5 mice/group) (E). Graphs show the mean

1 s.em. *P< 0.05 by two-tailed t-test.
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Figure S2.7 Combination treatment and tumor volume in T cell-depleted mice. Strategy showing
combination treatments in melanoma tumor-bearing mice (A). WT mice were injected s.c. with (1x106) B16-
GP33 melanoma cells, T cells were depleted using depleting antibodies, and mice were treated with IgG,
anti-PD-1, anti-PSGL-1, or anti-PD-1/anti-PSGL-1 at 8, 10, 12 days after melanoma cell injections. FACS
plots showing T cell depletion from each treatment group (B). Tumor growth kinetic in treatment groups
that were T cell-depleted (C) and tumor mass at 15dpi (D). Data are representative of two independent
expetiments (n>5 mice/group).
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ABSTRACT

Acute and chronic viral infections result in the differentiation of effector and exhausted T
cells with functional and phenotypic differences that dictate whether the infection is cleared or
progresses to chronicity. High CD38 expression has been observed on CD8" T cells across various
viral infections and tumors in patients, suggesting an important regulatory function for CD38 on
responding T cells. Here we show that CD38 expression was increased and sustained on exhausted
CD8" T cells following chronic LCMV infection, with lower levels observed on T cells from acute
LCMYV infection. We uncovered a cell-intrinsic role for CD38 expression in regulating the survival
of effector and exhausted CD8" T cells. We observed increased proliferation and function of C438"
CD8" progenitor exhausted T cells compared to WT cells. Furthermore, decreased oxidative
phosphorylation and glycolytic potential were observed in C438” CD8" T cells during chronic but
not acute LCMV infection. Our studies reveal that CD38 has a dual cell-intrinsic function in CD8"
T cells where it decreases proliferation and function yet supports their survival and metabolism.
These findings show that CD38 is not only a marker of T cell activation but also has regulatory

functions on effector and exhausted CD8" T cells.
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INTRODUCTION

CD38 is an ectoenzyme expressed on the surface of most innate and adaptive immune cells
and is upregulated during T cell activation (167). Upon contact between antigen-presenting cells
(APCs) and CD8" T cells 7z vitro, CD38 localizes to the immunological synapse whete its enzymatic
functions increase intracellular Ca®* signaling (216, 276). As an ectoenzyme, CD38 converts
nicotinamide adenine dinucleotide (NAD") to ADP-ribose (ADPR), cyclic-:ADPR (cADPR), and
NAADP" (167, 168, 170, 171). CD38 enzymatic activity has numerous physiological impacts, as
ADPR, cADPR, and NAADP" all regulate cytoplasmic Ca®" levels while NAD", which is consumed
by CD38, is a modulator of cellular metabolism, stress response, and circadian rhythms (167, 168).
Additionally, CD38 acts as a receptor on the surface of T cells, the ligation of which can further
increase T cell activation through Lck-mediated activation of MAP kinase and CD3{ signaling
pathways (177). CD38 continues to be of interest as it is highly expressed on T cells during numerous
viral infections and cancers (276). CD38 is a key indicator of T cell activation during viral infection,
and CD38"CD8" T cells have been detected in patients infected with HCV, HIV, Dengue, HIN1
TAV, H7N9, Ebola, and SARS-CoV-2 (191-199). However, the functional role of CD38 in the anti-

viral T cell response remains to be fully investigated.

While CD38 is upregulated with T cell activation during chronic infection and cancer, it is
known to promote immunosuppression. CD38 negatively regulates inflammatory responses through
the CD38/CD203/CD73 axis by converting NAD" to adenosine (172, 213). Adenosine signaling
through the adenosine A2A receptor (A2AR) on T cells diminishes effector T cell functions, resulting
in a loss of tumor control (277). Further, upregulation of CD38 on tumor cells increases adenosine

production and limits T cell proliferation and responses to PD-1/PD-L1 checkpoint blockade (211).
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However, adenosine-driven resistance to immunotherapy can be overcome by dual blockade of A2ZAR

and PD-1, which enhances tumot-infiltrating CD8" T cell IFN-y and GranzymeB production (278).

Recently, there has been increased interest regarding the role of CD38 in T cell exhaustion, as
CD38 expression was found to mark terminally exhausted T cells in tumors (217). Prolonged T cell
receptor (TCR) stimulation, as in the case of chronic viral infections and cancer, leads T cells towards
a dysfunctional state known as T cell exhaustion (279, 280). Exhausted T cells can differentiate into
two distinct populations: progenitor exhausted T cells (Tpex) and terminally exhausted T cells (Tex)
(37, 38, 281). The Tpex population is capable of self-renewal and can respond to immune checkpoint
blockade (ICB), while the Tex population retains some effector functions but is short-lived and
unresponsive to ICB. Delineating these populations is of clinical interest, as patient response to ICB
can be driven by the presence or absence of Tpex and Tex cells. CD38, along with CD101, has
emerged as a matker for the CD8" Tex population, which has a fixed epigenetic chromatin state that
prevents these cells from regaining effector functions (217). Further, resistance to PD-1 ICB is driven

by a population of suboptimally primed, dysfunctional PD-1"CD38"CD8" T cells (219).

While CD38 is an established marker of terminal T cell exhaustion, whether CID38 has a role
in promoting exhaustion is still being investigated. In a murine melanoma model, both CD38 deletion
and overexpression in antigen-specific CD8" T cells were not sufficient to alter the exhaustion
phenotype of tumor-infiltrating lymphocytes (222). In the case of chronic viral infections, such as
HIV, CD38 expression is correlated with disease severity (200). As patients develop acquired immune
deficiency syndrome (AIDS), the frequency of CD38 expressing CD8" T cells increases, and then
declines with antiretroviral treatment (201, 204, 205). However, the impact of CD38 expression on
the phenotype and function of exhausted T cells in chronic viral infection is currently unknown (200).

In this study, we used acute Armstrong (Arm) and chronic Clone 13 (Cl13) lymphocytic
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choriomeningitis virus (LCMV) to investigate the cell-intrinsic role of CD38 on virus-specific T cells
during acute and chronic infection. In a co-transfer model of virus-specific WT and Cd38’ P14* CD8"
T cells, we show that C438” P14" CD8" T cells had decreased survival in both acute and chronic
infection. We show that CD38 expression maintained transferred P14" Tpex and Tex populations in
Cl13 infected mice, but also restrained proliferation and GranzymeB production in Tpex cells. We
found that CD38 did not alter oxidative phosphorylation and glycolysis of adoptively transferred
effector T cells generated during Arm infection, but exhausted Cd38” P14" T cells showed reduced
metabolic function in both pathways. Taken together, our study shows that CDD38 is an important
regulator of virus-specific CD8" T cell survival in both acute and chronic infection. Our work presents
an interesting paradigm for CD38 on CD8" Tpex cells, in which CD38 hinders their proliferation and

GranzymeB production, but also ensures their survival.
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MATERIALS AND METHODS

Mice

Expetrimental male C57BL/6] (no. 000664) mice were obtained from The Jackson Laboratory
and were used at 6-9 weeks of age. B6.129P2-Cd38""/] (Cd38”, no. 003727) mice were obtained
from The Jackson Laboratory and bred for experiments. P14" mice were obtained from The Scripps
Research Institute (originally from Dr. Chatles D. Surh) and were crossed with C438”" mice to obtain
P14" Cd38" mice. Mice were used at >6 weeks of age. Animal care was in accordance with the UC

Irvine Institutional Animal Care and Use Committees.
Virus Infection

Lymphocytic choriomeningitis (LCMV) Armstrong and Cl13 strains were propagated in baby-
hamster kidney cells and titrated on Vero African-green-monkey kidney cells. Frozen stocks were
diluted in Vero cell media and 2x10° plaque-forming units (PFUs) of LCMV Armstrong were injected
intraperitoneally (i.p.) or 2x10° PFUs of LCMV Cl13 were injected intravenously (i.v.). For seahorse

metabolism studies, mice were infected with Arm (i.p.) or Cl13 retro-orbitally (r.0.).
T Cell Adoptive Transfer

CD8" T cells were enriched from spleens and lymph nodes (LNs) of WT or Cd38’ P14*
transgenic mice by column-free magnetic negative selection. Single cell suspensions from pooled
spleen and LNs were incubated with biotinylated antibodies purchased from Biolegend against CD4
(GK1.5), B220 (RA3-6B2), CD19 (6D5), CD24 (M1/69), CD11b (M1/70), and CD11c (N418).
Labeled cells were removed by mixing cell suspension with Streptavidin RapidSpheres (Stemcell
technologies) at RT for 5min, followed by two-5min incubations in an EasyEights™ EasySep™
Magnet (Stemcell technologies). Enriched CD8" T cells wete washed in sterile PBS (1x) with FBS

