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PSGL-1: A New Player in the Immune Checkpoint Landscape

Roberto Tinocol2, Dennis C. Oterol, Amy Takahashil, and Linda M. Bradley®*

linfectious and Inflammatory Disease Center and NCI-Designated Cancer Center, Sanford
Burnham Prebys Medical Discovery Research Institute, La Jolla, CA 92037, USA

2Division of Biological Sciences, University of California, San Diego, La Jolla, CA 92093, USA

Abstract

P-selectin glycoprotein ligand-1 (PSGL-1) has long been studied as an adhesion molecule involved
in immune cell trafficking and is recognized as a regulator of many facets of immune responses by
myeloid cells. PSGL-1 also regulates T cell migration during homeostasis and inflammatory
settings. However, recent findings indicate that PSGL-1 can also negatively regulate T cell
function. As T cell differentiation is finely tuned by multiple positive and negative regulatory
signals that appropriately scale the magnitude of the immune response, PSGL-1 has emerged as an
important checkpoint during this process. Here we summarize what is known regarding PSGL-1
structure and function and highlight how it may act as an immune checkpoint inhibitor in T cells.

Co-Regulation of Migration and T Cell Differentiation

PSGL-1 and many other adhesion receptors contribute to the integration of contextual
signals in the inherently mobile cells of the immune system as they migrate into [1] and
within [2] the microenvironments in which they become localized in the processes of
surveillance for invading microbes. These are highly dynamic, coordinated pathways that
promote signaling events that are now appreciated to provide essential cues in the regulation
of many facets of innate and adaptive immune responses. Here we provide an overview of
the multi-pronged means by which the adhesion receptor, PSGL-1, functions in cell
migration and as a regulator of myeloid and T cell responses [3]. Although other adhesion
receptors such as LFA-1 can promote costimulation to enhance T cell responses [4], we
highlight the emerging role of PSGL-1 as a negative regulator of T cell differentiation both
at steady state and during adaptive immune responses.

PSGL-1 Structure

PSGL-1 is a 120kd transmembrane protein that is primarily expressed as a homodimer on
lymphoid and myeloid cells, including platelets (Figure 1). PSGL-1 binds P-, E-, and L-
selectin through the N-terminus of the extracellular domain [5-7], although with varying
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affinity [8-12]. Selectin-binding requires appropriate glycosylation that depends upon the
sequential addition of carbohydrate moieties by glycosyltransferases that form the
predominate sialylated fucosylated O-linked glycan, sialyl Lewis x (sLeX), that mediates
selectin binding with distinct enzyme requirements for binding each of the selectins
(reviewed in [13, 14]). The enzymes needed for selectin binding by PSGL-1 are
constitutively expressed by myeloid cells [15], as well as by T cell progenitors [16] and
hematopoietic stem cells (HSC) [6, 17]. Although PSGL-1 is expressed on resting T cells,
selectin binding capacity is only acquired during the proliferation/differentiation of effector
T cells [18, 19]. Binding of P- and L-selectin also requires sulfation of tyrosine residues at
the N-terminus which differ in number across species. The core O-glycosylation site of an
N-terminal threonine is conserved as is the mucin-like domain, although variable decameric
repeats and polymorphisms occur both inter- and intra-species [20, 21]. The transmembrane
and cytoplasmic domains are also highly conserved [14]. Thus, despite differences in the
extracellular domain of PSGL-1 among species, the overall structure and function appear to
be similarly regulated [21].

