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SUMMARY

CD8 T cells are essential for adaptive immunity against viral infections. Protease
activated receptor 1 (PAR1) is expressed by CD8 T cells; however, its role in T cell
effector function is not well defined. Here we show that in human CD8 T cells,
PAR1 stimulation accelerates calcium mobilization. Furthermore, PAR1 is
involved in cytotoxic T cell function by facilitating granule trafficking via actin
polymerization and repositioning of the microtubule organizing center (MTOC)
toward the immunological synapse. In vivo, PAR1~/~ mice have reduced cyto-
kine-producing T cells in response to a lymphocytic choriomeningitis virus
(LCMV) infection and fail to efficiently control the virus. Specific deletion of
PAR1 in LCMV GP33-specific CD8 T cells results in reduced expansion and dimin-
ished effector function. These data demonstrate that PAR1 plays a role in T cell
activation and function, and this pathway could represent a new therapeutic
strategy to modulate CD8 T cell effector function.

INTRODUCTION

CD8 T cells are the main players in cell-mediated immunity against viral infections (Kaech and Cui, 2012;
Zhang and Bevan, 2011). During acute viral infections, CD8 T cells undergo extensive proliferation and
differentiate into effector cells that have the ability to traffic to peripheral tissues and exert effector func-
tions including cytotoxicity and cytokine secretion (Intlekofer et al., 2005; Kaech and Wherry, 2007; Lazar-
evic and Glimcher, 2011, Pearce et al., 2003). Because of these important properties, CD8 T cells have
become one of the major targets of immune intervention in the setting of viral infections and cancer (Wald-
man et al., 2020).

CD8 T cells mediate cytotoxic function via two distinct mechanisms: the granule exocytosis and the FAS-
FASL pathways. Although the FAS-FASL pathway is a ligand receptor interaction that leads to a signaling
cascade driving apoptosis of target cells, the granule exocytosis pathway involves the delivery of pre-
formed cytotoxic molecules including perforin and Granzymes A, B, K, and others (Catalfamo and Henkart,
2003; de Saint Basile et al., 2010; Henkart, 1994; Henkart and Catalfamo, 2004; Ju et al., 1994; Lowin et al.,
1994; Simon et al., 2000; Smyth et al., 2001). These preformed mediators are stored in lysosome-like com-
partments or secretory lysosomes and are delivered by the regulated secretion pathway at the immunolog-
ical synapse (IS) formed by the CD8 T cell and the target cell (Catalfamo and Henkart, 2003; Dieckmann
et al., 2016; de la Roche et al., 2013; Stinchcombe and Griffiths, 2007; Stinchcombe et al., 2006; Smyth
et al., 2001; Wurzer et al., 2019).

T cell receptor (TCR) recognition of antigenic peptides presented by major histocompatibility complex
(MHC) class | molecules leads to the activation of proximal components of the signaling cascade including
the linker for activation of T cells (LAT), Lck and ZAP70, all clustering at the center of the IS and forms a
domain called the central supramolecular activation cluster (c<SMAC) (Grakoui et al., 1999; Monks et al.,
1998; Varma et al., 2006; Yokosuka et al., 2005). The ¢cSMAC is surrounded by a peripheral SMAC (pSMAC)
formed by receptor-ligand interactions of adhesion molecules LFAT-ICAM1 and the cytoskeletal protein
talin. Next to the pPSMAC, F-actin accumulates in the distal SMAC (dSMAC) zone, giving the appearance
of a "bull’'s-eye” conformation. The delivery of cytotoxic granule contents occurs in a polarized fashion
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2001; Stinchcombe et al., 2001). The movement and polarized secretion of the cytotoxic granules is facil-
itated by the repositioning of the microtubule organizing center (MTOC) at the IS (Billadeau et al., 2007;
Geiger et al., 1982; Stinchcombe et al., 2001). Ultimately, the secretion of cytolytic molecules inside the in-
fected cell through the synapse cleft induces target cell death (Dustin and Long, 2010; Jenkins and Griffiths,
2010; Stinchcombe and Griffiths, 2007).

We and others have shown that human CD8 T cells express the protease-activated receptor 1 (PAR1,
thrombin receptor). PAR1 is a member of the G-protein-coupled protease-activated receptor family.
Four members of this family have been identified, PAR1, PAR2 PAR3, and PAR4. In humans, PAR1, PAR3,
and PAR4 are activated by thrombin, the main serine protease of the coagulation cascade, whereas in
mice PAR3 and PAR4 are the main receptors for thrombin. In addition, PAR2 is activated by trypsin, tryp-
tase, and other coagulation factors (Coughlin, 2000; Ishihara et al., 1998; Kahn et al., 1998; Sambrano
et al., 2001; Xu et al., 1998). PAR1 is also expressed by a variety of cells including cells from the innate
and adaptive immune systems, linking the immune activation, inflammation, and coagulation pathways
(Antoniak et al., 2013, 2017; Bar-Shavit et al., 2002; Chen and Dorling, 2009; Cunningham et al., 2000; Hurley
et al., 2013; Khoufache et al., 2013; Le et al., 2018; Lopez et al., 2014; Mari et al., 1994; Mudd et al., 2016;
Niessen et al., 2008; Radulovic et al., 2016; Rohani et al., 2010; Scholz et al., 2004; Shpacovitch et al.,
2007; Sutherland et al., 2007; Steinhoff et al., 2005). However, its role in T lymphocytes is not well defined.
In T cells, thrombin activation of PART induces tyrosine phosphorylation of proximal components of the
TCR signaling (Bar-Shavit et al., 2002; Mari et al., 1994). In CD8 T cells, PAR1 activation enhanced TCR-
dependent cytokine secretion and T cell movement (Hurley et al., 2013; Mudd et al., 2016).

In contrast to other G-coupled protein receptors, which are activated by receptor-ligand interactions, PAR1
is activated through proteolytic cleavage of its extracellular N-terminal domain, generating a tethered
ligand. Binding of this tethered ligand to the body of the receptor induces transmembrane signaling
through coupling to heterotrimeric G proteins (Arora et al., 2007; Coughlin, 2000; Heuberger and Schuep-
bach, 2019; McCoy et al., 2010; Vu et al., 1991; Woulfe, 2005).

PART has been shown to mainly couple to the G protein subfamilies such as Gg and G12/13 proteins.
The activation of Gqg protein downstream of PAR1 stimulates phospholipase CB-mediated phosphoino-
sitide hydrolysis, PKC activation, and calcium mobilization (Coughlin, 2001; Hung et al., 1992). On the
other hand, PAR1-induced activation of G12/13 protein leads to Rho kinase activation and phosphoryla-
tion of myosin light-chain kinase, promoting cytoskeleton reorganization (Coughlin, 2001; Klages et al.,
1999).

PAR1 has been identified as the main receptor for thrombin; however, other proteases that are not asso-
ciated with the coagulation cascade such as enzymes that are contained in the cytotoxic granules including
granzymes can also activate PART (Cooper et al.,, 2011; Coughlin, 2000; Lee et al., 2017; Sen et al., 2011,
Suidan et al., 1994; Wilson et al., 2009). Particularly, it has been shown that Granzyme A, B, and K can acti-
vate PAR1 in cells such as neurons and endothelial cells under inflammatory conditions (Cooper et al., 2011;
Heuberger and Schuepbach, 2019; Lee et al., 2017; Sharma et al., 2016; Suidan et al., 1994; Wang et al.,
2012). However, the cleavage site and the downstream signals of these activators are not well defined.

In the present study, we showed that PAR1 signaling is involved in CD8 T cell cytotoxicity mediated by the
granule exocytosis pathway. In addition, PAR1 deficiency in LCMV GP33-specific CD8 T cells resulted in
reduced expansion and diminished effector function. These data demonstrate that in vivo PAR1 plays an
important role in T cell activation, function, and recruitment of effector CD8 T cells in peripheral tissues.