(2%), and putity determined by flow cytometry. For uninfected co-transfer experiments, WT P14"
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(CD45.1%) and Cd38” P14" (CD45.1"CD45.2") T cells normalized (CD82"Va2") and mixed at a 1:1
ratio (1x10* cells/genotype) and injected retro-orbitally into WT (CD45.2") recipient mice. Blood,
spleen, and LNs were analyzed for adoptively transferred populations 24h after injection. For infected
co-transfer experiments, live WT P14" (CD45.1%) or C4387 P14" (CD45.1°CD45.2") T cells were
normalized (CD8a"Va2") and mixed at a 1:1 ratio (1x10’ cells/genotype) and injected into WT
(CD45.2%) recipient mice i.v. These mice were infected with LCMV one day later. Mice were bled r.o.
and spleens and lymph nodes were isolated at the indicated time points. Schematic of co-transfer was

created with BioRender.com.
Flow Cytometry

For cell surface staining, 2x10° cells were incubated with antibodies in staining buffer (PBS,
2% FBS and 0.01% NaN;) and fixed in PBS with 1.85% formaldehyde for 20 min on ice. For LCMV
tetramer staining, cells were incubated with H-2D"-GPs3 41, H-2D"-GPa76.286, H-2D"-NP306 404, or TA-
o677 tetramers (NIH core facility) for 1 hr 15 min at room temperature in staining buffer and then
fixed with PBS with 1.85% formaldehyde for 20 min on ice. For intracellular cytokine stimulation and
staining, cells were resuspended in complete RPMI-1640 (containing 10 mM HEPES, 1% nonessential
amino acids and L-glutamine, 1 mM sodium pyruvate, 10% heat inactivated fetal bovine serum (FBS),
and antibiotics) supplemented with 50 U/mL IL-2 (NCI) and 1 mg/mL brefeldin A (BFA, Sigma),
and then incubated with 2mg/mL LCMV GPs3.41 peptide (AnaSpec) at 37°C for 4h. Cells were then
fixed and permeabilized using a Cytofix/Cytoperm Kit (BD Biosciences) before staining. For
intranuclear transcription factor and Ki67 staining, cells were fixed and permeabilized using a
Foxp3/transctiption factor fixation/permeabilization kit (Fisher) and then stained with anti-human
GranzymeB (GB12) from Thermo Fisher and Ki67 (B56) from BD Bioscience. Fluorochrome-

conjugated antibodies CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD8u (53-6.7), CD4 (RMA4-5),
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CD38 (90), CD160 (7H1), CD223 (CI9B7W), CD279 (RMP1-30), CD366 (RMT3-23), CD244.2
(m2B4 (B6) 458.1), KLRG1 (2FI/KLRG1), and CD69 (H1.2F3) wete purchased from BioLegend.
Fluorochrome-conjugated Ly-108 (13G3) was purchased from BD Biosciences. Fluorochrome-
conjugated TCF-1 (C63D9) was purchased from Cell Signaling Technology. Surface stains were
performed at a 1:200 dilution, while intracellular and intranuclear stains performed at a 1:100 dilution.
Caspase3 staining was done using PI (Sigma-Aldrich) and CaspGLOW Fluorescein Active Caspase-3
staining kit (ThermoFisher) and following manufacturer’s instructions. All data were collected on a

Novocyte3000 (Agilent) and analyzed using Flow]Jo Software (Tree Star).
Seahorse assay

Co-transferred WT or Cd38” P14" T cells were isolated from spleens of host mice at 8 days
post Armstrong or Cl13 infection. CD8" T cells were purified by negative selection (see methods in
T Cell Adoptive Transfer), stained for 10 minutes with propidium iodide (PI) in complete media
RPMI-1640 (containing 10 mM HEPES, 1% nonessential amino acids and L-glutamine, 1 mM sodium
pyruvate, 10% heat inactivated fetal bovine serum (FBS), and 1% antibiotics (Penicillin, Streptomycin,
L-Glutamine) from Corning) surface stained with CD8 BV785 (53-6.7), CD45.1 PB (A20), and
CD45.2 FITC(104) from BioLegend, and sorted on a BD FACSAria Fusion at >95% purity. FACS
was used to isolate WT P14" (PTCD8CD45.1"CD45.2) and C438” P14" (PICD8'CD45.1"CD45.2")
T cells. Live cells were counted immediately after sorting and adhered onto the wells of a poly-D-
lysine coated XF96 plate at between 500,000-550,000 cells/well (exact counts were noted and used
for normalization). The Seahorse XI Mito Stress Test was performed to measure OCR and ECAR of
cells plated in XF media (non-buffered DMEM containing 10 mM glucose, 4 mM L-glutamine, and 2
mM sodium pyruvate) under basal conditions and in response to 1 uM oligomycin (Calbiochem), 1.5

uM fluoro-carbonyl cyanide phenylhydrazone (FCCP) (Enzo) and 1 pM rotenone + 1 uM antimycin
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A (Enzo) with the XF96 Extracellular Flux Analyzer (Seahorse Bioscience). Data were normalized
using Wave software (Agilent). Basal respiration values were determined as the mean OCR of the last
3 baseline data points minus the median of the 3 OCR data points after antimycin A and rotenone
addition (282). Maximal OCR values were determined as the max of the three OCR values after FCCP
addition minus the median of the last 3 values after rotenone and antimycin A addition. Basal ECAR
values were determined as the mean of the last 3 baseline points. Maximal ECAR values were
determined as the highest ECAR point after addition of FCCP. Basal OCR:ECAR was determined as
the mean OCR of the last 3 baseline data points divided by the mean of the ECAR of the last 3
baseline data points. Maximal OCR:ECAR was determined as the highest of the 3 OCR values after

the addition of FCCP divided by the corresponding ECAR value.

Quantification and Statistical Analysis

Flow cytometry data were analyzed with FlowJo software (TreeStar). Graphs of flow
cytometry data and Seahorse data were prepared with GraphPad Prism software. GraphPad Prism
was used for statistical analysis to compare outcomes using a two-tailed unpaired Student’s #test,

Mann Whitney, or a two-tailed paired #test where indicated; significance was set to P = 0.05 and

represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P =< 0.0001. Error bars show SEM.
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RESULTS

CD38 exptession is upregulated on exhausted CD8" T cells during chronic viral infection

To assess how CD38 is regulated during acute and chronic viral infections, we infected WT
mice with either LCMV Arm or Cl13 and measured PD-1 and CD38 expression on virus-specific T
cells over the course of infection. Consistent with previous studies, PD-1 was highly expressed on
LCMV MHC class I tetramer” CD8" T cells eatly in chronic Cl13 infection and remained higher than
acute infection, albeit to a lower level, over the course of infection (Fig. 3.1A). While PD-1 was also
expressed during acute Arm infection, it remained significantly lower on virus-specific T cells when
compared to Cl13 (Fig. 3.1A). As with PD-1, CD38 was also highly upregulated on LCMV MHC
class I tetramer” CD8" T cells from Cl13 infected mice, peaking at 17 days post infection (dpi) and
remaining elevated throughout infection (Fig. 3.1B). CD38 was also upregulated on tetramer” CD8"
T cells during Arm infection, however levels were significantly lower compared to Cl13 infection. We
next determined whether cells upregulate PD-1 and CD38 together during infection (Fig. 3.1C). In
Cl13 infected mice, the majority of LCMV MHC class I tetramer” CD8" T cells co-expressed PD-1
and CD38 (Fig. 3.1C). In contrast, acutely infected mice had low frequencies of PD-1"CD38"
tetramer’ CD8" T cells (Fig. 3.1C). Next, we examined the regulation of CD38 during chronic viral
infection in patients, using a previously published dataset from Hensel, N. ¢ a/, 2021 (GSE150345)
(35). We analyzed HCV-specific CD8" T cell CD38 expression in patients both during chronic HCV
(cHCV) infection and after these patients received direct-acting antiviral (DAA) treatment which cured
their infection. In data collected from three separate patients, CD38 expression was high during cHCV
infection and levels decreased when these patients were cured from persistent infection (Fig. 3.1D).
These findings showed that CD38 is expressed on vitus-specific CD8" T cells during acute and chronic

viral infection but high expression is sustained on exhausted CD8" T cells.
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Figure 3.1 CD38 expression and co-regulation with PD-1 during acute and chronic infection. WT
mice were infected with 2x105 PFU LCMV Armstrong i.p. or 2x10¢ PFU LCMV Cl13 i.v. Geometric mean
fluorescence intensity (MFI) of PD-1 on GP33.41, GP276-286, and NP3o6.404 tetramer-specific CD8* T cells in
blood of Arm or Cl13-infected mice (A). Geometric mean fluorescence intensity (MFI) of CD38 on GPs;.
41, GP276.286, and NP3o6.404 tetramer—speciﬁc CD8* T cells in blood of Arm or Cl13-infected mice (B)
Frequency of PD-1+*CD38* GP33.41, GP276-286, and NP3os.404 tetramer-specific CD8* T cells in blood of Arm
or Cl13-infected mice (C). Virus-specific CD8* T cells were isolated from patients with hepatitis C infection
and low-input RNA-sequencing was performed by Hensel, N. ez 2/,2021 (GSE150345). This data was used
to graph the average normalized CD38 expression in human HCV-specific CD8* T cells both during cHCV
infection and after direct-acting antiviral (DAA)-cure (D). Significance was assessed by differential analysis
with multi-factor design of paired samples using DESeq2. Data are representative of 3 independent
experiments with = 5 mice per group. Data show mean * s.em. *P < 0.05, ***P < 0.001, ***P < 0.0001,
multiple unpaired t-test.