PSGL-1 and Cell Migration

PSGL-1 was first identified to regulate the rolling/tethering of neutrophils on activated
endothelium through P-selectin binding /n vitro. Additional studies validated its function in
regulating the migration of macrophages/monocytes, plasma B cells, dendritic cells, and T
cells by selectin engagement [22] (reviewed in [13, 14]) and through characterization of the
first Selplg™~ mouse [23]. The physiological relevance of PSGL-1 was shown by its
requirement for neutrophil migration into inflamed peritoneum [24], for recruitment of
CD8* T cells into the inflamed colon [25], and of CD4* T cells into responding lymph
nodes [26], intestinal lamina propria [27] and inflamed retina [28], underscoring a
fundamental role in regulating immune cell recruitment to sites of inflammation (Figure 2).
PSGL-1 has also been shown to regulate localization of macrophages, dendritic cells, and B
cells in the lamina propria at steady state [22]. Additionally, PSGL-1 mediates adhesion of
neutrophils and monocytes to P-selectin expressed on platelets that become bound to
inflamed endothelium. These interactions promote targeted extravasation into tissues by
eliciting chemokine secretion by platelets as well as inflammatory mediator production by
neutrophils [29]. Platelets also utilize PSGL-1 to adhere to vasculature [30], suggesting that
it is important for formation of cellular complexes that function in pathogen clearance. For
example, PSGL-1/P-selectin interactions are critical for neutrophil recruitment and host
defense against Salmonella typhimurium [31]. However, microbes can also escape immune
responses by targeting selectin-binding by PSGL-1. Recent evidence shows that sialic acid
binding toxin staphylococcal superantigen-like 5 (SSL5) secreted by Staphylococcal aureus
binds to sLe* expressed on PSGL-1 by neutrophils, thereby inhibiting neutrophil activation
and recruitment [32, 33]. Other studies indicate that endogenous mechanisms can also
modulate PSGL-1 function. Siglec 5, another sialic acid binding protein expressed by most
hematopoietic cells, colocalizes with cell surface PSGL-1 and in soluble form inhibits
leukocyte rolling on P- and E- selectin [34]. The association of PSGL-1 with the proteolytic
enzyme, ADAMBS, causes cleavage of extracellular PSGL-1 and blocks neutrophil rolling
[35], whereas association of PSGL-1 with ADAM?28 in the decamer repeat domain enhances
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binding to P-selectin [36]. This suggests that modulation of selectin-binding by PSGL-1 may
tightly regulate recruitment of immune cells into sites of inflammation.

Migration Independent Functions of PSGL-1 in Myeloid Cells

One of the earliest reports defining PSGL-1 as a potent regulator of cell function identified
its role in inhibiting proliferation of human HSC in response to ligation by P-selectin or anti-
PSGL-1 antibody /n vitro [37]. A regulatory role for PSGL-1 was identified in human DCs,
where engagement by P-selectin or anti-PSGL-1 induced the expression of c-Fos,
indoleamine 2,3 dioxygenase (IDO), IL-10, and transforming growth factor (TGF)-p genes,
which are associated with immune inhibition, and promoted their ability to induce regulatory
T cells /n vitro [38]. Conventional and plasmacytoid murine DCs from Selplg™’~ mice
expressed higher levels of MHC class Il molecules, CD86, and CD40 in response to TLR-
induced maturation. In addition, Selp/g™~ conventional DCs displayed a greater capacity to
induce the proliferation of CD4™ T cells /n vitro when compared with DCs from wild-type
mice [38].

Although monocytes/macrophages have been primarily studied in the context of migration,
macrophage adherence promotes PSGL-1-dependent, selectin-independent activation of the
mammalian Target of Rapamycin (mTOR), suggesting that adherence-induced cytoskeletal
rearrangement can elicit PSGL-1’s signaling functions [39]. However, PSGL-1 ligation on a
human monocyte line was also shown to induce mTOR signals [40], indicating that ligand
binding can induce the mTOR pathway. Binding of monocytes to P-selectin enhanced
secretion of the chemokine CCL2 (also known as MCP-1) and tumor necrosis factor (TNF)-
a in response to stimulation [41]. These findings show that PSGL-1 plays a positive role in
activation of these cells that is related to adhesion. Importantly, neutrophil adhesion is
upregulated by PSGL-1 ligation in the absence of chemokines [42], and thus may signal
through similar pathways in monocytes/macrophages.

PSGL-1 has now been shown to have novel functions in microbial infections. PSGL-1
contributes to control of Streptoccus pneumoniae by promoting phagocytosis by neutrophils
through binding of the capsular polysaccharide and cell wall autolysin, LytA [43]. In
contrast, Enterovirus 71 has been found to utilize the selectin-binding domain of PSGL-1 as
a primary receptor to infect leukocytes, which supports viral replication [44]. These
examples demonstrate that PSGL-1 can be directly targeted by bacteria and viruses to
promote or inhibit leukocyte responses.