RESULTS

PAR1 expression levels increase with CD8 T cell differentiation

We previously reported that CD8 T cells express PAR1, and its activation by thrombin in combination with
TCR stimulation led to increased secretion of IFNy (Hurley et al., 2013). However, whether PAR1 plays arole
in cytotoxic function is not defined. To address this question, we first examined the mRNA expression of
other members of the PAR family (PAR2, PAR3, and PAR4), and we found that PAR1 is the main family mem-
ber expressed in human and murine CD8 T cells (Figure S1A). Because of its potential role in CD8 T cell
function, we next study the relationship between the expression of PAR1 and the transcription factors asso-
ciated with CD8 T cell effector differentiation (T-bet, Eomes), molecules involved in cytotoxic function
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including perforin, Granzyme A (GZA), Granzyme B (GZB), and the chemokine receptor CXCR3, which is
important for the trafficking of CD8 T cells into peripheral tissues (Buggert et al., 2014; Hu et al., 2011; Hick-
man et al., 2015; Intlekofer et al., 2005; Kurachi et al., 2011; Lazarevic and Glimcher, 2011; Pearce et al., 2003;
Taqueti et al., 2006).

PAR1 expression was measured in resting CD8 T cells from the PBMCs of healthy volunteers (n = 10). PAR1
expression increases with CD8 T cell differentiation, with the lowest levels found on naive (CD45RA"CD27")
cells, and the highest in the memory (CD45RA™CD27") and terminal effector memory (CD45RA*CD277)
phenotypes (Figure 1A) (Hurley et al., 2013). As expected, similar expression pattern was observed for
the transcription factors T-bet and Eomes (Figure 1B) and the effector molecules GZA, GZB, and perforin
(Figure 1D) with exception of CXCR3 (Figure 1F) that was expressed by all subsets.

More importantly, PAR1 expression showed to be associated with the expression of T-bet and Eomes (Fig-
ure 1C), cytotoxic molecules (Figure 1E), but not CXCR3 (Figure 1G), in resting human CD8 T cells.

These results indicate that PAR1T expression is associated with effector differentiation and potentially plays
a role in effector function of CD8 T cells.

PAR1 signaling accelerates TCR-induced calcium mobilization in human CD8 T cells

We have previously shown that PAR1T activation increases IFNy secretion by CD8 T cells, suggesting that
PAR1 enhances TCR signaling (Hurley et al., 2013). In addition, previous studies showed that TCR can
engage the GTP-bound a subunit of the heterotrimeric class of G proteins belonging to the Gg family; how-
ever, the receptor that bridges these two pathways has not been identified (Bueno et al., 2006; Harnett and
Rigley, 1992; Ngai et al., 2008; Stanners et al., 1995).

We next investigated whether PAR1 activation influences TCR signaling. PAR1, when coupled to Gq, in-
volves activation of phospholipase C-beta (PLCB), promoting rapid calcium mobilization (Coughlin,
2000; Ramachandran et al., 2012; Soh et al., 2010). We first evaluated if PAR1 in human CD8 T cells signals
through Gq protein by measuring calcium mobilization by its main activator, the serine protease thrombin.
Thrombin at concentrations of 3-300 nM led to a rapid calcium mobilization that was efficiently blocked by
the PAR1 antagonist SCH79797 in activated human CD8 T cells (Figure S1B) (Ahn et al., 2000). In addition,
stimulation of PAR1 by thrombin was efficiently blocked by the PAR1 antagonists SCH79797 and
SCH530348 in activated human CD8 T cells (Figure S1C) (Ahn et al., 2000). Consistent with the mRNA
expression (Figure STA) only the PART agonist peptide induced a calcium response comparable with
that induced by the serine protease thrombin. PAR4 and PAR2 agonist peptides showed only a marginal
response similar to the peptide control (Figure S1D). These results suggest that human CD8 T cells mainly
express PART, and its activation signals through Gq protein.

We next evaluated the effect of PART activation in addition to TCR signaling. We found that activation of
PAR1 by thrombin accelerated the calcium mobilization triggered by TCR stimulation (Figure 2A).

PAR1 can be activated by other serine proteases including granzymes and other lysosomal enzymes that
are present in the cytotoxic granules (Cooper et al., 2011; Lee et al., 2017; Suidan et al., 1994; Wilson
et al., 2009). We investigated whether PAR1 blockade attenuates calcium mobilization induced by TCR
stimulation (Figure 2B). The PAR1 antagonists SCH79797 and SCH530348 were used at concentrations
that efficiently blocked thrombin stimulation in activated CD8 T cells (Figure S1C). We found that PAR1
blockade with the antagonist SCH530348 significantly reduced TCR signaling. In contrast, this effect was
not observed with the antagonist SCH79797, suggesting that this antagonist in T cells may have a distinct
mode of action (Figure 2B). In addition, the PLC inhibitor U73122 efficiently blocked TCR-induced calcium
mobilization, in contrast to the U73343, a close analogue that was used as control (Figure 2B) (Gaud et al.,
2018).

Consistent with PAR1 activation, TCR stimulation of CD8 T cells led to a significant reduction of the fluo-
rescence intensity of PAR1 surface staining relative to unstimulated cells (Figure 2D, left panel). In addition,
the loss of PART surface staining was associated with the strength of the signal, and 10 pg/mL induced
higher loss of PAR1 surface staining than 1 pg/mL of anti-CD3mAb (Figures 2C and 2D, right panel). The
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Figure 1. PAR1 expression is associated with CD8 T cell differentiation and cytotoxic potential

PBMC from healthy donors (n = 10) were analyzed for expression of PAR1, T-bet, Eomes, GZA, GZB, perforin, and CXCR3
in CD8 T cells. CD8 T cell subsets were defined as naive (N, CD45RA*CD27"), memory (M, CD45RA~CD27"), memory/
effector (M/E, CD45-CD27), and terminal effector memory (TEM, CD45RA"CD27"). Full minus one (FMO) was used as

control. Antibodies used were listed in Table 1. (A) Gating strategy and expression of PART in human CD8 T cell subsets.
B) Expression of transcription factors T-bet or Eomes in CD8 T cell subsets.

C) Relationship between expression of PAR1 and T-bet or Eomes.

D) Expression of cytolytic molecules GZA, GZB, and perforin in CD8 T cell subsets.

E) Relationship between expression of PAR1 and GZA, GZB, and perforin.

F) Expression of CXCR3.

G) Relationship between PAR1 and CXCR3 expression. The box and whisker plot showed median value with interquartile
range. Statistical analysis was performed using nonparametric paired Wilcoxon test. p value <0.05 was considered

(
(
(
(
(
(
significant. Nonparametric Spearman analysis was performed to determine the correlation between markers expressions.
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Figure 2. PAR1 signaling cross-talks with TCR-induced calcium mobilization in activated human CD8 T cells
Human CD8 T cells isolated from healthy volunteers were activated with anti-CD3 and anti-CD28 mAbs and expanded in
the presence of IL-2 for 11-18 days. Calcium mobilization was measured using FLIPR assay for up to 200 s. (A) Kinetics of
TCR-induced calcium flux in response to 0.5 pg/mL and 1 pg/mL CD3 mAbs in the presence or absence of 3nM thrombin.
Representative experiment of (n = 3).

(B) (Left panel) Representative experiment of TCR-induced calcium mobilization in activated human CD8 T cells in
response to 1 pg/mL anti-CD3 mAb in the presence or absence of PAR1 inhibitors SCH79797 (2.5 uM) and SCH530348
(5 uM), PLC inhibitor 1 uM U73122, or 1 pM analog control U73343. The graph (right panel) represents the experiments of
TCR-induced calcium mobilization with activated CD8 T cells from healthy donors tested (n = 12). Box and whisker plot
represent median value with interquartile range. The total area under the curve (AUC) was calculated using GraphPad
prism. Comparisons between culture conditions was performed using nonparametric paired Wilcoxon test. p value <0.05
was considered significant.

(C) PAR1 surface expression upon TCR stimulation. Activated CD8 T cells from healthy donors (n = 8) were stimulated in
media and plate bound anti-CD3 mAb at concentration 10 pg/mL for 30, 120, and 240 min, and PAR1 and CD107a surface
expression was evaluated by flow cytometry. Representative contour plots of surface expression of PAR1 and CD107a.
(D) Loss PAR1 surface staining over time of stimulation with 10 pg/mL anti-CD3 mAb during 30, 120, and 240 min (left
panel) and stimulation with 1 pg/mL and 10 pg/mL anti-CD3 mAb for 240 min (right panel). The graph represents PAR1
surface staining as the frequency of Mean Fluorescence Intensity (MFI) of the stimulated condition relative to the
expression PAR1T (MFI) in the unstimulated condition.

(E) Surface expression of CD107a (MFI) during stimulation with 10 pg/mL anti-CD3 mAb.