Cell-intrinsic CD38 expression supportts the survival of virus-specific CD8" T cells during

acute and chronic viral infection

Since we saw CD38 expression on T cells during LCMV infection, we evaluated the cell-
intrinsic role of CD38 in CD8" T cells during acute and chronic viral infection. We co-injected small
numbers (1x10° cells/each) of WT and Cd38” P14" T cell receptor (TCR) transgenic CD8" T cells
specific for LCMV peptide GPs3.41 into WT mice (Fig. 3.2A). WT host mice (CD45.2") received WT
P14" (CD45.1%) and Cd387 P14" (CD45.1"CD45.2") T cells at a 1:1 ratio, and one day later were
infected with LCMV Arm or Cl13. At 8 days post Arm infection the frequencies and numbers of
Cd38" P14* T cells in the spleen were significantly lower than WT P14" T cells (Fig. 3.2B-D). Over
the course of infection, this phenotype persisted, with C438”" P14"* T cells present at lower frequencies
and numbers out to 30dpi (Fig. 3.2B,E,F). Cd38" P14" T cells were also present at lower levels than
WT P14" T cells in the blood at 8 and 30dpi (Fig. S3.1A,B) and trended towatrd lower levels in the
lymph nodes (Fig. $3.1B). Since lower frequencies of Cd3§’ P14" T cells were observed, we next
investigated the survival of the co-transferred cells. At day 6 post Arm infection, C438” P14 T cells
had significantly decreased frequencies of cleaved Caspase3” apoptotic cells (Fig. 3.2G). However,
by 8dpi and continuing to 30dpi, this trend had reversed and C438” P14" T cells showed significantly

increased frequencies of Caspase3” apoptotic cells (Fig. 3.2G).
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Figure 3.2 Cell-intrinsic kinetics and survival of WT and Cd38/- P14+ T cells during acute and
chronic LCMYV infection. WT and Cd387/- P14+ CD8* T cells were transferred at a 1:1 ratio (1x103 each)
into WT naive mice, followed by LCMV Arm or Cl13 infection a day later (A). Ratio of co-transferred WT
and Cd387/- P14+ T cells in the spleen at 8 and 30dpi in Arm-infected mice (B). Individual ratios (left) and
averaged ratio (right) of co-transferred WT or Cd387/- P14+ T cells from six experiments at 8dpi in the spleen
of Arm-infected mice (C). Representative FACS plots of co-transferred WT or Cd387/- P14+ T cells at 8dpi
in the spleen of Arm-infected mice (C). Individual numbers (left) and averaged numbers (right) of co-
transterred WT or CA387/- P14+ T cells at 8dpi in the spleen of Arm-infected mice (D). Individual ratios
(left) and averaged ratio (right) of co-transferred WT or Cd387- P14+ T cells from six experiments at 30dpi
in the spleen of Arm-infected mice (E). Representative FACS plots (E), individual numbers (F, left) and
averaged numbers (F, right) of co-transferred WT or CA387/- P14+ T cells at 30dpi in the spleen of Arm-
infected mice. Frequencies of Caspase3* apoptotic WT or Cd387/- P14+ T cells at 6, 8, and 30dpi in the
spleen of Arm-infected mice and representative FACS plots (G). Ratio of co-transferred WT and Cd387/-
P14+ T cells in the spleen at 8 and 30dpi in Cl13-infected mice (H). Individual ratios (left) and averaged
ratio (right) of co-transferred WT or Cd387/- P14+ T cells from six experiments at 8dpi in the spleen of Cl13-
infected mice (I). Representative FACS plots of co-transferred WT or Cd387- P14+ T cells at 8dpi in the
spleen of Cl13-infected mice (I). Individual numbers (left) and averaged numbers (right) of co-transferred
WT or Cd387/- P14+ T cells at 8dpi in the spleen of Cl13-infected mice (J). Individual ratios (left) and
averaged ratio (right) of co-transferred WT or Cd38/- P14+ T cells from six experiments at 30dpi in the
spleen of Cl13-infected mice (K). Representative FACS plots (K), individual numbers (L, left) and averaged
numbers (L, right) of co-transferred WT or Cd387/- P14+ T cells at 30dpi in the spleen of Cl13-infected
mice. Frequency of Caspase3* apoptotic WT or Cd387- P14+ T cells at 6, 8, and 30dpi in the spleen of Cl13-
infected mice and representative FACS plots (M). Data are representative of 6 independent experiments
with 2 5 mice per group. Data show mean * s.e.m. ¥P < 0.05, ***P < 0.001, ***P < 0.0001, paired t-test.
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Next, we investigated the role of CD38 in virus-specific T cells during chronic infection, using
the same co-transfer set-up described above. Adoptively transferred C438” P14" T cells were present
at similar frequencies to WT P14" T cells at 8dpi in the spleen, and then dropped to significantly lower
frequencies over the course of Cl13 infection (Fig. 3.2H,I,K). This was true of the number of Cd3§
"P14" T cells as well, which were present at similar numbers to WT P14* T cells at 8dpi (Fig. 3.2]),
and then significantly lower numbers at 30dpi (Fig. 3.2L). C438” P14" T cells were present at lower
levels than WT P14" T cells in the blood at 8 dpi (Fig. $3.1C) and similar levels to WT P14" T cells
in the blood and lymph nodes at 30dpi (Fig. S3.1D). When apoptosis of adoptively transferred subsets
was analyzed, C438"" P14" T cells initially had reduced Caspase3” frequencies at 6 and 8dpi, and then
significantly higher frequencies of Caspase3” apoptotic cells than WT P14" T cells at 30dpi (Fig.
3.2M). Because we saw a reduction of Cd3§’ P14" T cells at multiple timepoints during acute and
chronic infection, we wondered how these cells faired in competition with WT P14" T cells in
uninfected mice. When WT and C438” P14" populations were examined in lymph nodes and spleens
24h after adoptive transfer, there was a significant decrease in the frequencies of C4387 P14" T cells
(Fig. S3.1E,F). These findings showed a cell-intrinsic role for CD38 both in promoting initial
residence in uninfected mice, as well as survival of CD8" T cells during acute and chronic viral

infection.
Cd38/- CD8" T cells are activated after acute and chronic LCMV infection

Because we saw that CD38 deletion impacted the survival phenotype of CD8" T cells during
LCMYV infection, we wanted to examine whether loss of CD38 also impacted the effector phenotype
of CD8" T cells at 8 days post Arm and Cl13 infection. WT P14" (CD45.1) and Cd38" P14"
(CD45.17/CD45.2") cells were co-transferred in small numbers (2x10%) into mice at a 1:1 ratio, and

one day later mice were infected with LCMV Arm or CI13. The frequency of co-transferred
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GranzymeB" cells was increased in Cd387 P14" T cells (Fig. 3.3A), while proliferating Ki67* P14*
cell frequencies were similar between WT and C438” P14" T cells at 8 days post Arm infection (Fig.
3.3B). We next evaluated inhibitory receptor expression in WT and Cd38” P14* T cells and observed
low frequencies of PD-1"TIM-3" at 8 days post Arm infection, with a slight increase in C438"" cells
(Fig. 3.3C). CD39, a marker of antigen-specific T cell engagement and an ectoenzyme capable of
converting ATP to adenosine, was also analyzed on transferred P14 T cells and obsetved to be
present at significantly higher frequencies in C438” than in WT P14" T cells (Fig. 3.3D) (283). When

cytokine production was investigated, we observed similar frequencies of IFN-y" and a small but

significant increase of IFN-y"TNF-a* Cd387" P14" T cells compared to WT at day 8 post Arm
infection (Fig. $3.2A). At day 8 post Cl13 infection, Cd38” P14" T cells had a small but significant
increase in GranzymeB production (Fig. 3.3E) and similar frequencies of Ki67" cells (Fig. 3.3F)
when compared to WT P14" T cells. At 8dpi, most transferred cells were PD-17, with significantly
more PD-1"TIM-3" Cd38§" P14 T cells than WT (Fig. 3.3G). The frequency of CD39" cells was also
higher in transferred C438”" P14" T cells than in WT P14" T cells (Fig. 3.3H). Compared to Arm
infection, overall cytokine production was lower at 8 days post CI13 infection, although C438" P14*
T cells had increased frequencies of IFN-y" and IFN-y"ITNF-a." cells compared to WT (Fig. S3.2B).
Together, these findings demonstrate that while CD38 deletion did not alter proliferation in co-
transferred P14 CD8" T cells at 8dpi, loss of CD38 did promote an increase in GranzymeB”, PD-

1"TIM-3", and CD39" cells in both Arm and Cl13 infection.
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Figure 3.3 Effector phenotype and function of WT and Cd38/- P14* T cells at day 8 of acute or
chronic LCMYV infection. WT and Cd4387/- P14+ CD8* T cells were transferred at a 1:1 ratio (1x103 each)
into WT naive mice, followed by LCMV Arm or Cl13 infection a day later. Frequency and representative
FACS plots of GranzymeB* co-transferred WT and Cd387/- P14+ T cells at 8dpi from spleens of Arm-
infected mice (A). Frequency and representative FACS plots of Ki67+ (B) PD-1+TIM-3lov (C, left), PD-
1+TIM-3* (C, right) and CD39*+ (D) co-transferred WT and Cd387/- P14+ T cells from spleens of Arm-
infected mice at 8dpi. Frequency and representative FACS plots of GranzymeB* co-transferred WT and
Cd38/- P14+ T cells from spleens of Cl13-infected mice at 8dpi (E). Frequency and representative FACS
plots of Ki67+ (F) PD-1+TIM-3lv (G, left), PD-1*TIM-3* (G, right) and CD39* (H) co-transferred WT
and Cd387/- P14+ T cells from spleens of Cll13-infected mice at 8dpi. Data are representative of 3
independent experiments with = 5 mice per group. Data show mean * s.e.m. *P < 0.05, **P < 0.001,
P < 0.0001, paired t-test.
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Cd387 CD8" T cell proliferation is increased at late stages of Cl13 infection