Signaling by PSGL-1

In addition to regulating migration of leukocytes and T cells into sites of inflammation,
PSGL-1 functions as a cell signaling transmembrane receptor. Much of what is known about
signaling mechanisms that can be engaged by PSGL-1 comes from studies of neutrophils. In
the absence of selectin binding, PSGL-1 localizes along with integrins in lipid rafts that are
distributed over the surface of circulating leukocytes [45]. Upon adhesion to the
endothelium, leukocytes adopt a polarized shape in response to chemokine gradients
regulated by Rho GTPases [46]. PSGL-1 and other adhesion receptors such as CD44 move
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to the uropod through cytoskeletal rearrangement that depends on interactions with the ERM
(Ezrin, Radixin, Moesin) proteins ezrin and moesin [47]. In neutrophils, signaling is
concentrated in the uropod [48]. Since the selectin binding motifs and the intracellular
domains of PSGL-1 are conserved in myeloid cells and lymphocytes, and PSGL-1 localizes
in the uropod of T cells, it is likely that the functions of PSGL-1 induced by selectin binding
during migration are shared.

Although the cytoplasmic domain has no identifiable signaling domains, ezrin and moesin
[48-50], which anchor PSGL-1 to the actin cytoskeleton, act as adaptors that facilitate
intracellular signaling. Src family kinases are activated by selectin binding by PSGL-1 [42,
51], which may then lead to phosphorylation of an immunoreceptor tyrosine-based
activating motif (ITAM)-like domain in moesin similar to what has been described
downstream of the B cell receptor [52]. Tyrosine residues present in the ITAM-like sequence
of Moesin and Ezrin were necessary for PSGL-1 interaction with and activation of the
tyrosine kinase Syk [53]. Signaling through PSGL-1 has also been shown to promote Syk-
dependent [54] and Src-dependent [51] rolling of neutrophils on endothelium and activates
B2-integrin mediated attachment to ICAM-1 [55], which is also regulated by Src kinases
[42]. Src-dependent B1-integrin binding to ICAM has also been described downstream of
PSGL-1 involving the P85 subunit of PI3-kinase in a complex with Rho-GDI2 [56].
Additional ITAM-containing adaptor proteins that regulate Src-dependent Syk-activation in
response to PSGL-1 ligation on neutrophils via E-selectin include DAP12 and FcRy [51],
although the nature of their interaction with PSGL-1 remains unclear.

Signaling activated by antibody ligation of PSGL-1 on neutrophils induces the
phosphorylation of multiple proteins including extracellular-signal related kinase (ERK)1
and ERK2 [57], demonstrating that PSGL-1 has the potential to regulate essential cellular
functions. In support of this concept, activation of MTOR was also described as downstream
of PSGL-1 signaling in macrophages and induced the expression of the Rho-associated
kinase-1 (ROCK-1), which suggests potential signaling through the phosphoinositide 3
kinase (PI3K) pathway [39]. Similarly on Jurkat T cells, ligation of PSGL-1 by antibody has
been shown to induce B1 integrin clustering that is dependent on PI3K activation [58].
Ligation of PSGL-1 also induces cytokine secretion by macrophages, DCs, and T cells
suggesting a positive role in immune regulation [38, 57, 59-61].

Although both signaling through Syk and cytokine production have been demonstrated for T
cells, the main Syk family kinase in T cells is Zap70 [59, 62, 63]. It is not known whether
Zap70 interacts with the ITAM-like sequence in ERM proteins and lead to signal
transduction in T cells downstream of PSGL-1. For T cell receptor (TCR) signaling, ezrin is
needed for proper Zap70 recruitment to the immune synapse, although after initial
recruitment into the synapse, ezrin and moesin move to the uropod of the cell [64-66].
PSGL-1 also becomes excluded from the immune synapse on T cells, and then localizes to
the uropod, suggesting that PSGL-1 would not influence TCR signaling. However, we found
reduced TCR signaling via the downstream ERK and AKT pathways when PSGL-1 was
cross-linked with antibody at the time of TCR stimulation [67] (Figure 3, Key Figure).
While it is possible that crosslinking PSGL-1 prevents optimal formation of the synapse,
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additional studies on the localization of PSGL-1 in T cells are needed to resolve the
intracellular binding-partners and mechanisms of signaling.