(F) Granzyme A was measured in the supernatants of the stimulated cells. Comparisons between culture conditions was
performed using nonparametric paired Wilcoxon test. p value <0.05 was considered significant.
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Figure 3. PAR1 blockade in human CD8 T cells inhibits degranulation and cytotoxicity function by reducing MTOC
positioning at the IS

Human CD8 T cells from healthy donors (n = 9) were activated with CD3/CD28 for 3 days and followed by expansion for an
additional 11-18 days in the presence of rhiL-2. Redirected killing assay was performed using biotinylated L1210 (FAS™)
targets. Target cells were labeled with CTFR. Both effectors and targets were labeled with NFL1 to exclude the dead cells
in the flow cytometry analysis. Activated CD8 T cells were preincubated with media or 2.5 uM and 5 uM of the PAR1
inhibitor SCH79797 before mixing with the target cells at 27:1 (E:T ratio) in the presence or absence of 10 pg/mL anti-CD3
and GZB substrate. After 1-h incubation cells were harvested and stained for CD8 and CD107a. (A) Gating strategy to
analyze target cells (CTFR") and effector CD8 T cells.

(B) Targets were analyzed for GZB activity (CTFR"Substrate™).

(C) Effector CD8 T cells were analyzed for surface expression of lysosomal-associated membrane protein (LAMP-1,
CD107a).

(D) Quatitative plot of the effect of PAR1 inhibition by SCH79797 on the granzyme activity (CTFR*Substrate™) in the
targets.

(E) Quantitative plot of the effect of PAR1 inhibition by SCH79797 on CD8 T cell degranulation as indicated by surface
CD107a expression. Data are represented with box and whisker plot of median value with interquartile range. Statistical
analysis was performed using nonparametric Mann-Whitney test for comparison between groups and nonparametric
paired Wilcoxon test for comparisons between conditions. p value <0.05 was considered significant.

(F) Conjugates were prepared using biotinylated L1210 and activated CD8 T cells in the presence of 10 pg/mL biotin-CD3.
F-actin accumulation at the immunological synapse (IS) was measured by the average and integrated intensity of
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Figure 3. Continued

phalloidin staining. The box and whisker plot showed median value with interquartile range (n = 257-263 conjugates
of each group).

(G) Conjugates were stained with antibodies against alpha-tubulin (red) to visualize the microtubule-organizing center
(MTOC). Quantification of MTOC polarization was expressed as distal (Di), proximal (P), and docked (Do) to the IS. Data
are pooled from three independent experiments (n = 185-190 conjugates of each group).

loss of surface staining of PAR1 occurs during CD8 T cell degranulation measured by CD107a surface
expression and Granzyme A secretion (Figures 2E and 2F, respectively).

These results suggest that CD8 T cells express functional PAR1, and its activation promotes an acceleration
of calcium mobilization induced by TCR stimulation. In addition, PAR1 internalization maybe associated
with factors stored in the cytotoxic granules that are released during granule exocytosis.

PAR1 inhibition impairs CD8 T cell cytotoxicity mediated by the granule exocytosis pathway
We next evaluated the potential role of PART in CD8 T cell cytotoxic function mediated by the granule

exocytosis pathway. To answer this question, we performed redirected killing assay using a FAS™ target
L1210 (Catalfamo et al., 2004).

To determine GZB delivery we used an assay that measures its activity inside the target cells. The targets
FAS™ L1210 were loaded with a quenched substrate that contained the GZB cleavage site, and upon de-
livery and processing by GZB, the substrate will lead to a fluorescent signal (Figure S2A). CellTrace Far
Red (CTFR)-labeled FAS™L1210 cells were incubated with activated human CD8 T cells at 27:1 effector
to target (E:T) ratio in the presence or absence of an anti-human CD3 mAb and the GZB substrate. After
one-hour incubation, cells were analyzed by flow cytometry. Target cells were gated on CTFR" cells, and
GZB activity (Substrate™) was analyzed (Figure 3A, gating strategy).

Activity of GZB was detected in the target cells only in presence of anti-CD3 mAb (Figures 3B and 3D). In
addition, GZB delivery inside the target cells was efficiently blocked by a PAR1 antagonist SCH79797 in a
concentration-dependent manner (Figures 3B and 3D).

In addition, we also determined the ability of CD8 T cells (Effectors, Figure 3A) to undergo degranulation by
measuring the surface expression of CD107a (lysosomal-associated membrane protein 1, LAMP1) (Fig-
ure 3C) (Betts and Koup, 2004). In agreement with the inhibition of cytotoxicity observed in the presence
of the PAR1 antagonist, surface expression of CD107a was reduced (Figures 3C and 3E). Accordantly,
the inhibition of granule exocytosis by SCH79797 in CD8 T cells was also observed following measurements
of the lysosome enzyme B-hexosaminidase and GZA in the supernatants of CD8 T cells following TCR stim-
ulation (Figures S2B and S2C, respectively). Taken together, these results indicate that SCH79797 inhibition
of PAR1 resulted in a significant impairment of the granule exocytosis pathway in CD8 T cells.

In contrast, the antagonist SCH530348 had no significant effect on GZB activity, and only a modest but sig-
nificant reduction was noted on CD107a surface expression (Figure S2D). The reduced cytotoxicity was not
due to increased cell death caused by the inhibitors (Figure S2E) but rather by differences in their effects of
action. PAR1T inhibition by SCH79797 showed wider effects in CD8 T cell function including inhibition of
IFNYy secretion and showed a trend in TNFa secretion although it did not reach statistical significance (Fig-
ure S2F). In contrast, SCH530348 inhibited TNFa secretion but not IFNy (Figure S2F).

These results suggest that, in addition to cytokine secretion, PAR1 plays a role in CD8 T cell cytotoxicity
mediated by the granule exocytosis pathway.

PAR1 inhibition leads to impaired granule exocytosis by reducing actin polymerization and
altering microtubule-organizing center positioning at the immunological synapse

During the killing of target cells, the repositioning of the Microtubule Organizing Center (MTOC) toward the IS
facilitates the polarized secretion of the cytolytic granules at secretory domain (Dieckmann et al., 2016; de Saint
Basile et al., 2010; Dustin and Long, 2010; Jenkins and Griffiths, 2010; Stinchcombe and Griffiths, 2007; Stinch-
combe et al.,, 2001, 2006; Tamzalit et al., 2019; Wurzer et al., 2019). PAR1 signaling through G12/13 mediates
downstream cascade of events leading to cytoskeleton reorganization (Coughlin, 2001; Klages et al., 1999).
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We then determined whether PAR1 inhibition impaired actin polymerization and/or repositioning of the
MTOC toward the IS, interfering with the degranulation (Babich et al., 2012; de la Roche et al., 2013; Kumari
etal., 2014; Tsunetal., 2011; Yuetal., 2013). CD8 T cells and FASTL1210 targets conjugates were prepared
at 1:1 ratio and incubated for 20 min to allow the IS formation. Conjugates were examined for actin poly-
merization and MTOC movement by staining with phalloidin and alpha-tubulin, respectively. We evaluated
the frequency of cells displaying the MTOC distal (Di), proximal (P), and docked (Do) at the IS as previously
described (Lui-Roberts et al., 2012; Tsun et al., 2011). CD8 T-Target cell conjugates that were preincubated
with the PART antagonist SCH79797 showed a significant reduction in actin polymerization at the IS when
compared with untreated controls (Figure 3F). In addition, PAR1 blockade inhibited the movement and re-
positioning of the MTOC at the IS. The majority of the conjugates displayed an MTOC either distal (40%) or
proximal (50%) and only a 10% docked at the IS. In contrast, the large proportion of the conjugates incu-
bated in media presented MTOCs that were proximal (43%) or docked (30%) at the IS (Figure 3G). These
data suggest that PAR1 signaling is involved in repositioning of the MTOC, promoting the movement of
the cytotoxic granules.