While we observed similar frequencies of Ki67" WT and Cd387 P14 T cells at 8 days post
Arm and Cl13 infection, we wanted to examine whether any differences occurred at 30dpi. WT P14"
(CD45.1) and C438" P14" (CD45.1*/CD45.2") cells were co-transferred in small numbers (2x10°)
into mice at a 1:1 ratio, and one day later mice were infected with LCMV Arm or Cl13 and spleens
were analyzed at 30dpi. The frequency of GranzymeB™ and Ki67" cells were ~10% in both WT and
Cd38" P14" T cells at 30 days post Arm infection (Fig. 3.4A,B). At 30dpi, most WT and Cd38/ P14*
T cells were PD-1"TIM3" (Fig. 3.4C). The majority of WT and C438" P14" T cells at 30dpi were IFN-
Y"INF-a", with no differences in cytokine production obsetved (Fig. $3.2C). With Cl13 infection,
we observed similar frequencies of GranzymeB" co-transferred cells at 30dpi (Fig. 3.4D). However,
Cd38" P14* T cells had a significant increase in their proliferation as shown by the increase in Ki67*
cells at 30dpi (Fig. 3.4E). Most transferred cells were PD-1"TIM-3"" at 30dpi, and no differences
were apparent in PD-1"TIM-3" populations between WT and Cd387 P14* T cells (Fig. 3.4F).
Compared to Arm infection, there were decreased frequencies of IFN-y"TNF-a" transferred cells at
day 30 post Cl13 infection, however, no differences were observed between WT and Cd38” P14 T
cells (Fig. S3.2D). These findings showed that CD38 expression limited the proliferation of exhausted

CD8" T cells while having minimal impact on cytokine production and inhibitory receptor expression.
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Figure 3.4 Effector phenotype and function of WT and Cd38/- P14+ T cells at day 30 of acute or
chronic LCMV. WT and Cd38/- P14+ CD8* T cells were transferred at a 1:1 ratio (1x103 each) into WT
naive mice, followed by LCMV Arm or Cl13 infection a day later. Frequency and representative FACS plots
of GranzymeB* co-transferred WT and Cd387- P14+ T cells from spleens of Arm-infected mice at 30dpi
(A). Frequency and representative FACS plots of Ki67+ (B) and PD-1*TIM-3lv (C) co-transferred WT and
Cd38/- P14+ T cells from spleens of Arm-infected mice at 30dpi. Frequency and representative FACS plots
of GranzymeB™* co-transferred WT and Cd387- P14+ T cells from spleens of Cl13-infected mice at 30dpi
(D). Frequency and representative FACS plots of Ki67+ (E) PD-1+TIM-3lov (F, left), PD-1+*TIM-3* (F,
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AP < 0.001, #*P < 0.0001, paired t-test.
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CD38 expression promotes the maintenance of Tpex and Tex subsets during chronic

infection

During chronic viral infection and cancer, exhausted T cells form two distinct populations,
progenitor (Tpex) and terminal (Tex) exhausted T cells (281). Tpex cells are characterized by
expression of the transcription factor TCF-1 and are capable of self-renewal and seeding of the Tex
population, which retain better effector function but are short-lived (38, 281). To assess how CD38
may impact Tpex and Tex populations, we co-transferred small numbers (2x10°) of WT P14" and
Cd38" P14 T cells into mice at a 1:1 ratio, infected mice with Cl13 one day later, then analyzed Tpex
and Tex populations in the CD45.1" transferred cells in the spleen at 8 and 30dpi. Although both WT
and Cd38" P14" T cells differentiated into Tpex and Tex subsets at 8dpi, the frequencies and numbers
of Cd38" P14" Tpex were significantly decreased compared to WT (Fig. 3.5A). In contrast, the Tex
population was composed of similar frequencies and numbers of WT and Cd387 P14" T cells at 8dpi
(Fig. 3.5B). On day 30 post Cl13 infection, the C438” P14* Tpex and Tex frequencies and numbers
were significantly lower than WT P14" (Fig. 3.5C,D). When the frequencies of Tpex and Tex wete
tracked over the course of chronic infection, we found that C438" P14" T cells were more terminal
than WT at 8dpi (Fig. 3.5E). We next evaluated apoptosis in the transferred Tpex and Tex populations
during infection and found that C438”° P14 Tpex had more Caspase3” cells at 6 and 8dpi and trended
toward more at 30dpi than WT P14" Tpex (Fig. 3.5F). C438” P14" Tex showed reduced Caspase3”
cells at 6 and 8dpi, and increased Caspase3” cells at 30dpi compared to WT P14" Tex (Fig. 3.5F).
Further analysis of exhausted C438”" P14" T cells showed increased frequencies of effector markers
such CD69 and KLRG1 when compared to WT (Fig. 3.5G,H) (34). Expression of the terminal
marker 2B4" was similar in C438”7 and WT P14" T cells at 8 and 30dpi (Fig. 3.5G,H). The frequencies
of TCF-1" cells were reduced at 8 and 30dpi with CD38 deletion (Fig. 3.5G,H). These findings
showed that CD38 expression is important for the survival and maintenance of Tpex and Tex cells,
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as well as TCF-1 expression, over the course of chronic infection. Additionally, cells lacking CD38

show increased expression of markers associated with effector-like exhausted populations.
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Figure 3.5 Analysis of exhausted populations in WT and Cd38-/- P14+ T cells during Cl13 infection.
WT and Cd387/- P14+ CD8* T cells were transferred ata 1:1 ratio (1x103 each) into WT naive mice, followed
by LCMV Cl13 infection a day later. Frequencies of WT or Cd387/- P14+ T cells of total co-transferred Tpex
cells, representative FACS plots, and numbers of total Tpex at 8dpi in spleen (A). Frequencies of WT or
Cd38/- P14+ T cells of total co-transferred Tex cells, representative FACS plots, and numbers of total Tex
at 8dpi in spleen (B). Frequencies of WT or Cd38/- P14+ T cells of total co-transferred Tpex cells,
representative FACS plots, and total numbers of Tpex at 30dpi in spleen (C). Frequencies of WT or Cd38
/- P14+ CD8* T of total co-transferred Tex cells, representative FACS plots, and total numbers of Tex at
30dpi in spleen (D). Frequencies of co-transferred Tpex and Tex cells in the spleen over the course of CI13
infection (E). Frequencies of apoptotic Caspase3* co-transferred Tpex and Tex in the spleen over the
course of Cl13 infection (F). Frequencies of 2B4*, CD69+, KLRG1* and TCF1* co-transfer cells at 8dpi
(G) and 30dpi (H) in the spleen. Data are representative of 3 (8dpi spleen), 6 (30dpi spleen), or 2 (2B4 and
CD09 expression) independent experiments with = 4 mice per group. Data show mean * s.e.m. *P < 0.05,
AP < 0.001, #*P < 0.0001, paired t-test.
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CD38 negatively regulates the proliferation and function of progenitor exhausted CD8" T cells

Because we saw an increase in surface markers indicative of effector-like exhausted cells, we
next examined the impact of CD38 deletion on the effector functions of Tpex and Tex transferred
cells. On day 8 post Cl13 infection, the frequency of GranzymeB" Tpex cells was significantly
increased in Cd38” P14* T cells compared to WT (Fig. 3.6A), whereas Ki67" cells were similar (Fig.
3.6B). C438" P14" Tex cells had a small but significant increase in GranzymeB" cells and similar Ki67*
cells compared to WT P14" Tex cells (Fig. 3.6C). At 30dpi, Cd3§’ P14* Tpex had significantly more
GranzymeB production and Ki67 than WT (Fig. 3.6D,E). Cd38’ P14" Tex had similar GranzymeB
and increased Ki67 production compared to WT P14" Tex (Fig. 3.6F). These findings showed that
CD38 expression restrained GranzymeB production and proliferation of Tpex cells during chronic

infection.
CD38 increased the metabolic fitness of CD8" T cells during chronic infection

Since CD38 has enzymatic functions, we next examined whether metabolic changes occurred
in Cd38” P14 T cells. To examine the impact of CD38 expression on mitochondrial respiration and
glycolysis during LCMV infection, we carried out the Seahorse XF Cell Mito Stress Test on live-sorted
WT and Cd38" P14* T cells from Arm or Cl13-infected mice at 8dpi. CD38 deletion during Arm
infection did not impact the P14" cell oxidative phosphorylation (Fig. 3.7A,B). Basal and maximal
oxygen consumption rate (OCR; a proxy for oxidative phosphorylation) and extracellular acidification
rate (ECAR; a proxy for glycolysis) were indistinguishable between WT and C438” P14" T cells from
Arm-infected mice (Fig. 3.7C,D). The ratio of OCR:ECAR was also quantified to gain a relative
measure of cellular preference for oxidative phosphorylation or glycolysis (Fig. 3.7E). At 8 days post
Arm infection, CD38 deletion did not significantly impact the OCR:ECAR ratio. In contrast to Arm

infection, CD38 deletion in P14" T cells from mice infected with Cl13 resulted in decreased oxidative