Since PSGL-1 removal from the synapse has been shown to be dependent on moesin and
loss of both ezrin and moesin lead to reduced T cell activation, including reduced calcium
flux, nuclear factor of activated T cells (NFAT) activation and IL-2 production, one can
speculate that PSGL-1 may control the relative amount of Zap70 that is available to signal
through the TCR by recruiting ERM proteins away from the immune synapse [64, 65]. In
the absence of PSGL-1, greater availability of Zap70 could lead to enhanced TCR signaling.
However, although Syk is present in T cells and Syk and Zap-70 are homologues, they can
have different functions. For example, T cells from Lupus patients show enhanced Syk
signaling in response to TCR engagement, in lieu of Zap70 [68]. Thus, Selplg™'~ T cells may
allow additional Syk to preferentially become engaged upon TCR signaling, where under
normal circumstances, Syk is kept out of the synapse by PSGL-1. It would be interesting to
determine if there are differences in PSGL-1 expression or function in T cells from Lupus
patients. Nevertheless, further studies will be needed to determine whether Zap70 and/or
Syk can be regulated by PSGL-1 downstream of the T cell receptor.

Functions of PSGL-1in T cells

Naive T Cells

PSGL-1 is expressed at high levels on all T cells. However, naive T cells and resting effector
and central memory T cells express PSGL-1 lacking the terminal glycosylation required for
selectin binding [13]. Studies of Se/p/g™'~ mice found that P-selectin and functional PSGL-1
were involved in the migration of early T lymphocyte progenitors to the thymus but no
differences in the frequencies and cellularity of single positive or double positive T cell
subsets were observed [16]. PSGL-1 is required for mature T cell egress from the thymus
and downregulation of selectin binding capacity occurs prior to their exit [69]. In the
periphery of Selplg™'~ mice, overall T cell cellularity in lymphoid organs was normal;
however, naive CD4* and CD8" T cells were significantly reduced in the blood [70].
Selplg™'~ naive CD8" T cells had delayed entry and egress from lymph nodes, although this
effect was not reported for Sefp/lg~'~ naive CD4* T cells (Figure 4A). Even though naive T
cells were retained in lymph nodes, cellularity in Se/p/lg™’~ lymph nodes was not increased
indicating that perhaps Se/p/g™'~ naive T cells have differences in turnover and/or survival.
Indeed, Selplg™'~ CD8" T cells were shown to be hyper-responsive to high concentrations of
the homeostatic cytokines IL-2, IL-4, and IL-15 /n vitro but this was not observed for
Selplg™~ CD4* T cells [70]. Selplg™~ CD8* T cells also displayed greater turnover at
steady state, suggesting that they could increase in number over time; however this increase
was not observed in aged Selp/g™'~ mice [67]. Thus, it is conceivable that naive Sejplg™'
CD8™* T cells are more susceptible to apoptosis /7 vivo.

The possibility that ligands other than selectins regulate functions of PSGL-1 on T cells was
revealed by the finding that the skin homing chemokine, CCL27 [71], and the lymphoid
tissue chemokines, CCL19 and CCL21 [72] bind to PSGL-1. CCL27 binds to the N-
terminus of human PSGL-1 and this binding is dependent upon sulfation, but not the
terminal glycosylation required for selectin binding. Although CCL27 binds to recombinant
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or cell surface PSGL-1 and can regulate chemotaxis of a pre-B cell line transfected with the
CCL27 ligand, CCR10, it is not known whether this interaction has functional significance
in vivo [71]. An unexpected role for PSGL-1 in selectin-independent T cell migration to
lymph nodes was discovered in short-term homing studies that identified a reduced capacity
for localization of Se/plg™'~ compared to Selplg*'* resting T cells [72].

A function in regulation of chemotaxis to CCL19 and CCL21 was defined /n vitro, and
could be blocked by the anti-PSGL-1 antibody 4RA10 [30], which also inhibits binding of
P-selectin by PSGL-1 on leukocytes [73]. Moreover, T cell chemotaxis in response to
CCL21 was facilitated by the absence of the N-glucosaminyltransferase C2GIcNAct-I,
which is necessary for selectin binding by PSGL-1, suggesting independence of terminal
glycosylation. The chemokine binding motif of human PSGL-1 was identified in a study that
investigated binding of CCL19 to the N-terminus of either CCR7 or PSGL-1, which
confirmed overlapping binding sites [74]. CCL19/CCL21 binding by PSGL-1 on naive T
cells [72] could regulate migration via high endothelial venules, although the extent to which
this occurs physiologically is not known. In addition, it remains to be determined whether
this is a mechanism by which T cells can present these chemokines to other T cells for
engagement by either CCR7 or PSGL-1, or whether binding can transduce signals that
directly regulate T cell function. Since CCL19 and CCL21 are primarily secreted by
fibroblastic reticular cells in the T cell areas of lymphoid organs [75], their binding to
PSGL-1 may function in the spatial positioning of T cells as well as their directional motility
in lymphoid tissues. Furthermore, PSGL-1 and CCR7 co-receptor signals may cooperate to
regulate naive T cell homeostasis.