To confirm these observations, we evaluated the impact of PAR1 deficiency in murine lymphocytic chorio-
meningitis virus (LCMV) GP33-specific CD8 T cells (McGavern et al., 2002). LCMV TCR-Tg DbGP33—41—spe—
cific CD8 T cells that are PAR1 deficient (referred as PAR1™/~ P14 T cells) were generated by crossing the
C57BL/6 DPGP33 4 TCR-tg P14 mice with the PART™~ mice. Wild-type (WT) or PAR1™~ P14 CD8 T cells
were purified and activated in vitro with 1 ng/mL GP33 peptide for 2 days and expanded in the presence
of interleukin-2 (IL-2) for an additional 3 to 5 days. In vitro activated WT or PAR1™/~ P14 CD8 T cells were
mixed at 1:1 ratio with GP33 peptide pulsed EL4 target cells and incubated for 20 min. Examination of the
PAR1~/~ P14-EL4 target conjugates showed similar effects to that observed of the PAR1 blockade in human
CD8 T-Target cell conjugates. PAR1 deficiency in P14 CD8 T cells led to a reduced F-actin polymerization at
the IS (Figure S3A). Evaluation of the MTOC repositioning showed that most of the conjugates had prox-
imal MTOCs compared with the WT-EL4 conjugates (Figure S3B).

Accordant to this observation we found a reduced kinetic of CD107a surface expression in PAR1™/~ P14
CD8 T cells compared with the WT P14 CD8 T cells (Figure S4A). Both WT and PAR1-deficient P14
T cells reached a plateau of maximum CD107a surface expression at a concentration of 107 pg/mL of
LCMV GP33 peptide. In addition, the decreased ability of PAR1™~ P14 CD8 T cells to degranulate was
associated with reduced killing of the GP33 peptide pulsed EL4 cells (substrate® target cells) at low 3:1
E:T ratio. This effect was overcome at a higher E:T ratio (9:1) (Figure S4B). In addition, the reduced cytotoxic
activity was not due to lower granzyme expression, because both WT and PAR1-deficient P14 T cells ex-
pressed comparable levels of both GZA and GZB (Figure S4C).

Altogether these data show that PAR1 signaling in CD8 T cells is involved in actin polymerization and re-
positioning of the MTOC, facilitating the movement of cytotoxic granules toward the IS.

PAR1~/~ CD8T cells display decreased cytokine secretion and reduced viral clearance during
LCMV infection

To investigate the role of PAR1 in CD8 T cell function in vivo, we performed infection with LCMV using
PAR1-deficient mice (Connolly et al., 1996). The naive PART™~ global knockout mice had no apparent
phenotype. Examination of the lymph organs showed similar cell counts in the lymph nodes as WT animals,
and PART™~ mice displayed a lower trend of cell number in the spleens (Figures S5A and S5B). Similar cell
numbers and frequencies of eosinophils, neutrophils, monocytes, and conventional and plasmacytoid den-
dritic cells were observed in both spleens and lymph nodes of PART™~ and WT mice (Figure S5C). In addi-
tion, no significant differences were observed in the cell counts and frequencies of lymphocytes subsets
including T, B, and natural killer (NK) cells (Figures S6A and S6B). Furthermore, both WT and PAR1-deficient
CD4 and CD8T cells had similar phenotype (naive, Central Memory, and Effector memory) and proliferative
capacity upon in vitro TCR stimulation (Figures S6C and S6D).

To elucidate the role of PAR1 receptor in vivo, we used the murine LCMV system, which is a well-character-
ized murine model to the study of the dynamics of CD8 T-cell-mediated immunity during a viral infection
(Buchmeier et al., 1980; van der Most et al., 1998; Wherry et al., 2003; Zinkernagel et al., 1986). We chal-
lenged the mice with LCMV WE 2.5, a virus strain with tropism for the liver, to evaluate trafficking properties
of the virus-specific T cells (Cerny et al., 1988). At day 8 postinfection (p.i), similar frequencies and counts of
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Figure 4. Delayed viral clearance and decreased cytokine secretion by PAR1~/~ CD8 T cells

(A and B) PAR1™/~ and WT littermates were intravenously infected with 2 x 10° pfu of LCMV WE 2.5 strain. At day 8
postinfection, frequency and counts of cells in the spleen and liver were analyzed: (A) CD4 T cells, (B) CD8 T cells.

(C) Isolated spleen and liver cells from infected mice (n = 13) and uninfected naive control were stimulated in vitro with
LCMV GP61 peptides. Percentage of CD4 T cells secreting cytokines IFNy and TNFa.

(D) Isolated splenic and liver CD8 T cells from infected mice (n = 13) and uninfected naive control were stimulated in vitro
with LCMV GP33 peptides for 5 h. Percentage of CD8 T cells secreting IFNy and TNFa.

(E) Viral titer was determined by plaque assay in collected serum samples (n = 11). Data are presented as box and whisker
plot of median value with interquartile range from all animals pooled from three independent experiments. Statistical
analysis was performed using nonparametric Mann-Whitney test. p value <0.05 was considered significant.

bulk CD4 and CD8 T cells were observed in the spleen and liver of WT and PAR1™/~ mice (Figures 4A and
4B). In addition, we assessed the ability of LCMV-specific CD4 and CD8 T cells to secrete cytokines in
response to in vitro stimulation with LCMV MHC class |l restricted epitope (GP61) and class | restricted im-
munodominant (GP33, NP396) and subdominant (GP276, NP205) epitopes (Figures 4C, 4D, and S7). No sig-
nificant changes in GP61-specific CD4 T cells were observed (Figure 4C). In contrast, PAR1-deficient CD8
T cells had a reduced frequency of TNFa." and IFNy* TNFa.* GP33-specific CD8 T cells in both spleen and
liver (Figure 4D). The reduced functional capacity of CD8 T cells was associated with an elevated viral load
in the serum of PAR1-deficient mice at day 8 p.i (Figure 4E). These data suggest that PAR1 plays a role in
CD8 T cell function during LCMV viral infection.
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PAR1-deficient P14 T cells showed a reduced expansion and cytokine secretion
We next evaluated the mechanisms in which PAR1 signaling alters the ability of CD8 T cells to eliminate the
virus in the context of LCMV infection. Because PAR1 is expressed by multiple cells, we performed adoptive
cell transfer experiments of purified naive CD45.2" WT and PAR1™/~ P14 CD8 T cells into congenic CD45.1*
B6 recipient mice, to evaluate the impact of PAR1 deficiency in virus-specific CD8 T cells.

We determined the in vivo expansion capacity of WT and PAR1™/~ P14 T cells in the spleen and liver at
day 6 p.i. The frequency of splenic and liver PAR1~~ P14 CD8 T cells was significantly reduced compared
with the WT P14 CD8 T cells (Figure 5A). In addition, the total PAR1~~ P14 T cell numbers were reduced
only in the liver, suggesting a potential trafficking delay of the PAR1-deficient P14 CD8 T cells (Figure 5A).
In addition, in the liver, the frequency of PAR1™~ P14 CD8 T cells producing IFNy* was significantly
reduced compared with the WT, and this effect was not observed in the spleen (Figure 5B). The cell
numbers of IFNy*, TNFa.*, and IFNy TNFa." PAR1-deficient P14 CD8 T cells was also markedly decreased
in the liver compared with the WT P14 CD8 T cells (Figure S8A). The PAR1-deficient P14 CD8 T cells
showed no differences to the WT cells in terms of differentiation (CD8 T central and effector memory)
and the expression of chemokine receptors CXCR3 and CX3CR1 involved in the recruitment of T cells
into peripheral tissues (Figure S8B).

To better evaluate the expansion and migration properties of the PAR1-deficient CD8 T cells in a compet-
itive environment, we performed an adoptive cell transfer experiment of WT and PAR1~/~ P14 CD8 T cells
into the same host (Figure S9). In this adoptive cell transfer condition, the frequency and cell numbers of the
PAR1™/~ P14 CD8 T cells were reduced in the spleen and the liver compared with the WT P14 CD8 T cells
(Figure S9B). PAR1™/~ P14 CD8 T cells showed an increased frequency of effector phenotype defined by
surface expression of KLRG1M9I"CD127'% (Figure S9C) (Joshi et al., 2007). Despite the more differentiated
phenotype, the frequency of PAR1™/~ P14 CD8 T cells secreting IFNy was reduced in the liver (Figure S9D).
In addition, the cell numbers of PAR1™~ P14 CD8 T cells secreting cytokines (IFNy™, TNFa™, and IFNy*
TNFa*) were significantly reduced in the liver (Figure S9D).

These data suggest that PAR1-deficient LCMV-GP33-specific CD8 T cells do not expand efficiently in the
spleen, and there is reduced recruitment/function of these cells in the liver after infection. In addition, in
a competitive environment PAR1-deficient LCMV-GP33-specific CD8 T cells showed increase in short-lived
effector phenotype, suggesting differences in the expansion and/or survival compared with the WT
counterparts.