87



phosphorylation and glycolysis (Fig. 3.7F,G). The basal and maximal OCR of C438" P14" T cells
were decreased compared to WT P14" T cells from Cl13 infected mice (Fig. 3.7H). Basal and maximal
ECAR levels were also significantly decreased with CD38 deletion (Fig. 3.7I). Basal and maximal
OCR:ECAR ratios were similar between WT and C438” P14* T cells from ClI13 infected mice (Fig.
3.7)). Relative to Arm infection, the larger OCR:ECAR ratios in Cl13 samples demonstrated a
preference for oxidative phosphorylation (Fig. 3.7]). These findings showed that cell intrinsic CD38
expression sustained the basal and maximal metabolic function of exhausted CD8" T cells during C113

infection.
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Figure 3.6 Cd38/- P14+ Tpex and Tex cell phenotypes in Cl13 infection. WT and C438/- P14+ CD8*
T cells were transferred at a 1:1 ratio (1x103 each) into WT naive mice, followed by LCMV Cl13 infection
a day later. Frequencies of GranzymeB* WT or Cd38/- Tpex cells at 8dpi in spleen and representative FACS
plots (A). Frequencies of Ki67+ WT or Cd38/- Tpex cells at 8dpi in spleen and representative FACS plots
(B). Frequencies of GranzymeB* and Ki67* co-transferred WT or Cd387/- Tex P14+ T cells in the spleen
(C). 8dpi frequencies of GranzymeB* WT or Cd387- Tpex cells at 30dpi in spleen and representative FACS
plots (D). Frequencies of Ki67+ WT or Cd387- Tpex cells at 30dpi in spleen and representative FACS plots
(E). 30dpi frequencies of GranzymeB* and Ki67* co-transferred WT or Cd38/- Tex P14+ T cells in the
spleen (F). Data are representative of 3 (8dpi spleen) or 6 (30dpi spleen) independent experiments with =
4 mice per group. Data show mean T s.e.m. *P < 0.05, ***P = 0.001, ****P < 0.0001, paired t-test.
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Figure 3.7 Metabolism of Cd38-/- virus-specific CD8* T cells. WT and C438/- P14+ CD8+ T cells were
transferred ata 1:1 ratio (1x103 each) into WT naive mice, followed by LCMV Arm or Cl13 infection a day
later. Live WT and Cd38/- P14+ CD8* T cells were isolated from host mice at 8dpi and a Seahorse XF Cell
Mito Stress Test was performed. Oxygen consumption rate (OCR) of live WT and Cd387/- P14+ T cells
from Arm-infected mice at baseline and after addition of Oligomycin, FCCP, and Rotenone & Antimycin
A (A). Extracellular acidification rate (ECAR) of live WT and Cd387/- P14+ T cells from Arm-infected mice
at baseline and after addition of Mito Stress Test compounds (B). Basal and maximal OCR and ECAR rates,
and quantified OCR:ECAR ratio for isolated WT and Cd387- P14+ T cells from Arm-infected mice (C-E).
Seahorse XF Cell Mito Stress Test OCR and ECAR values from live WT and Cd387- P14+ T cells isolated
from Cl13-infected mice at 8dpi (F,G). Basal and maximal OCR and ECAR rates, and quantified
OCR:ECAR ratio for isolated WT and Cd387/- P14+ T cells from Cl13-infected mice (H-J). Seahorse data
presented are median values of a representative biological replicate. Data are representative of 3
independent experiments with = 5 mice per group for Arm and = 15 mice for ClI13 infection. Data show
mean * s.em. *P < 0.05, *P < 0.001, ****P = 0.0001 by paired t-test.
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DISCUSSION

CD38 upregulation on activated T cells has been associated with response to infections (200).
More recently, CD38 was found to mark terminal T cell dysfunction and has gained interest as a
possible pharmacological target for the enhancement of T cell responses (217, 220). However, the
functional role of CD38 on T cells in response to acute and chronic viral infection remains largely
undefined. In this study, we used an adoptive co-transfer of C438”" P14" and WT P14" CD8" T cells
to investigate the cell-intrinsic role of CD38 on virus-specific T cells. We found that CD38 promotes
the survival of CD8" T cells during LCMV infection. In an acute infection, proliferation and
GranzymeB production were not limited by CD38 expression. While CD38 expression seems to play
a relatively minor role in shaping the effector response of CD8" T cells to acute infection, we found
that CD38 is an important regulator of cell proliferation and GranzymeB production, Tpex and Tex

phenotype and maintenance, and metabolism during chronic infection.

During HIV infection, CD38 is upregulated on T cells and can serve as a marker of disease
progression (201-203). In cases of H7N9 avian influenza, a larger population of CD38"HLA-
DR'CD8" T cells are found in patients who succumb to flu (196). In both Dengue and Ebola-infected
patients, CD8"CD38" T cells are upregulated in febrile patients (194, 196, 206). In concurrence with
these data, we found that CD38 levels were elevated on T cells during Arm and Cl13 infection,
although to a much higher extent in Cl13. Our study and others have shown that CD38 is co-expressed
with PD-1 and correlates with activation as well as exhaustion (196). As with PD-1, CD38 is expressed
during activation in response to acute infection, and CD38 levels are elevated and sustained on
exhausted T cells during chronic infection. This differential expression is a result of divergent
chromatin accessibility in T cells during acute and chronic infection (284). Regions of the Pded7 locus

become uniquely accessible at day 5 and onward during tumorigenesis and at day 8 post infection and
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onward during chronic infection (29, 217, 284). Similarly, the C438 locus is uniquely open in both
virus and tumor-specific exhausted T cells (39, 217). The expression patterns and chromatin
accessibility of CID38 make it a particularly good marker of chronic T cell stimulation and raises the
question of how CD38 signaling may shape the phenotype of activated T cells. Interestingly, our
analysis of the Hansel ¢7 2/ study showed that CD38 gene expression levels were high on CD8" T cells
from patients with chronic HCV, but these were decreased when the same patients were cured from

their infection, suggesting that CID38 expression may be linked to persistent TCR stimulation.

As an ecto-enzyme, the immunosuppressive function of CD38 has been well established
through its contribution in regulating extracellular adenosine levels. CD38, in conjunction with
CD2032 and CD73 enzymatic activities, converts extracellular NAD™ to adenosine (172). In the tumor
microenvironment, CD38-expressing tumor cells and myeloid-derived suppressor cells produce
adenosine to limit cytotoxic T cell function through the adenosine receptor (211, 215, 285). Blocking
the immunosuppressive adenosine pathway through targeting of the adenosine (A2A) receptor or
CD73 has proven beneficial to anti-tumor T cell responses (278, 285, 286). While less is known about
the cell-intrinsic role of CD38 on virus- or tumor-specific T cells, evidence suggests CD38 as a possible
inhibitor of T cell function (194, 217, 219). We found that CD38 deletion did not impact cytokine
production of CD8" T cells during Arm and Cl13 infection. While CD38 deletion did promote
increased PD-1 and TIM-3 expression at 8dpi, by 30dpi the impact of deletion on inhibitory receptor
expression was minimal. These findings are consistent with a recent study showing that over-
expression or deletion of CD38 on tumor-specific T cells did not alter their exhaustion phenotype
(222). CD73 is downstream of CD39, another ecto-enzyme capable of initiating conversion of ATP
to adenosine (287, 288). The limited impact of CD38 deletion on virus-specific T cells at 8 days post
LCMYV infection may be partially due to the redundancy of enzymatic functions of CD39, CD73, and
CD203 in adenosine formation (172). This is relevant, as we saw an increase in CD39" cells in CA38”"
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P14" T cells. This indicates that CD38 deletion alone may not be enough to alter immunosuppressive

adenosine signaling.

While effector functions were largely similar in co-transferred WT and C438”° P14 CD8" T
cells at 30dpi, we discovered an important cell-intrinsic role for CD38 expression in the survival of
virus-specific CD8" T cells. We found that adoptively transferred C438” P14" T cells were significantly
decreased by day 30 post Arm and Cl13 infection due in part to increased apoptosis. Interestingly,
when we performed co-transfers of naive C438” and WT P14 T cells into uninfected mice, cells
lacking CD38 had diminished frequencies by 24 hours. This indicated that CD38 may also play a cell-
intrinsic role of homing of naive T cells. Our data indicate that C438” P14" T cells can expand in
response to viral infection (as indicated by the similar frequencies in spleens of Cl13-infected mice at
8dpi), however these cells are unable to persist over the course of infection. A similar loss of adoptively
transferred C438” tumor-specific T cells compared to WT was seen in tumors 14 days after transfer
(222). Interestingly, the decreased frequency of Cd38” T cells was not attributed to apoptosis in the
tumor model, whereas in the LCMV model, C438” P14" T cells had increased Caspase3 expression.
Further research is needed to define the cell-intrinsic mechanism that drives the loss of Cd38” T cells
in uninfected mice and in tumor models. TCR signaling has been shown to regulate CD38, and a
corresponding role for CD38 in promoting survival could explain its persistent expression on memory
and exhausted T cells in mice and in patients with viral infections and autoimmune disorders (176,
200, 289-291). Given its upregulation on activated and memory T cells, and considering we show that
transferred CA38”7 P14" T cells undergo significantly more apoptosis than WT P14" T cells, it appears
that CD38 expression promotes maintenance and survival of activated T cells. Ir vitro, CD38 limits
proliferation of activated T cells, and small interfering RNA targeting of CD38 can increase T cell

proliferation (176, 219). In accordance with this, we found that proliferation of adoptively transferred
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WT P14" T cells was significantly constrained during Cl13 infection when compared to C438" P14*

T cells at 30dpi.