Effector T Cells

Acquisition of the form of PSGL-1 that supports engagement of P-selectin and E-selectin on
activated endothelium facilitates effector T cell entry into inflammatory sites [11]. The
importance of this interaction in guiding effector T cells was demonstrated using PSGL-1
blocking antibodies which reduced Th1 recruitment in a delayed-type hypersensitivity model
[76], and CD8* T cell recruitment in brain vessels of patients with multiple sclerosis [77].
Even though all T cells express PSGL-1, not all effectors acquire the selectin-binding form.
For example, Th1l and Th2 cells upregulate and express similar levels of PSGL-1 /n vitro,
but only Th1 cells can engage P-selectin [76]. Selplg™'~ Th1 cells failed to infiltrate the
colon in a DSS colitis model whereas Sefp/g™~ Th17 cells effectively migrated without
PSGL-1 expression, indicating that T cell subsets can utilize posttranslational modifications
on PSGL-1 to further fine tune effector T cell homing [78]. Furthermore, in sites of
inflammation, the majority of CD4* cells can exhibit selectin-binding capacity [79, 80].
Thus, terminal glycosylation of PSGL-1 on T cells may delineate more terminally
differentiated effectors that are driven to migrate to sites of inflammation where they
promote resolution of infections. However, it is clear that selectin binding on T cells can be
dynamically regulated. For example, in a model of contact sensitivity, Tregs were also found
to engage P-selectin on inflamed endothelium via PSGL-1 but this capacity was lost upon
subsequent challenge [81]. Although CD4* and CD8™ T cell effectors acquire selectin
binding capacity permitting PSGL-1 engagement and recruitment to inflammatory sites [82],
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they can then lose glycosylation enzymatic activity as a response resolves, suggesting that
inflammatory processes can control selectin-binding by PSGL-1 on T cells (Figure 4B).

Although contributions of PSGL-1 to effector T cell recruitment facilitate adaptive
responses, negative regulatory functions have been demonstrated in studies of Se/plg™'~
mice. Selplg™'~ T cells were shown to have increased proliferation and re-expression of the
full-length or intracellular domain of PSGL-1 suppressed proliferation but not when
Selplg™~ T cells only re-expressed the extracellular/transmembrane PSGL-1 domain [83].
This finding highlights the requirement for signaling via the cytoplasmic tail of PSGL-1 for
its function in regulating T cell proliferation. Adoptive transfer of naive T cells into Rag/~
mice showed that Se/p/g™'~ T cells were more potent in promoting colitis [83]. Selplg™~
mice also developed more severe experimental autoimmune encephalomyelitis (EAE) [84],
which suggest that PSGL-1 not only regulates T cell proliferation but also their activation.
PSGL-1 expression in Tregs can also regulate effector T cell activity. Although normal
frequencies of CD25*FoxP3* regulatory T cells with comparable surface phenotypes were
found in naive Selplg™'~ mice, Selplg™'~ Tregs failed to modulate MOG peptide-specific T
cell motility, T cell-DC contact, and T cell clustering in EAE [84]. In rheumatoid arthritis
and systemic lupus erythematosus patients, engaging PSGL-1 on monocyte derived DCs
resulted in Treg generation [85]. These findings indicate that PSGL-1 expression on Tregs
supports their suppressive capacity to inhibit effector T cells. Interestingly, one report
showed that Se/plg™~ mice had increased numbers of T cell effectors producing IFN-y,
IL-4, and IL-17 in skin, corresponding to Thl, Th2, and Th17 populations, but no
differences in Tregs [86]. This spontaneous autoimmune phenotype was not reported in
other studies [23, 67, 70] indicating that potential microbiota and/or strain differences may
modulate effector responses in Selp/g~~ animals.