To next determine the heterogeneity, potential trafficking, and functional differences between WT and
PAR1™/~ effector P14 T cells, we evaluated the expression of IFNy, TNFa, CD107a, CXCR3, CX3CR1,
and CD27 using flow self-organizing map (FlowSOM). The FlowSOM algorithm allows to generate an auto-
mated distribution and visualization of highly similar cells by analyzing expression of a group of selected
markers (Van Gassen et al., 2015). FlowSOM maps (selected eight number of clusters for the analysis)
were generated by concatenating 10° of total CD8 T cells (recipient and donor P14 CD8 T cells) from the
spleens and livers of the LCMV-infected mice at day 6 p.i.

The expression of markers associated with trafficking and function of CD8 T cells is shown in the pie. To
identify the donor P14 T cells we used expression of CD45.2 (Figure 6A). The clusters contained a series
of nodes with heterogeneous CD8 T cell populations (both recipient and donor P14 CD8 T cells). The rela-
tive abundance of each node within a cluster is proportional to the size of the black circle inside the node
displayed in the figure. We found that CD45.2* P14 CD8 T cells (bright green inside the pie) resided mostly
in clusters 5and 7, and a very discreet cluster 6 (purple) was also observed (Figure 6A). Cluster 5 (blue color)
contained most of the P14 T cells with low to intermediate expression of CD107a (brown wedge inside pie
chart) and low levels of cytokines IFNYy (light blue wedge) and TNFa (dark blue wedge). In contrast, P14
T cells expressing higher levels of TNFa and IFNYy, as well as high levels of CD107a were enriched in cluster
7 (pink color, Figure 6A).

These data show a heterogeneity of effector P14 CD8 T cells (WT and PAR1 /=) with cells that have the ca-
pacity to degranulate and secrete cytokines (cluster 7). In contrast, cluster 5 was enriched in cells that ex-
pressed lower levels of cytokines and have cytotoxic potential measured by CD107a. Similar heterogeneity
was observed when only P14 CD8 T cells were concatenated and analyzed in FlowSOM (Figure S10).
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Figure 5. Reduced expansion and function of adoptively transferred PAR1 /- P14 T cells during LCMV infection
P14 CD8 T cells (10° T cells) purified from lymph node of WT and PAR1™/~ mice (B6.P14.CD45.2.Thy1.1) were adoptively
transferred (i.v.) into CD45.1.Thy1.2 recipient mice, respectively. Recipient mice were infected the next day with LCMV WE
2.5 strain (2 X 10° pfu, i.v). Six days postinfection, splenic and liver cells were isolated and in vitro stimulated with LCMV
GP33 peptides for 4 h. Cells were stained for markers listed in Table 3. (A) Gating strategy to analyze adoptively
transferred P14 T cells. Percentage and cell numbers of P14 CD8 T cells in the spleen and liver are expressed as frequency
of total live cells.

(B) Gating strategy for the analysis of the P14 CD8 T cells in the spleen and liver that are IFNy™ (R1+R2), TNFa.* (R2+R3), or
IFNY*TNFa.* (R2). The graph is presented as box and whisker plot and shows the median value with interquartile range,
from all animals pooled from four independent experiments (n = 20). Statistical analysis was performed using
nonparametric Mann-Whitney test. p value <0.05 was considered significant.
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Figure 6. Heterogeneous populations of PAR1~/~ P14 T cells during P14 adoptive transfer

Multidimensional single-cell analysis was performed using FlowSOM algorithm. To allow comparisons between the
groups, a FlowSOM map was generated with concatenating 10° total CD8 T cells (recipient and WT and PART™/~ P14 CD8
T cells) from spleen and liver. The FlowSOM map (selected 8 clusters for analysis) was then applied to each condition for
the clustering of CD8 T cells. Maps were generated by selecting the following markers: IFNy, TNFa, CD107a, CXCR3,
CX3CR1, CD27, and CD45.2 noted with wedge color inside the pie chart. Eight clusters were generated, and cluster 5, 6,
and 7 that contain CD45.2" P14 CD8 T cells are magnified for visualization in the lower right panel of each condition. (A)
Representative maps were shown from one of three independent experiments.

(B) Standard manual gating analysis of the adoptively transferred CD45.2" P14 CD8 T cells that express
IFNY*TNFo.*CD107a* and IFNy TNFo ' CD107a*, corresponding to the cluster 5 and 7 in FlowSOM. Percentage was
expressed as frequency of total CD8 T cells. The box and whisker plot showed median value with interquartile range. Data
were pooled from two independent experiments (n = 10). Statistical analysis was performed using nonparametric Mann-
Whitney test.

These results were further confirmed using conventional gating analysis (Figure 6B). We found a reduced
frequency of PAR1™/~ P14 CD8 T cells that were IFNy*TNFa*CD107a* and IFNy“TNFo'CD107a™ in the
liver (Figure 6B). No changes in the expression of chemokine receptors CXCR3, CX3CR1, and CXCR4
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and differentiation markers CD27, CD127, KLRG1, CD44, CD62L, and CD69 were observed between WT
and PAR1-deficient P14 T cells (Figure S8). These results indicate that effector P14 T cells constitute a het-
erogeneous population, which in the case of PAR1™~ P14 T cells, appear to have a diminished potential for
executing effector functions.

DISCUSSION

In this study we investigated the underlying mechanisms of PART-mediated modulation of CD8 T cell cyto-
toxic function. In human CD8 T cells, PAR1 expression was associated with memory and effector differen-
tiation. In addition, PAR1 signaling was involved in F-actin accumulation and MTOC repositioning toward
the immunological synapse, two important processes that facilitated the polarized secretion of effector
molecules during cytotoxicity (Dustin and Long, 2010; Jenkins and Griffiths, 2010; Migueles et al., 2008;
Stinchcombe and Griffiths, 2007). In vivo, during LCMV infection, PAR1-deficient P14 T cells showed a
decreased expansion and/or trafficking to peripheral tissues and reduced antiviral cytokine production.
These data indicate that PAR1 plays a role in CD8 T cell function.

PAR1T activation by thrombin in platelets has been shown to signal through Gg and G12/13, connecting
PLCB and Rho-mediated ROCK pathways, respectively (Coughlin, 2000; Hung et al., 1992; Jin et al,
2009; Klages et al., 1999; Ramachandran et al., 2012; Soh et al., 2010). Previous studies have shown that
TCR stimulation can activate G proteins; however, the receptor connecting these two signaling pathways
has not been defined (Bueno et al., 2006; Ngai et al., 2008; Stanners et al., 1995). In the present study, we
found that in absence of thrombin surface PAR1 expression was reduced upon TCR stimulation. PAR1
blockade in human CD8 T cells attenuated TCR-induced calcium mobilization, suggesting a potential
crosstalk between PAR1 and TCR signaling pathways. Supporting these observations, previous reports
demonstrated that activation of PAR1 induced tyrosine phosphorylation of the TCR signaling cascade
including ZAP70 and SLP76, as well as vav1, a Rho-family guanine exchange factor that activates Rho
GTPases, regulating cytoskeleton reorganization (Bar-Shavit et al., 2002). Downstream these early TCR
signaling events, activation of PART by thrombin enhanced TCR-induced IFNy secretion by human CD8
T cells (Hurley et al., 2013).

PAR1 signaling through G12/13 induces Rho-mediated ROCK pathways, leading to cytoskeletal changes
and the clustering of F-actin and CD3 molecules in membrane domain (Fujimoto et al., 2013; Hatziaposto-
lou et al., 2008; Hurley et al., 2013; Otani et al., 2011; Sharma et al., 2017; Vouret-Craviari et al., 1998; Yin
et al., 2003). F-actin polymerization is important in proximal TCR signaling and regulates T cell activation
(Babich et al., 2012; Campi et al., 2005; Kumari et al., 2014; Varma et al., 2006; Yu et al., 2013). Importantly,
our data show that disruption of PAR1 signaling on CD8 T cells influences the movement of the MTOC, an
important event that facilitate the polarized secretion of cytotoxic granules content at IS (de Saint Basile
et al., 2010; Henkart, 1994). These effects were reflected in the reduced ability of the CD8 T cells to kill
target cells in vitro.