While we found that CD38 expression did not alter the development of T cell exhaustion,
both Tpex and Tex frequencies and numbers were reduced during Cl13 infection with CD38 deletion.
Phenotypically, we observed an increased effector response in C4387 P14 Tpex cells, as shown by
more proliferation and GranzymeB production. The Tpex population is defined by high expression
of the TCF-1 transcription factor and is vital for anti-viral and anti-tumor T cell responses, as Tpex
cells are stem-like, able to expand into the Tex population, and can respond to ICB (37, 281).
Compared to Tpex cells, Tex cells are more effector-like, having higher cytokine and GranzymeB
production, as well as increased proliferation (38). In this context, it appears that CID38 may have a
cell-intrinsic role in limiting an effector-like Tpex phenotype. However, while CD38 deletion
promoted proliferation and KLLRG1 expression, the overall frequencies of C438” Tpex and Tex cells
were decreased in co-transfer experiments, and Tpex cells lacking CD38 had higher apoptotic
frequencies than their WT counterparts. Further, we found that cells expressing CID38 maintained
higher TCF-1 frequencies over time, an important factor in Tpex formation. Our data presents an
interesting paradigm, in which CD38 hinders proliferation and GranzymeB production in CD8" T

cells, particularly in the Tpex subset, but also ensures their survival.

Since we saw that CD38 deletion impacted survival of transferred P14" T cells duting viral
infection, we wanted to investigate whether cellular metabolism was also impacted by loss of CD38.
The enzymatic activities of CID38 have been reviewed at length (180, 200, 276, 292, 293), establishing
CD38 as a prominent regulator of cellular NAD", NAADP, ADPR and cADPR levels. The
consumption of NAD" by CD38 has the potential to limit T cell metabolism and effector functions,

as NAD" is a key substrate of the immunomodulatory proteins ART, PARP, and SIRT which are
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involved in T cell fate, survival, and metabolism (276, 293). I vitro, CD38 deletion supports increased
oxidative phosphotylation in CD4" T cells and supports NAD" levels in cultures of CD8" T cells (212,
222). Interestingly, our analysis of virus-specific CD8" T cell metabolism ex vivo revealed similar
metabolic profiles in WT and C438” P14" T cells from Arm-infected mice. Given the established
NADase activity of CD38, along with previous 7 vitro findings, we anticipated that CD38 deletion
would increase the metabolic capabilities of transferred P14 T cells. To our surprise, we discovered
that C438" P14" T cells from Cl13 infection had reduced oxidative phosphorylation and glycolysis
both at basal and maximal conditions. This is opposite of the predicted phenotype atising from NAD™
depletion. However, given that WT and C438” P14" T cells were transferred into C57BL/6 hosts with
functional CD38, along with the recent finding that NAD™ levels are similar in B16-F10 tumors of
WT and Cd387 mice, the impaired metabolism seen in C4387 P14" T cells may be a result of cell-
intrinsic CD38 signaling rather than enzymatic activity (222). Additionally, the impact of CD38 on
metabolism appeats to be correlated with expression levels, as WT P14" T cells from Arm infection
expressed much lower levels of CD38 than from Cl13 and were spared metabolic impacts upon CD38
deletion. This represents an exciting potential role for CD38 signaling in the mitochondrial fitness of

P14" T cells during Cl13 infection.

Our study shows the regulation of CD38 expression in effector and exhausted CD8" T cells
during viral infection. We found that CD38 is upregulated and expressed at higher levels on CD8" T
cells in Cl13 compared to Arm infection. We showed that CD38 deletion has a cell-intrinsic role in
regulating the survival of virus-specific CD8" T cells throughout the course of viral infection. We
found no differences in the metabolism of WT and C438” P14 T cells from Arm infected mice, but
Cd38" cells arising during CI13 infection had decreased oxidative phosphorylation and glycolysis.
Cd38" P14" Tpex and Tex cells were decreased, and C438” Tpex cells were more proliferative and
functional than WT cells, indicating an inhibitory function of CD38 in this cell type. Further,
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exhausted C438" T cells were decreased in TCF-1" populations and increased in apoptotic Tpex cells
during chronic infection. Our studies show a dual cell-intrinsic role for CD38 in limiting proliferation
of virus-specific T cells, while also promoting their survival. These data uncover important roles of
CD38 in virus-specific T cell responses to infection and highlight new avenues for research into the
mechanisms through which CD38 regulates the survival, effector function, and metabolism of

exhausted CD8" T cells.
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Figure S3.1 Frequencies of WT and Cd38~/- P14+ co-transfer populations in infected and uninfected
mice. WT and Cd387/- P14+ CD8* T cells were transferred at a 1:1 ratio (1x103 each) into W'T naive mice,
followed by LCMV Arm or Cl13 infection a day later. Individual (A, left) and average (A, right) ratios of
co-transferred cells in the blood of Arm-infected mice at 8dpi. Individual and average ratios of co-
transferred cells in the blood (B, left) and LNs (B, right) of Arm-infected mice at 30dpi (B). Individual (C,
left) and average (C, right) ratios of co-transferred cells in the blood of Cl13-infected mice at 8dpi. Individual
and average ratios of co-transferred cells in the blood (D, left) and LNs (D, right) of Cl13-infected mice at
30dpi D). WT and Cd387- P14+ T cells were transferred at a 1:1 ratio (1x10* each) into WT naive mice with
no infection. Spleen and LN were collected 24h after co-transfer. Frequency of CD8* T cells and
comparative ratio of WT and Cd387/- P14+ co-transferred cells in the LN (E) and spleen (F) at 24h in
uninfected mice. Data are representative of 6 (8dpi blood) or 2 (24h timepoint, 30dpi LN and blood)
independent experiments with = 5 mice per group. Data show mean * s.em. *P < 0.05, ***P < 0.001,
P < 0.0001, paired t-test.
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Figure S3.2 Cytokine production in WT and Cd38/- P14+ T cells during LCMYV infection. WT and
Cd387- P14+ CD8* T cells were transferred at a 1:1 ratio (1x10% each) into WT naive mice, followed by
LCMV Arm or Cl13 infection a day later. Splenic P14+ CD8* T were stimulated ex »ipo with the LCMV
GP33.41 peptide and cytokine production was measured. Quantification of IFN-y and TNF-a production
and representative FACS plots for splenic WT and Cd387/- P14+ T cells at day 8 post Arm infection (A).
Quantification of IFN-y and TNF-a production and representative FACS plots for splenic WT and Cd38
/- P14+ T cells at day 8 post Cl13 infection (B). Quantification of IFN-y and TNF-a production and
representative FACS plots for splenic WT and Cd387/- P14+ T cells at day 30 post Arm infection (C).
Quantification of IFN-y and TNF-a production and representative FACS plots for splenic WT and Cd38
/-P14+ T cells at day 30 post Cl13 infection (D). Data are representative of 3 independent experiments with
2 5 mice per group. Data show mean * s.e.m. ¥*P < 0.05, ***P < 0.001, ****P < 0.0001, paired t-test.
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CHAPTER 4

SUMMARY AND FUTURE DIRECTIONS

PSGL-1 as a new therapeutic target (Chapter 2)

In our studies, we found that PSGL-1 was highly upregulated on tumor-infiltrating
lymphocytes. Upon antibody targeting of PSGL-1, mice had smaller melanoma tumors than their
counterpart IgG-treated mice. The murine melanoma cell line used in these experiments is a highly
aggressive, PD-1 blockade-resistant cell line (271, 294), making this result an exciting new therapeutic
strategy for aggressive melanoma control. Our studies provided new insight into the phenotypic and
functional impact of targeting PSGL-1 on tumor-infiltrating lymphocytes (TILs). Anti-PSGL-1 treated
TILs retained more effector functions, particularly in their proliferation and granzyme production,
than IgG treated TILs. One of the most notable findings of this project was that anti-PSGL-1
treatment caused a significant decrease in the presence of Tregulatory (Treg) cells within the tumor.
This separates anti-PSGL-1 treatment from other immunotherapies, as PD-1 blockade promotes Treg
function and proliferation, and CTLA-4 blockade promotes expansion of the Treg population and
can lead to worse anti-tumor immunity (295-297). Accordingly, when treatment groups were expanded
to include anti-PD-1, anti-PSGL-1, and a combination of anti-PD-1 and anti-PSGL-1 treatments, only

treatments with anti-PSGL-1 were able to decrease tumor Treg numbers.