In contrast to other effector T cells, follicular T helper (Tfh) cells that regulate B cells
downregulate PSGL-1 during their differentiation and responses in the follicles [87]. B cells
express very low levels of PSGL-1, and do not upregulate expression or selectin binding in
response to activation [72, 88]. In contrast, long-lived plasma cells upregulate PSGL-1
expression that preferentially binds E-selectin but not P-selectin [89]. PSGL-1 can be
downregulated by the Bcl6 and Ascl2 transcription factors that instruct a Tfh program in
CD4* T cells [87, 90]. Tfh cells are characterized by upregulation of PD-1 and CXCRS5, and
the downregulation of PSGL-1 is thought to facilitate Tth entry into B cell follicles to
support the development of antibody responses [87, 91-93], although the underlying
mechanisms are unknown.

Exhausted T Cells

T cell exhaustion occurs in the settings of chronic viral infections and cancers. Antigen-
specific T cells that differentiate in hosts where antigen is not eliminated leads to tonic TCR
stimulation that sustains expression of inhibitory receptors including PD-1, CTLA-4,

LAG-3, 2B4, and several others [94]. Exhausted T cells progressively lose effector function
that facilitates antigen persistence [95]. The role of adhesion molecules in the establishment
of T cell exhaustion has not been thoroughly investigated. During persistent viral infections
in humans and mice, the prolonged systemic inflammation may shape T cell exhaustion fates
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by engaging PSGL-1 and other adhesion molecules that are highly expressed on antigen-
specific CD4* and CD8* T cells. We found that virus-specific CD8" T cells upregulated
PSGL-1 in infected tissues after chronic LCMV CI13 infection and that the majority of
CD8™ T cells expressed PSGL-1 that was not terminally glycosylated, leaving the molecule
available to engage other ligands independently of selectin binding. The negative regulatory
function of PSGL-1 was revealed in Se/o/g™/~ mice only after infection with LCMV CI13
[67]. These mice had an accumulation of virus-specific CD4* and CD8" T cells in lymphoid
and non-lymphoid tissues due to enhanced survival. In addition, virus-specific T cells from
Selplg™'~ infected mice had reduced expression of PD-1 and other inhibitory receptors and
retained effector function that resulted in virus control. Greater than 50% mortality was
observed in Selplg'~ infected mice, highlighting the regulatory function of PSGL-1 in viral
clearance and viral-induced immunopathology. Additionally, PSGL-1-deficiency was
associated with improved anti-tumor T cell responses and recruitment in melanoma tumors
from Pterr’~ Cakn2a™'~ Braf/E800E+ Yumm1.5 cells [96]. No differences in Tregs were
observed after CI13 infection or injection of YummZ1.5 melanoma cells. Furthermore,
activated Se/plg”~ CD8* OT-1 T cells were more effective at delaying B16-OVA melanoma
growth. This is in contrast to reports where B16 tumors were shown to grow more
effectively in Selplg™'~ mice, with a key difference being that one study transferred activated
effector T cells to tumor bearing WT mice while the other study examined B16 growth in
Selplg™’~ hosts [97].

Mechanistically, we found that engaging PSGL-1 with anti-PSGL-1 antibody (clone 4RA10)
paired with TCR stimulation resulted in ERK and AKT early dephosphorylation, indicating
that PSGL-1 signaling can extinguish TCR signaling events [67]. These findings are
consistent with inhibitory receptors like PD-1 mediating T cell exhaustion through
dampening TCR signals [98, 99], however how PSGL-1 signaling contributes to this is
unknown (Figure 4C). Furthermore, antibody-mediated PSGL-1 ligation on exhausted WT
CDS8™ T cells together with TCR stimulation ex vivo or in vivo, upregulated PD-1, LAG3
and TIM-3 levels, consistent with a role in promoting T cell dysfunction (Figure 3). No
differences were observed after selectin blockade, supporting the notion that other ligands
can engage PSGL-1 to mediate T cell exhaustion [67]. Transcription programs can alter the
state of T cell exhaustion. The levels of Eomes and T-bet for example, can alter the extent of
terminal differentiation in T cells during chronic viral infection [100, 101]. T-bet can repress
PD-1 expression [102] whereas the transcription factor NFAT can directly regulate inhibitory
receptor expression [103]. Here we found that PSGL-1 expression impacted T cell
differentiation as Se/plg™/~ CD8* T cells had a transcription program that favored effector
differentiation and not exhaustion.

