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Abstract

Proprotein convertases (PC) activate precursor
proteins that play crucial roles in various cancers.
In this study, we investigated whether PC enzyme
activity is required for expression of the checkpoint
protein programmed cell death protein 1 (PD-1) on
cytotoxic T lymphocytes (CTL) in colon cancer.
Although altered expression of the PC secretory
pathway was observed in human colon cancers,
only furin showed highly diffuse expression
throughout the tumors. Inhibition of PCs in T cells
using the general protein-based inhibitor a1-PDX
or the pharmacologic inhibitor Decanoyl-Arg-Val-
Lys-Arg-chloromethylketone repressed PD-1 and
exhausted CTLs via induction of T-cell proliferation
and apoptosis inhibition, which improved CTL
efficacy against microsatellite instable and micro-
satellite stable colon cancer cells. In vivo, inhibition
of PCs enhanced CTL infiltration in colorectal
tumors and increased tumor clearance in syngeneic
mice compared with immunodeficient mice. Inhi-
bitionofPCs repressedPD-1 expressionbyblocking
proteolyticmaturation of theNotch precursor, inhi-
biting calcium/NFAT and NF-kB signaling, and
enhancing ERK activation. These findings define a
key role for PCs in regulating PD-1 expression and
suggest targeting PCs as an adjunct approach to colorectal tumor immunotherapy.

Significance: Protein convertase enzymatic activity is required for PD-1 expression on T cells, and inhibition of protein
convertase improves T-cell targeting of microsatellite instable and stable colorectal cancer.

Graphical Abstract: http://cancerres.aacrjournals.org/content/canres/79/19/5008/F1.large.jpg.
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Introduction
Although therapies targeting PD-1 were clinically effective in

various preclinical models and patients with cancer (1, 2), the
underlyingmechanism involved in total remissionof cancers after
immunotherapy is presently unclear. In addition, the majority of
patients with solid tumors, including colorectal cancers [except
the microsatellite-instable (MSI) subset] are refractory to these
treatments (3). The failure to respond to anti-PD-1 therapy is, in
part, due to the presence of irreversibly exhausted T cells. Under-
standing the essential mechanism(s) involved in the lack of
response to immune checkpoint blockade therapy remains a
main challenge. It is well established that solid tumors evade
anticancer immune control by establishing immune-privileged
niches within the tumor microenvironment (TME) where intra-
tumoral cytotoxic T lymphocytes (CTL) proliferation, viability,
and activity are compromised (4). Indeed, the apparent exclusion
of CTLs from colorectal cancer is associatedwith a poor prognosis
while increased accumulation of CTLswithin tumors is associated
with a favorable outcome (5). Delineating the mechanisms that
prevent CTL accumulation within the TME is important to under-
stand its immunosuppressive properties and to increase the
efficacy of immunotherapy (5). Upon T-cell activation, PD-1
expression is induced and regulated by the transcription factors
nuclear factor of activated T-cell (NFAT), T-bet, Blimp-1, and
FoxO1 (6). Various intracellular signal transduction pathways
regulate expression and activation of these factors. They include
tyrosine kinase, antiinflammatory signal, and mitochondrial
apoptosis pathways. A wide range of proteins involved in these
intracellular signal pathways require proteolytic cleavage of their
protein precursors by the proprotein convertases (PC) to be
biologically active (7).

PC family consists of 7 members, namely, furin, PC1, PC2,
PC4, PACE4, PC5, and PC7 that convert their unprocessed sub-
strates into functional molecules by cleaving their basic amino
acidmotifs (K/R)-(X) n-(K/R) #, where n is 0, 2, 4, or 6 and X is any
amino acid (7, 8). These enzymes play an influential role not only
in maintaining homeostasis but also in various pathologic con-
ditions (7, 8). Various PCs activate proteins involved in the
malignant transformation and progression including cell sur-
face-receptors, matrix metalloproteinases, growth factors, and
growth factor receptors (7–9). Altered PC levels were reported
to be associated with enhanced invasion and proliferation in
various tumor cells. Conversely, inhibition of PCs activity by the
bioengineered inhibitor a1-PDX resulted in reduced processing
of various PC substrates involved in the malignant phenotype of
tumor cells (10). In a phase I and a recent phase II trial (FANG
vaccine trial), an autologous tumor-based product targeting furin
by shRNAi DNA was found to be beneficial in patients with
advanced cancer. This FANG vaccine was safe and elicited an
immune response that correlated with prolonged survival in
patients (11), suggesting that furin expression/activity inhibition
is an effective way of boosting antitumor response. Here, we
evaluated the effect of PCs inhibition on PD-1 expression and T-
cell activity. Our data indicate that PCs inactivation repressed PD-
1 expression, blockedNotch cleavage and function, and increased
activated T-cell proliferation, survival, and cytotoxicity against
both MSI and MSS colon tumor cells. In accordance, PCs inac-
tivation enhanced tumor-infiltrated CTLs and tumor regression
in vivo.