In addition to thrombin, PART can be activated by other serine proteases stored in the cytotoxic granules
such as granzymes (Cooper et al., 2011; Lee et al., 2017; Suidan et al., 1994; Wang et al., 2012). Granzyme A
and B have been reported to be responsible for PAR1 activation in neurons, and it can induce neurotoxicity
invitro (Lee et al., 2017; Wang et al., 2012). Specifically, T lymphocytes released GZA and mediated cellular
responses of neurons and astrocytes through the activation of PAR1. We showed that TCR activation
induced loss of surface PAR1 staining, and this occurs concomitant with the granule content release
measured by surface expression of lysosome membrane protein CD107a and detection of GZA and B-hex-
osaminidase in the supernatants (Figures 2C, 2E and 2F, S2B, and S2C). Whether granzymes can directly
activate PAR1 in the CD8 T cells and participate in a feedback loop during granule exocytosis requires
further investigation.

We previously showed that PAR1 activation by thrombin increases IFNy secretion (Hurley et al., 2013). In the
present study, we observed distinct inhibitory effects in CD8 T cells by two PAR1 antagonists (SCH79797
and SCH530348). SCH530348 blocked TCR-induced calcium mobilization, an early event in the TCR
signaling cascade that led to reduced TFNa. secretion by CD8 T cells. In contrast, SCH79797 had a wider
effect reducing cytotoxicity and cytokine secretion. The SCH79797 inhibitor has been reported to have
off-target effects and inhibits cell proliferation and induces apoptosis in a PAR1-independent fashion (Di
Serio et al.,, 2007; Gupta et al., 2018). In our present and previous reports, we have limited exposure to
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SCH79797 in the vitro experiments monitoring viability and motility in response to sequential activation
with thrombin and chemokines in the same cells (Hurley et al., 2013). We reported that blockade of
PAR1 signaling inhibited chemokinesis and reorganization of the cytoskeleton induced by thrombin stim-
ulation without affecting the response of the same T cells to a chemokine stimulus. Conversely, the
blockade of the Gi protein (coupled to chemokine receptors) with pertussis toxin, it did not alter the
motility and cytoskeleton reorganization in response to thrombin, suggesting a specific effect of this inhib-
itor (Hurley et al., 2013). These observations suggest that SCH79797 inhibit PAR1 signaling. In addition, the
effects observed in the human CD8 T cells mimicked those observed in PAR1-deficient murine CD8 T cells
during antigen recognition, suggesting that SCH79797 on CD8 T cells is mediated by PAR1 inhibition. How-
ever, we cannot exclude other off-target effects of this inhibitor. In addition, the PLC inhibitor blocked TCR-
induced calcium mobilization; however, no effect was observed when T cells were stimulated with
thrombin. The differences in the concentration of the PLC inhibitor could be a contributor factor to the
lack of inhibition when compared with the inhibitory effects observed in thrombin-induced calcium mobi-
lization on human platelets (Heemskerk et al., 1997). The efficient inhibition on calcium mobilization by
SCH79797 and SCH530348 suggest that thrombin activated PLC in human CD8 T cells.

In the context of viral infections, PAR1 was shown to be involved in the innate responses; however, its role in
T cell function was not well defined (Antoniak et al., 2013; Khoufache et al., 2013; Le et al., 2018; Scholz et al.,
2004; Sutherland et al., 2007). The naive PART™~ global knockout mice had no apparent phenotype in
terms of frequencies and number of cells. We used the LCMV model of infection in which CD8 T cells
play a major role in viral control/elimination. In addition, the infection with the LCMV WE strain that has liver
tropism allowed us to evaluate the trafficking of virus-specific CD8 T cells (Leist et al., 1989; Oehen et al.,
1991; Zinkernagel et al., 1986). The in vivo effects of PAR1 deficiency in polyclonal-virus-specific T cells in the
global PAR1T knockout mice led to a failure of efficiently control LCMV infection. The delay in the viral clear-
ance was heterogeneous among the animals as shown in the viral titers in the plasma, and it was associated
with lower frequencies and a reduced ability to secrete cytokines by virus-specific CD8 T cells in the liver.
This effect was mostly observed in CD8 T cells specific to the immunodominant epitope LCMV-GP33 and in
less degree to the subdominant epitopes (Figure S7) (Gairin et al., 1995; Klenerman and Zinkernagel, 1998;
van der Most et al., 1998). The effect of PAR1 deficiency was more apparent in the liver than the spleen and
may reflect a delay in the trafficking properties of virus-specific CD8 T cells into the tissue. Whether these
effects are accompanied with more tissue viral titers and tissue pathology needs further investigation.

In addition, in the global PAR1™/~ mice, the deficiency of PAR1 signaling in innate cells will impact the acti-
vation and differentiation of virus-specific CD8 T cells. Studies in a mouse model of severe lipopolysaccha-
ride (LPS) challenge showed that PAR1 signaling is involved in the recruitment of dendritic cells, promoting
disseminated intravascular coagulation (Niessen et al., 2008). Moreover, in a viral infection model of cox-
sackievirus-B3-induced (CVB3-induced) myocarditis infection, PAR1 signaling enhanced IFN-B and
CXCL10 expression in cardiac fibroblasts and promoted activation of innate responses. Similar observa-
tions were reported during influenza infection (Antoniak et al., 2013, 2017, 2021). Modulating PAR1
signaling by antagonists or agonists was tested in vivo and demonstrates the role of PAR1 in the setting
of viral infections (Aerts et al., 2013; Khoufache et al., 2013; Le et al., 2018). Although in these studies
T cell function has not been directly addressed, one could predict that alteration of the innate responses
will impact T-cell-mediated immunity. In addition, platelets also participate in immunity against pathogens
and canregulate T cell function (Green et al., 2015; Lam et al., 2015; Mudd et al., 2016). In the PAR1 ~/~ mice,
the contribution of platelets in modulating T cell responses should be preserved because mouse platelets
do not express PART (PAR4 and PAR3 are the receptors for thrombin) (Connolly et al., 1996; Ishihara et al.,
1998; Kahn et al., 1998, 1999; Xu et al., 1998). Future studies should address the potential interaction of vi-
rus-specific T cells and platelets in regulating T cell function at different stages of the infection.

To evaluate the effect of PAR1T signaling only in CD8 T cells our adoptive transfer studies with WT and
PAR1™/~ P14 CD8 T cells revealed that PAR1 deficiency led to a decreased effector CD8 T cells in the liver
with reduced capacity to produce antiviral cytokines. In addition, when both PAR1™~ and WT P14 T cells
were transferred into the same host, a decreased frequency of PAR1™~ P14 CD8 T cells was observed in
both spleen and liver. In this condition, PAR1-deficient P14 CD8 T cells showed an increase in short-lived
effector phenotype (CD127'°“KLRG1"9") compared with the WT counterpart, indicating a potential disad-
vantage in the expansion and/or survival. Compared with the WT P14 CD8 T cells, PAR1™/~ CD8 T cells
showed reduced frequencies of the memory precursors (CD127"9"KLRG1'°%). Previous studies had shown
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that between 5 and 8 days p.i, CD8 T cells gain expression of CD127 and differentiate into two distinct cell
lineages CD127"°"KLRG1"9" and memory precursors CD1 27MINKLRG1'% (Joshi et al., 2007). Whether
PAR1 signaling alters the development of memory precursors warrants further investigation.

Altogether this study highlights the important role of PAR1 in CD8 T cell function. PAR1 signaling can
potentially be modulated in scenarios required to reduce CD8 T-cell-mediated immunopathology or to in-
crease cytotoxic function such as chronic infections. In the future, to further address the contribution of
PAR1, PAR1 flox mice will be used to investigate the role of PAR1 in specific cell types.

Limitations of study

In the present study, we performed a comprehensive study about the role of PAR1 in CD8 T cell function
with a focus on CD8 T cell cytotoxicity. In human CD8 T cells the pharmacological inhibition of PAR1
signaling recapitulated the same defects observed in CD8 T cells from a PAR1-deficient mice in the forma-
tion of the immunological synapse and the polarized secretion of cytotoxic granules. We found differences
in the mode of action of this inhibitor, suggesting that may block specific pathway and/or have other off-
target effects. These suggest that PAR1 signaling may regulate distinct signaling pathways in CD8 T cell
function.