Memory T Cells

PSGL-1 can regulate the migration of resting and activated memory T cells. Like naive T
cells, resting central memory CD4* and CD8" T cells were shown to engage CCL19 and
CCL21 via PSGL-1 leading to an increased chemotactic response [72]. Furthermore,
PSGL-1 can also facilitate rolling of a subset of central memory T cells in bone marrow
microvessels [104], implying glycosylation-dependent recruitment. In human lungs, the non-
selectin binding form of PSGL-1 was highly expressed on resident memory T cells poised to
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confer protective responses [105]. Furthermore, PSGL-1 can be modified via a carbohydrate
epitope through fucosyltransferase VI activity into the cutaneous lymphocyte-associated
antigen (CLA) that regulates tissue-specific homing of memory T cells [106]. Resident T
cells in the lung and skin express high levels of PSGL-1, but only those in the skin are CLA*
[105-108]. In contrast, effector memory cells can engage P-selectin to migrate into lymph
nodes undergoing a response [26]. In secondary responses, PSGL-1 on memory CD8* T
cells becomes functionally glycosylated to engage selectins and is required for their early
recruitment to inflamed tissues [109]. Increased numbers of virus-specific CD8" T cells
were generated in Selp/g™/~ mice after acute LCMV Armstrong infection [70], indicating
that PSGL-1 can limit memory T cell generation in this model (Figure 4D). While PSGL-1
remains highly expressed on memory T cells, few cells maintain the capacity for selectin
binding, supporting the concept that this function is primarily important for the recruitment
of effector T cells [110] and requires inflammatory processes for maintenance. More studies
are necessary to determine whether PSGL-1 expression and signaling impact secondary T
cell responses and how these signals shape their differentiation and function in lymphoid and
non-lymphoid tissues.

Concluding Remarks

Collectively, studies demonstrate that PSGL-1 is a dynamically regulated molecule on T
cells and myeloid cells that can engage ligands that shape their responses during
homeostasis and in disease settings. While it is clear that PSGL-1-dependent migration into
tissues engages multiple signaling pathways that are fundamental to cell survival and
function, it has only recently become evident that PSGL-1 can also modulate T cell receptor
signals as an immune checkpoint regulator. In view of this role, identification of PSGL-1
signaling pathways in T cells could lead to new therapeutic targets that augment immune
function, such as in cancer and chronic viral infections, or dampen immune function, such as
in autoimmunity (‘see Outstanding Questions’).

Outstanding Questions Box

. What are the interacting partners that bind the intracellular and extracellular
domains of PSGL-1 in responding T cells? What are the effects of ligands
such as chemokines (CCL19, 21, 27), selectins on endothelial cells, L-selectin
on myeloid cells, and others?

. By what mechanisms does PSGL-1 signaling modulate inhibitory receptor
expression and ligand engagement in T cells?

. How does PSGL-1 crosslinking impact proximal T cell receptor signaling
pathways and downstream targets to modulate survival and function?

. How is PSGL-1 localized in the immunological synapse during priming and
antigen recognition /n vivo and does this impact T cell differentiation and
function?

. What signaling mechanisms regulate transcription programs that modulate

PSGL-1 downregulation in CD4* T cells?
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. How is PSGL-1 expressed and which post-translational modifications are
present in human exhausted T cells?

. Can PSGL-1 blockade with a neutralizing or antagonizing antibody reverse T
cell exhaustion? Can it synergize with existing checkpoint blockade
approaches in mouse and humans?

PSGL-1 is only one of the many adhesion molecules that decorate the surface of immune
cells and instruct them to home to tissues where they can exert their effector functions. T
cells depend on adhesion molecule expression to traffic through secondary lymphoid and
non-lymphoid tissues during steady state and inflammatory conditions. During T cell
migration, PSGL-1 can engage various known and unknown ligands that can modulate their
differentiation state within tissue microenvironments. PSGL-1 expression, glycosylation,
sialylation, fucosylation, and sulfation add to the complexity by which PSGL-1 can engage
various ligands. It is well documented that tissue microenvironments throughout the body
change with respect to nutrient and oxygen availability, antigen load, inhibitory ligand
expression, cytokine and chemokine concentrations, and the cell types they encounter. T
cells must adapt to these changing environments and PSGL-1 serves as a checkpoint that can
be engaged to deliver regulatory signals as they migrate through these diverse sites. It is
therefore important to consider that in addition to their migratory properties, adhesion
molecules like PSGL-1, can be engaged to fine-tune immune cells at every stage of the
immune response.
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. PSGL-1 is an adhesion molecule expressed by T cells and many other

. Naive, effector, and memory T cell migration can be regulated by PSGL-1.