The observed decrease in intratumoral Treg cells after anti-PSGL-1 treatment opens many
avenues for future research. One important question that arises is whether targeting PSGL-1 with a
monoclonal antibody or through gene deletion alters the trafficking of Tregs. To delve into this
question, we could follow the same tumor implantation and anti-PSGL-1 treatment timeline that was
done in our paper, and perform sequential mouse analysis at 10, 13, and 18dpi to examine Treg

frequencies in the LN, TdLN, and tumor. This will allow us to track whether the Treg presence in the
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LNs and tumor are changed over time by anti-PSGL-1 treatment, as a possible explanation for the
diminished Treg presence in the tumor at 18dpi could be a result of slowed Treg entry. Proliferation
and apoptosis will also have to be examined at each time point using a Foxp3-GFP reporter mouse,
as an alternative explanation for the decreased tumoral Treg population could be reduced division or

increased cell death.

Further questions remain about the impact of PSGL-1 blockade on the Treg phenotype, as
Tregs are the highest expressor of PSGL-1 in both the TdLN and tumor. Our studies found that the
expression of the inhibitory receptors PD-1, TIM-3, and LAG3 were not altered on Tregs at 18dpi
with anti-PSGL-1 treatment. However, these markers are only a small window into the Treg
phenotype, as suppressive Tregs express high levels of CD25, CD39, CTLA-4, Helios, LAP and TGF-
B, and I1.-10 in the tumor microenvironment (298, 299). In the future, we should resolve the role that
PSGL-1 plays in shaping the Treg phenotype, particularly in the tumor microenvironment, as Tregs
are a key immunosuppressive player in deciding the outcome of immune checkpoint blockade (295,
300). This could include taking out Tregs from anti-PSGL-1 treated tumors and evaluating their
suppressive function zz vitro. Utilizing the melanoma models and treatment approach we took in our
study and including earlier timepoints and a more in-depth Treg analysis could help to uncover the
impact of PSGL-1 blockade on the Treg phenotype. Tregs should be analyzed for rates of cell death
through a caspase stain, for proliferation and phenotype markers through flow cytometry analysis, and
for production of immunosuppressive cytokines through intracellular staining and/or ELISA.
Further, we could isolate and perform bulk RNAseq on Tregs isolated from tumors during early and
late time points. This would allow us to analyze transcriptome changes that occur in Tregs due to anti-
PSGL-1 treatment. These experiments could help to elucidate the impact of targeting PSGL-1 on
Tregs and highlight a previously unknown role for PSGL-1 in the modulation of Treg phenotype and

function in tumors.
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Another route to determining the role of PSGL-1 on Tregs in the anti-tumor T cell response
is to use our Se/pls" FOXP3ERT2" line. This mouse line allows us to selectively delete PSGL-1 only
on Treg cells with the injection of tamoxifen. By performing 7z vivo tumor studies in this line, it will
allow us to determine whether the slowed melanoma tumor growth and increased T cell functions
observed in our published study are reliant on PSGL-1 inhibition on Tregs. This inducible deletion
mouse model allows us to investigate whether targeting PSGL-1 on Tregs alone promotes tumor
control in multiple models of melanoma, and how the timing of PSGL-1 deletion alters the
intratumoral Treg phenotype and/or functions. As Tregs are such an important player in shaping the
TME, understanding the role of PSGL-1 on their movement, phenotype and function will provide
important fundamental knowledge as well as provide new mechanistic insight into the therapeutic

potential of targeting PSGL-1.

In addition to its ability to reduce Treg numbers, PSGL-1 blockade is different from PD-1
blockade in its ability to promote robust proliferation of CD8" T cells and CD4" T cells, as well as
increase granzymeB production in CD8" T cells. Further, the antigen-specific population of T cells
was significantly increased in the tumors of anti-PSGL-1-treated mice. While our paper concluded
that targeting PSGL-1 reinvigorates exhausted T cells, we did not delve into the impact of anti-PSGL-

1 treatment on the differentiation of Tpex and Tex subsets of exhausted T cells.

The balance of Tpex and Tex cells in the tumor microenvironment and draining lymph node
can impact the outcome of immunotherapeutic treatments (38, 301). Therefore, understanding the
factors that shape the Tpex and Tex populations is of great clinical interest. A natural extension for
our project is then to determine what role PSGL-1 may have in the formation and phenotype of Tpex
and Tex populations. Tpex cells express the transcription factor TCF1, are high for Slamf6, CXCR3,

CXCR5, express relatively low levels of effector cytokines and granzymes, and are long-lived and
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capable of self-renewal and respond to immune checkpoint blockade (34, 38). Tex cells, on the other
hand, are defined by the transcription factor TOX, express high levels of PD-1, TIM-3, CD101, CDG69,
and can produce more cytokines and granzymes than Tpex cells, although not nearly as much as
effector T cells. Our data showed that most tumor-infiltrating T cells treated with anti-PSGL-1
antibody were PD-1"TIM-3", which indicates a highly stimulated, more terminal T cell phenotype
(302). We also observed increased proliferation and granzymeB after anti-PSGL-1 treatment. While
we did not use SlamF6 and TCF1 to examine the progenitor exhausted (Tpex) and terminal exhausted
(Tex) populations in our published study, the high expression of inhibitory receptors, in combination
with an increase in granzymeB production and proliferation, indicate that targeting PSGL-1 promotes
a more terminal phenotype. In agreement with our published data, which indicates that anti-PSGL-1
treatment results in a more terminal T cell phenotype, data collected from D4M melanoma tumors
support this hypothesis, as targeting PSGL-1 on TILs resulted in a significant decrease in Tpex

population and an increased in the Tex population at 19dpi (Fig. 4.1).

A 50 - B 100 - %k
. %ok S
3 404 ¥ s o8 [0
8 8 EaR
+ 30 °® + 60— °
a o0
%) ° Q
+. 20 °, O 404
b3 [ +
) [ ] X
= 104 ¢ "
° 2 20—
0 1 1 0 1 1
IgG  a-PSGL-1 IgG  a-PSGL-1

Figure 4.1 Tpex and Tex frequencies in D4M tumors. WT mice were injected with (1 X 106) D4M-3A
melanoma cells s.c. and injected with IgG or anti-PSGL-1 antibodies at 8, 10, and 12 dpi. Frequency of
Tpex cells (A) and Tex cells (B) at 19dpi. Graphs show the mean = SEM. *, P < 0.05; **, P < 0.005; ***, P <
0.001 by two-tailed 7 test or Mann—Whitney U test.
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The impact of PSGL-1 expression on the formation and phenotype of Tpex and Tex cells
should be further studied. To understand the impact of therapeutic targeting of PSGL-1 on these
exhausted subsets, the 7z vivo approach outlined in our paper could be utilized, with the addition of
earlier end timepoints (11dpi and 13dpi), to investigate the Tpex and Tex populations present in the
tumor and TdLN during and after anti-PSGL-1 treatment. Our preliminary data indicate that targeting
PSGL-1 drives T cells towards a more terminal fate (Fig 4.1). This is supported by the fact that tumor-
infiltrating, antigen-specific Se/plg” CD8" T cells have significantly higher frequencies of Tex cells than
their WT counterparts (166). Given our knowledge that stronger activation signals drive the more
terminal Tex population, our findings that blocking PSGL-1 drives a more terminal fate make sense
in the context of PSGL-1 as an immune checkpoint molecule (34, 302). It appears that relieving T
cells of PSGL-1 inhibitory signals allows them to be more activated and more functional, but also
more terminal than T cells with intact PSGL-1 signaling. This hypothesis can explain the lack of
survival benefit seen in our PSGL-1 study, where administration of the PSGL-1 antibody alone did
not support significant survival benefit over IgG treatment, despite slower tumor growth. Anti-PSGL-
1 treatment may promote a burst of increased effector function as the TILs become more terminal,
however they then undergo apoptosis and long-term therapeutic benefit is lost. This is another avenue
for future study, as we should investigate whether longer duration of anti-PSGL-1 treatment,
sequential administration of anti-PSGL-1 and then anti-PD-1, or a new combination of anti-PSGL-1

and an additional immunotherapy can promote increased long-term survival over IgG treatment.

Our paper demonstrated a strong phenotype, however the full mechanism through which
targeting anti-PSGL-1 promotes improved tumor control is still unknown. V-domain suppressor of
T cell function (VISTA) is a ligand for PSGL-1 at pH 6 and is a known suppressor of T cell
proliferation and function (129). We hypothesize that a portion of the therapeutic benefit of targeting
PSGL-1 is coming from the blockade of PSGL-1-VISTA interactions. The available 7z vitro reagents
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to study the PSGL-1-VISTA interactions are currently limited, however it would be interesting to
perform 7z vivo studies with an additional anti-VISTA therapy to determine if there are additive effects
of blocking VISTA and PSGL-1 together. If we see no additional therapeutic benefit with the addition
of an anti-VISTA reagent, then this will provide more evidence that the 4RA10 anti-PSGL-1 antibody

used in our studies was effectively blocking PSGL-1 signaling through VISTA and vice-versa.