In the adoptive T cell transfer experiments in the setting of LCMV infection, we found that PAR1 deficiency
was rather mild, and future experiments should address the impact of PAR1 signaling in immunity against
viruses using conditional knock-out mice to evaluate its contribution in other cells during infection.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 BD Cati# 347344, RRID:AB_400286
CD8 Invitrogen Cat# Q10009, RRID:AB_2556437
CD45RA BioLegend Cati# 304118, RRID:AB_493657
CD27 BD Cat# 560222, RRID:AB_1645474
PAR1 Beckman Coulter Cat# IM2584,RRID:AB_131066
CXCR3 BD Cat# 561730, RRID:AB_10894207
Eomes ThermoFisher Cat# 51-4877-41, RRID:AB_1603272
Thet BD Cat# 561267, RRID:AB_10564093
GZA BioLegend Cat# 507214, RRID:AB_2114395
GZB BioLegend Cat# 515405, RRID:AB_2294995
Perforin ThermoFisher Cat# 17-9994-41, RRID:AB_10853169
CD3 BD Cat# 561389, RRID:AB_10679120
CD8 ThermoFisher Cat# 95-0081, RRID:AB_1603266
CD4 ThermoFisher Cat# 45-0042, RRID:AB_1107001
IFNy BD Cat# 554413, RRID:AB_398551
TNFa BD Cat# 554418, RRID:AB_395379
IL2 BD Cat# 554428, RRID:AB_395386
CD45.2 BD Cat# 564616, RRID:AB_2738867
CD8 BD Cat# 564920, RRID:AB_2716856
CD44 BD Cat# 562464, RRID:AB_11153123
CDé2L BD Cat# 560517, RRID:AB_1645210
CD127 BioLegend Cat# 135010, RRID:AB_1937251
KLRG1 BioLegend Cat# 38421, RRID:AB_2563800
CXCR3 BD Cati# 562937, RRID:AB_2687551
CX3CR1 BioLegend Cat# 149014, RRID:AB_2565698
CD27 BD Cat# 565307, RRID:AB_2739173
CXCR4 BioLegend Cati# 146517, RRID:AB_2687244
CD31 BioLegend Cat# 102524, RRID:AB_2572182
CD69 BioLegend Cati# 104525, RRID:AB_10683447
CD107a BD Cati# 564349, RRID:AB_2738762
IFNy BD Cat# 554413, RRID:AB_398551
TNFa BD Cat# 554418, RRID:AB_395379
Chemicals, peptides, and recombinant proteins

LCMV gp31-41 Anaspec AS-61669

SCH530348 Bio-techne/Tocris

SCH79797 Axon Medchem Axon 1275

u73122 Sigma, MO CAS 112648-68-7

U73343 Sigma, MO 142,878-12-4

Critical commercial assays

Pan ToxiLux substrate
NFL1
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REAGENT or RESOURCE SOURCE IDENTIFIER
FLIPR calcium 4 assay kit Molecular Devices R8142

CD8 negative selection kit Miltenyi Biotech 130-094-156
Cell Trace™ Far Red Thermo Fisher/Invitrogen C34572

Experimental models: Organisms/strains

B6.12954-F2r™m 45/ Jackson Laboratory 002,862
SJL Cd45a(Ly5a)/Nai Taconic Biosciences 4007

Software and algorithms

FlowJo software BD Biosciences
GraphPad prism GraphPad
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Marta Catalfamo (mc2151@georgetown.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

This paper does not report original code. Data reported in this paper will be shared by the lead contact
upon request. Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human CD8 T cell isolation and culture

Healthy controls were obtained from healthy volunteers (both male and female, ages range from 35 to 70)
at the NIH-Blood Bank. Healthy donors were consented and studied under IRB approved protocol. Human
peripheral blood mononuclear cells (PBMC) from 10 healthy donors were collected and stained for PART,
T-bet, Eomes, GZA, GZB, perforin and CXCR3, as well as CD45RA and CD27 for T cell subsets identification.
PBMCs from healthy controls (n = 10) were obtained by Ficoll gradient centrifugation and CD8 T cells were
isolated using negative selection (Miltenyi Biotech, Auburn, CA), resuspended at 2 x 10° cells/mL in
X-VIVO 15 medium (Lonza, NJ) and activated with plate bound mAbs CD3/CD28 (10 pg/mL and
5 pg/mL respectively, BD Biosciences, CA). After 3 days of culture, activated CD8 T cells were re-adjusted
at a concentration of 2 x 10° cells/mL in X-VIVO 15 with 50 U/mL rhIL-2 (TECIN, National Cancer Institute,
Frederick, MD) and cultured for another 11-18 days.

Mice

PAR1™/~ mouse line (B6.12954-F2r'™™A¢/J) was established using embryos purchased from the Jackson
Laboratory. PAR1™~ P14 mouse strain was generated by crossbreeding PAR1™~ mice with P14 (B6
Thy1.1 *DPGP33 41 TCR-tg) mice. Recipient mice B6.SJL Cd45a(Ly5a)/Nai were purchased from Taconic Bio-
sciences. All mice were bred and maintained under specific pathogen-free conditions at the National Insti-
tute of Health (NIH) animal facilities. Animal experimental procedures were conducted in accordance with
the guidelines and proposal approved by NIH Animal Care and Use Committee. Male and female mice be-
tween 6 and 12 weeks old were used for in vivo experiments.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Methods details

Calcium flux assay. 0.3 x 10° cells/well of activated CD8 T cells were resuspended in Ca?* buffer (HBSS +
Ca?*+ Mg?*+ 1 mg/mL BSA+ 20 mM HEPES) and mixed with an equal volume of component A (FLIPR Cal-
cium 4 assay kit, Molecular Devices, CA) in a 96-well plate. After 30 min of incubation at 37°C and 5% COx,
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media or the PAR1 inhibitors SCH530348 (Bio-techne/Tocris, MN) and SCH79797 (Axon Medchem, VA),
PLC inhibitor U73122 and its analog U73343 (Sigma, MO) were added to the cells and they were further
incubated another 20 min. The plate was then centrifuged (2 min, 900 rom) and the Calcium assay was per-
formed with a FlexStation 3 plate reader (Molecular Devices, CA). The Ca’* responses induced by 1 ng/mL
anti-CD3 mAb were analyzed for 30-200's. Ca2* responses to PAR agonists peptides were performed using
100 uM of PART (TFLLR-NH2), PAR2 (SLIGRL-NH2), PAR4 (AY-NH2), and PAR1 control peptide (RLLFT-
NH2). The data were exported to a text file (with WinMDI). The graphs were generated with Prism. The
data were exported to a text file (with WinMDI). The graphs were generated with Prism.

RT-gPCR analysis. gPCRwas performed to determine mRNA expression of PARs in resting human and mu-
rine CD8 T cells. RNA from CD8 T cells were extracted with TRIzol reagent (Invitrogen CA). RNA was then
reversed transcribed into cDNA. Primers used: Human PAR1 (NM_010,169.3): forward, 5-ATGAAAGCGT
CCTGCTGGAG-3; reverse, 5-GGACGTTCAGAGGAAGGCTG-3; human PAR2 (NM_007,974.4): forward,
5-GCTGGGAGGTATCACCCTTCT-3; reverse, 5-CGCAGAGAACTCATCGATGGA-3'; human PAR3 (NM_
010,170.4): forward, 5-TGCCAGTCACTGTTTGCCAA-3'; reverse, 5'-CTCGGGACACTCCGCTTTTAT-3; hu-
man PAR4 (NM_007,975.3): forward, 5-GACCCCCAGCATCTACGATG-3; reverse, 5-CAGCAGCAGTGCTT
GAGAGCT-3’; murine PAR1T (NM_001,992.3): forward, 5-CAAATGCCACCTTAGATCCCC-3'; reverse, 5-CG
GAGGCATCTTCTGAGATGA-3; murine PAR2 (NM_005,242.4): forward, 5-AGCCTCTCTCTCCTGCAG
TGG-3; reverse, 5-GCAAACCCACCACAAACACA-3"; murine PAR3 (NM_001,256,566.1): forward, 5'-AGAC
CTTTCGTGGAGCTCCC-3; reverse, 5-AACACCA:GGAGGTAGATGGCA-3"; murine PAR4 (NM_003,950.2):
forward, 5-GGTGCCCGCCCTCTATGG-3; reverse, 5-CCGCGAGGTTCATCAGCA-3'.