. PSGL-1-deficiency results in enhanced proliferation of naive T cells to

. PSGL-1 downregulation is important for Tfh migration in germinal centers.

. In chronic viral infection and melanoma tumor models, PSGL-1 promotes T

. Ligating PSGL-1 during antigen stimulation decreases TCR signals, cell

Trends Box

hematopoietic cells. PSGL-1 binds to members of the selectin family, but this
binding depends on post-translational modifications that are cell-type and
context dependent.

homeostatic cytokines, and increased effector cytokine production by
activated T cells.

cell exhaustion.

survival and function and increases inhibitory receptor expression.
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PSGL-1 is expressed as a disulfide-linked homodimer on the surface of cells. The protein
contains extracellular, transmembrane, and cytoplasmic domains. The extracellular domain
contains branching sites that permit O- and N-linked glycosylation and terminal sites where

further postranslational modifications fine-tune counter-receptor binding availability.

Myeloid cells constitutively express the enzymes that induce selectin binding whereas T
cells induce these enzymes during T cell activation. Abbreviations: P-selectin glycoprotein

ligand-1, PSGL-1; sialyl Lewis x, sLeX; N-Acetylgalactosamine, GaINAc; N-

acetylglucosamine, GIcNAc.
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Figure 2. T cells utilize receptor-ligand binding interactions to enter sites of inflammation
(A) Effector T cells circulating in blood at high velocities can attach to activated

endothelium through PSGL-1 (on T cell) and P- or E-selectin (on endothelium) binding to
initiate rolling and the extravasation cascade. (B) VLA-4 binding to VCAM support T cell
rolling and firm adhesion. (C) T cells squeeze through endothelium via transmigration and
(D) exit the blood and enter inflammatory sites where they can engage other molecules that
can bind PSGL-1. Abbreviations: PSGL-1, P-selectin glycoprotein ligand-1; VCAM,
vascular cell adhesion molecule; P-selectin, platelet selectin; E-selectin, endothelial selectin;
VLA-4, a4B1 integrin, also known as very late antigen-4.
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Key Figure 3. PSGL-1 is an inhibitory checkpoint that facilitates T cell exhaustion
T cells stimulated by tumor or viral antigens while engaging PSGL-1 leads to dampened

TCR signaling through ERK and AKT dephosphorylation. Dysfunctional T cells display
loss of cytokine production, reduced survival, and upregulation of inhibitory receptors that
promote their exhaustion. Abbreviations: PSGL-1, P-selectin glycoprotein ligand-1; TCR, T
cell receptor; APC, antigen presenting cell; ERK, extracellular signal regulated kinase; AKT,
also known as protein kinase B; IFN-vy, interferon gamma; IL-2, interleukin-2; TNF-a.,
tumor necrosis factor-a.; PD-1, programmed death-1; BTLA, B and T lymphocyte
attenuator; LAG3, lymphocyte-activation gene-3; TIM3, T-cell immunoglobulin and mucin-
domain containing-3.
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Figure 4. T cell subsets are regulated by PSGL-1
(A) Naive T cells cells can utilize PSGL-1 to enter and exit lymph nodes. In lymph nodes,

PSGL-1 on naive T cells binds the chemokines CCL-19 and -21 produced by stroma cells
that can support their migration and survival. (B) Naive T cells transition to effector T cells
where PSGL-1 acts to restrain effector proliferation and differentiation limiting the
magnitude of their response. (C) Antigen persistence leads to PSGL-1 signaling that reduces
T cell survival, increases inhibitory receptor expression, and dampens TCR signals and
cytokine production to promote T cell exhaustion. (D) After antigen is cleared, PSGL-1
restrains memory T cell formation and facilitates memory T cell homing to lymphoid and
non-lymphoid tissues. Abbreviations: P-selectin glycoprotein ligand-1, PSGL-1; CCL19,
chemokine ligand 19; CCL21, chemokine ligand 21; E-selectin, endothelial selectin; P-
selectin, platelet selectin; L-selectin, leukocyte selectin; TCR, T cell receptor; CTL,
cytotoxic T lymphocyte.
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