A final avenue of future study for this project is the role of PSGL-1 in metastasis. In our
studies, we did not investigate whether PSGL-1 deletion or therapeutic targeting impacted metastasis
rates or phenotype. In multiple myeloma, prostate cancer, lung cancer, and gastric cancer, PSGL-1
promotes metastasis of cancer cells through interactions with selectins and chemokines, as well as
through alterations of infiltrating immune cells (146-151). PSGL-1 suppresses T cell function in the
tumor microenvironment, but we have yet to uncover the impact of PSGL-1 expression on tumor
infiltrating myeloid cells, as well as the tumor cells themselves. Understanding how PSGL-1 signals in
these cells, as well as how cancer cells may use it as an adhesion molecule, will increase our
understanding of the immune-cancer cell dynamics in the TME, as well as the factors that cancer cells
use to extravasate and spread. We should first determine the expression of PSGL-1 in our lab murine
melanoma lines (D4M, Yummer, B16-F10), perform iz vitro studies to observe if anti-PSGL-1
treatment alters growth kinetics of the melanoma cells, and then perform 7z vivo studies and treat the

cancer cells with anti-PSGL-1 prior to tail vein injection for metastasis studies.

Our work studying PSGL-1 provides important insight not only into the basic biological
consequences of targeting PSGL-1 on T cells, but also into the feasibility of PSGL-1 as a new
therapeutic agent. Anti-PSGL-1 treatment resulted in slower melanoma tumor growth, decreased
immunosuppressive Tregs, and bolstered T cell functions in the TME. We reveal anti-PSGL-1

treatment to be a novel way to improve anti-tumor immunity in PD-1 resistant tumors and open doors
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to impactful future projects regarding the impact of PSGL-1 expression on Tpex and Tex cells, on
Tregs, on tumor metastasis, and on VISTA signaling. While these studies focused on melanoma, it
would be relevant to extend our research on targeting PSGL-1 to other tumor types that have shown

benefit from immunotherapies, such as lung cancer and colorectal cancer.
CD38 as an immune-modulatory molecule (Chapter 3)

In our CD38 study, we sought to understand the role of CD38 in the virus-specific CD8" T
cell response. CD38 is expressed on activated T cells and is upregulated significantly on antigen-
specific T cells responding to chronic infection in mice and humans. We used a co-transfer approach
to study the cell-intrinsic function of CD38 on antigen-specific T cells during acute and chronic
infection and found that CD38 expression was important for the maintenance of T cells over the
course of infection. In both acute and chronic infection, C438”" CD8" T cells had increased apoptosis
and decreased numbers when compared to WT cells at 30dpi. Interestingly, when the ratio of WT and
Cd38" CD8" T cells was examined at 24h post co-transfer, cells lacking CD38 were already present at
reduced frequencies in the spleen and lymph nodes. In the context of this study, we did not follow up
to determine what factors are causing this reduced homing in C438” CD8" T cells, however this
presents an interesting area for future research. Naive T cells express CCR7, CD62L, CD31 (a known
ligand of CD38), CD27, and CD28, all of which facilitate the homing of naive T cells to secondary
lymphoid organs as well as naive T cell rolling, adhesion and TCR signaling (303). It is not known
how CD38 deletion impacts the expression of these naive T cell features, however our results indicate
that CD38 deletion likely does have an impact on the naive phenotype, given the significant reduction

of Cd38" CD8" T cells in secondary lymphoid organs after adoptive transfer.

When €438 CD8" T cells were examined during chronic infection, they were found to retain

more granzymeB at 8dpi and more Ki67 at 30dpi when compared to WT CD8" T cells. This indicated
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a more effector-like phenotype, which was consistent with the increased frequency of CD69* C438”
CD8" T cells at 8dpi and increased frequency of KLRG-1" €438/ CD8" T cells compared to WT at
8 and 30dpi, both markers of activation and effector function (34, 39, 304). Interestingly, this increase
in effector function was even more prominent in the Tpex subset of exhausted T cells. C4387 Tpex
cells had significantly increased proliferation and granzymeB production than WT Tpex cells at 30dpi.
However, apoptosis was also significantly increased in C4387- CD8" T cells at 30dpi, indicating that
CD38 deletion is a double edged-sword; it boosts effector function while diminishing survival of virus-
specific T cells. Currently, this result indicates that it would be unwise to try and block CD38 on CD8"
T cells, as it ultimately would hinder the anti-viral T cell response by decreasing the pool of responding
T cells. However, given that CD38 deletion does promote effector function in exhausted T cells, there
are numerous interesting questions that arise as to how CD38 limits effector function and support
survival in WT CD8" T cells. There is not much known about cell intrinsic CD38 signaling, and it
would provide new knowledge to the field to perform experiments with a CD38 agonist
compound/antibody to see the impact that CD38 ligation has on TCR signaling and pro-survival
pathways. This experiment could be performed 7z vitro initially. Western blotting and qPCR could be
done on T cells treated with a CD38 agonist to investigate the impact of CD38 engagement on mRNA
and genes involved in TCR activation pathways as well as anti-apoptosis proteins. Further, it would
be interesting to see what impact CD38 engagement has on Tpex and Tex genes, TOX and TCF1, as

the frequency of TCF1" CD8" T cells were reduced with CD38 deletion.

While our study found that CD38 deletion did not drastically alter the development of
exhaustion, this may in part be due to the redundancy of signaling and/or enzymatic functions in the
CD38/CD39/CD203/CD73 ectoenzymes (305). Indeed, CD39 was upregulated on C438" CD8" T
cells compared to WT at 8 dpi in both acute and chronic infection and may be compensating for the
loss of CD38. CD39 is a marker of terminally exhausted T cells and has been implicated in
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maintenance of the T cell dysfunction and immune suppression (306, 307). The cell-intrinsic role of
CD39 in shaping T cell exhaustion is still being investigated, however CD39, like CD38, can facilitate
production of immunosuppressive adenosine. Given the similarly high expression of CD38 and CD39
on terminally exhausted T cells, as well as their role in adenosine production, it would be worthwhile
to try a two-pronged approach of blocking both CD38 and CD39. Monoclonal antibody targeting of
CD38 and CD39, in addition to duel genetic knockout T cell models, would be interesting to
investigate as combination therapies. Targeting CD38 and CD39 may have a larger impact on the T
cell exhaustion phenotype than targeting either alone and could provide interesting fundamental
insight into the overlap in functionality between the two ectoenzymes. Further, CD38 deletion could
be combined with anti-PD-1 treatment to determine whether the increased Tpex and Tex effector
functions seen with CD38 deletion could be enhanced with PD-1 blockade, and whether PD-1
blockade could promote increased survival and maintenance of C438” CD8" T cells. If survival and
metabolism remain hindered in C#387 CD8" T cells even with the use of immune checkpoint
blockade, perhaps a monoclonal antibody targeting CD38 should be investigated for therapeutic
efficacy. It may be that blocking CDD38 only at earlier timepoints or only at later infection timepoints

may enhance T cell effector function while limiting the negative impacts on survival and metabolism

seen in CA387 CD8' T cells.

Our study found that CDD38 deletion led to impaired oxidative phosphorylation and glycolysis
in T cells from chronically infected mice. This metabolic impairment was unique to C438”" CD8" T
cells from chronic infection, as C438” CD8" T cells from Arm-infected mice performed oxidative
phosphorylation and glycolysis similarly to WT CD8" T cells. The reduced capacity of C438"" CD8*
T cells from chronic infection to perform both oxidative phosphorylation and glycolysis indicates a
global mitochondrial dysfunction in these cells and would be a worthwhile to investigate further.
MitoTracker Green dye can be used to measure total mitochondrial mass, MitoTracker Deep Red to
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measure intact mitochondrial membrane potential, and gating by flow cytometry on Green" Deep
Red" can indicate mitochondrial damage (220). While our data indicated that lack of CD38 results in
mitochondrial impairment in chronic infection, CD38"CD8" T cells from systemic lupus
erythematosus (SLE) patients showed increased mitochondrial mass with increased reactive oxygen
species (MitoSOX") and damaged cristae (220). These data indicate that while high expression of
CD38 promotes mitochondrial abnormalities and defects in patients with SLE, lack of any CD38
limits mitochondrial respiration at 8dpi in virus-specific T cells. More work needs to be done to
understand how these results fit together, and whether the reduced mitochondrial respiration we
found was due to reduced mitochondrial numbers or mass, or results of structural damage or
abnormalities. Understanding the impact of CD38 expression on the mitochondrial function in T cells
from chronic infection will provide important knowledge, as well provide insight into the outcomes

of therapeutically targeting CD38.

Opverall, our work on CD38 found a new role for CD38 in promoting the survival of virus-
specific T cells in both acute and chronic infection, as well as promoting proper homing of naive
CD8" T cells. We showed that CD38 expression limits apoptosis in CD8" T cells over the course of
acute and chronic infection, but that it also limits granzyme production and proliferation in exhausted
T cells during chronic infection. Finally, we found that CD38 deletion diminished mitochondrial
respiration in CD8" T cells during chronic infection. Our work provides insight into some of the roles
that CD38 plays on virus-specific CD8" T cells and provides more information as to why CD38 is so
significantly upregulated on CD8" T cells during acute and chronic infection. This chapter is an
exciting first step into understanding the complex enzymatic and cell-intrinsic roles that the

ectoenzyme CD38 plays on CD8" T cells and provides direction for further research.
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