Redirected killing assay and degranulation experiments. ~Cytotoxicity assay measures the delivery of
GZB inside the target cells as shown by fluorescence signal of the GZB substrate and upstream caspase
activities to the target cells. Granule exocytosis is measured by surface expression of CD107a on human
CD8 effector cells.

FASTL1210 were stained with 0.2 mM Cell Trace Far Red (Thermo Fisher/Invitrogen, MA). Cell were
biotinylated with 0.2 mM biotin (EMD, MO) followed by incubation with 0.02 mg/mL streptavidin (Millipor-
eSigma, MO). FAS™L1210 and activated CD8 T cells from healthy controls were labeled with NFL1 (Oncolm-
munin, MD) for exclusion of death cells before the experiment. For PAR1 blockade, activated CD8 T cells
were pre-incubated for 20 min at 37°C and 5% CO, with media, or SCH79797 (2.5 uM, 5 uM, Bio-techne/
Tocris, MN), SCH530348 (10 uM, 20 uM, 40 uM, Axon Medchem, VA), U73122 (1 uM, Millipore Sigma,
MO), or U73343 (1 uM, Millipore Sigma, MO). Cells were mixed with FAS™ L1210 at 27:1 effector to target
ratio in the presence or absence of anti-CD3 mAb.

For cytotoxicity experiments: The pre-treated activated CD8 T cells were stimulated 1 h with media or 10
ug/mL anti-CD3 biotin (eBioscience, CA) in the presence of 4 X Pan ToxiLux substrate (Oncolmmunin, MD)
and 3.7 x 10* L1210 at 37°C and 5% COs. Following the stimulation CD8 T cells were collected, washed and
acquired using FACS LSRIl and analyzed with FlowJo software (BD Biosciences, CA).

For degranulation assays: Pre-treated activated CD8 T cells were stimulated 1 h with media or 10 pg/mL
anti-CD3 biotin in the presence of 0.25 x 10° L1210 at 37°C and 5% CO,. Following the stimulation CD8
T cells were stained 30 min at 4°C with anti-CD8 (5K 1, BD Biosciences, CA) and anti-CD107a (H4A3, BD Bio-
sciences, CA) then acquired using FACS LSRIl and analyzed with FlowJo software (BD Biosciences, CA).

Murine CD8 T cell functional assays. naive P14 CD8 T cells were isolated from P14 (B6 Thy1.1"DPGP33 4
TCR-tg) mice using negative selection from lymph nodes of WT or PAR1™/~ mice. Feeder cells were prepared
using total splenic cells from naive WT mice that underwent 2500 rads irradiation. P14 cells were cocultured
with feeder cells in the presence of 1 ung/mL GP33 peptide for two days, followed by 3 days in culture with
IL-2 (50 U/mL).

Mouse lymphoma cell line EL4 was used as target cells for degranulation and cytotoxicity assays. For
degranulation experiments, EL4 cells were pulsed with various concentration of GP33 peptide (0, 107,
1074, 102 and 1 pg/mL) for one hour at 37°C and 5% CO,. In vitro activated WT or PAR1™/~ CD8 T cells
were cocultured with pulsed targets at 1:1 ratio for 60 min at 37°C and 5% CO, CD107a (Clone 1D4B,
BD Biosciences, CA) and monensin (2 nM, Biolegend, CA) were added before the incubation. Cells were
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washed and stained for 20 min at 4°C with antibodies against CD3 (Clone 17A2) and CD8 (Clone 53.6.7).
Dead cells were labeled with propidium iodide shortly before flow cytometry analysis and surface
CD107a expression was measured as indication for degranulation of CD8 T cells.

For cytotoxicity assay, EL4 cells were labeled with 0.2 uM Cell Trace Far Red dye (Invitrogen, CA) for 8 min at
37°C and 5% CO,. Cells were washed and pulsed with 1 pg/mL GP33 peptide for another 1 h. NFL1 (On-
colmmunin, MD) was used to stain dead cells of EL4 targets and CD8 effector cells. Cells were then cocul-
tured at E:T ratio of 9:1 and 3:1 for 45 min in the presence of GranToxiLux substrate (Oncolmmunin, MD) at
37°C and 5% CO,. After incubation, cells were washed and kept cold for flow cytometry analysis.

Microscopy. FASTL1210 target cells were biotinylated as described above. Activated human CD8 T cells
were pre-incubated 20 min with or without SCH79797 (5 uM, Bio-techne/Tocris, MN) before mixing with the
FASTL1210 at 1:1 E:T ratio. Conjugates using murine T cells were performed using as targets the EL4 cell
line pulsed with 1 ng/mL GP33 peptide for 1 h. Conjugates were made by coculturing EL4 cells with acti-
vated WT or PAR1™/~ P14 CD8 T cells for 20 min. Cells were allowed to adhere to poly-L-lysine-coated cov-
erslips for 30 min and were fixed with 4% PFA for 60 min, quenched twice with 50 mM NH,4Cl for 5 min, per-
meabilized with 1% NP40, and then stained with Phalloidin (Cell Signaling, MA) and alpha-tubulin antibody
(DM1A, Cell Signaling, MA) to visualize actin architecture and the microtubule-organizing center (MTOC)
localization. Coverslips were mounted with Prolong with DAPI (Invitrogen, CA). Stained conjugates were
imaged using DeltaVision Elite deconvolution microscopy with 60X oil immersion objective. Integrated in-
tensity of Phalloidin staining at the immunological synapse was calculated using ImageJ and MetaMorph
software. MTOC was characterized as distal, proximal and docked to the immunological synapse.

LCMV infection. PAR1™'~ and WT littermates were intravenously infected with 2 x 10° pfu of LCMV WE
2.5 strain. Mice were sacrificed and perfused after six or eight days, and spleen and liver were collected for
immune phenotype and T cell function analysis using flow cytometry. Serum was collected and viral titer
was determined by plaque assay.

For adoptive cell transfer experiments 10% naive CD8 T cells purified from lymph node of WT or PAR1 ™/~
P14 mice by negative selection were transferred intravenously into B6.SJL Cd45a(Ly5a)/Nai recipient
mice respectively. One day later, mice were infected with 10° PFU of LCMV WE 2.5 stain. T cell phenotype
and cytokine production were analyzed at day 6 or 8 post infection. For cytokine production, splenic and
liver cells were restimulated in vitro with 1 ng/mL GP33 peptide (LCMV gp31-41, KAVYNFATM, Anaspec,
CA) in the presence of 5 pg/mL of Brefeldin A and 50 U/mL IL2. Cells were stained with surface markers
including CD3 (Clone 17A2), CD8 (Clone 53-6.7), CD45.2 (Clone 104), CXCR3 (Clone CXCR3-173),
CX3CR1 (Clone SA011F11) and CD27 (Clone LG.3A10). Cells were then washed and stained intracellularly
using antibodies against IFNy (Clone XMG1.2) and TNFa (Clone MP6-XT22). Antibodies were listed in sup-
plemental tables. Cells were acquired by BD FACS LSRII or Symphony flow cytometer and analyzed using
FlowJo 10 software (BD Biosciences, CA).

Adoptive co-transfer of WT and PAR1 /= P14 CD8 T cells. 5000 P14 CD8 T cells were purified from
lymph node of WT (B6.P14.CD45.2Thy1.1) and PAR1™/~ (B6.P14.CD45.2Thy1.2) mice respectively and
adoptively co-transferred (i.v.) into CD45.1.Thy1.2 recipient mice. Recipient mice were infected the next
day with LCMV WE 2.5 strain (2 x 10° pfu, i.v). Six days post infection, splenic and liver cells were isolated
and in vitro stimulated with LCMV GP33 peptides for 4 h. Phenotype, cytokine production and degranula-
tion were analyzed.

FlowSOM analysis. Multidimensional single cell analysis was performed using FlowSOM algorithm
(Flow Self Organizing Map, FlowJo). To generate FlowSOM map, we concatenated 10° manually gated
CD8 T cells from spleen and liver of each WT and PART™~ mouse of the adoptive transfer experiments
and apply the map to each condition to allow unsupervised clustering of CD8 T cells. Maps were generated
based on seven selected surface and intracellular markers: IFNy, TNFa, CD107a, CXCR3, CX3CR1, CD27
and CD45.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed by GraphPad prism software using non-parametric paired Wilcoxon test
or Mann-Whitney U test. p value <0.05 was considered significant.
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