Materials and Methods
Human PBMCs, T cells, and tumor samples

Patient samples were utilized in accordance with the Declara-
tion of Helsinki, International Ethical Guidelines for Biomedical
Research Involving Human Subjects (CIOMS), Belmont Report,
and U.S. Common Rule. Written informed consents were
obtained from all the patients and the studies were approved by
Bergoni�e Institute andHospital Pellegrin (France) review boards'.
The medical records were de-identified. Samples were processed
for RNA and histology studies. Human peripheral blood mono-
nuclear cells (hPBMC) were isolated from healthy donors and
patientswith colon cancer andwere directly used for RNA/protein
extraction, or used for CD8þ T-cell isolation. Tumor-infiltrating
CD8þ T cells were isolated from colon tumor samples freshly
harvested following manufacturer's instructions (Miltenyi
Biotec).

Cell lines
Human colon carcinoma cell lines HT29 (MSI) and HCT116

(MSS), BALB/c syngeneic colon carcinoma CT26 cell line, and
human T-cell line Jurkat were purchased and authenticated
by ATCC. All cell lines were passaged twice prior to storage
or prior use in all described in vitro and in vivo experiments.
All cell lines were determined to be free of Mycoplasma. Cells
were cultured in DMEM or RPMI1640 complete media.
The characteristics of the stably a1-PDX–expressing Jurkat
cells (Jurkat-PDX) and CT26-PDX cells were described
previously (12).

Mouse model
All research animalswere housed inUniversity of Bordeaux in a

temperature-controlled environment. All experimental proce-
dures were approved by the Institutional Animal Care and Use
Committee (University of Bordeaux), and were conducted under
the supervision of trained veterinarian. BALB/c and nude mice
were inoculated subcutaneously in the right flank with 1 �
106 colon carcinoma CT26- � cells or CT26-PDX cells. Tumors
were measured 3 times per week.

Cell infection and transfection
Lentivirus containing human NICD-pHR-EGFP plasmid and

its control �-pHR-EGFP were kindly provided by Dr. Ra�ul V.
Dur�an. Jurkat-PDX cells were infectedwith the control (PDX/lenti
�) or NICD (PDX/lentiNICD) lentiviruses. NICD primers were
designed to amplify only the exogenous human NICD (exoh-
NICD) and not the endogenous mRNA (Supplementary
Table S1). In other experiments, Jurkat cells were transfected with
the EGFP-based reporter plasmid (pNFAT-TA-EGFP; kindly pro-
vided by C. Romanin, University of Linz) using DharmaFECT kb
transfection reagent (Dharmacon). Cells expressing pNFAT-TA-
eGFP were monitored with an epifluorescence inverted
microscope (Nikon Eclipse Ti2) and Flow Cytometry for quan-
tification. Please refer to Supplementary Information for detailed
procedures.

T-cell activation
Activation of TCR signaling was performed either with phorbol

myristate acetate (PMA) 100 ng/mL and Ionomycin (Io) 1 mg/mL
or with plate-bound anti-CD3 (OKT3) 5 mg/mL.
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g-Secretase inhibitor experiments
The g-secretase inhibitor DAPT (Sigma) was used to block

Notch signaling. Jurkat-� cells were culture with 10 mmol/LDAPT
and stimulated with PMA/Io for indicated time points. Then cells
were collected for flow cytometry, immunostaining, or immuno-
blotting analysis.

Apoptosis assay
Jurkat-� and PDX cells were incubated in the presence and

absence of PMA/Io for 24 and 48 hours and stained with PE-
AnnexinV and7AADusing theAnnexinVApoptosisDetectionKit
(BioLegend), according to the manufacturer's instructions.

Proliferation assay
Proliferation of Jurkat-� and PDX cells following PMA/Io

activation was determined using a Countess II Automated Cell
Counter (Invitrogen). Please refer to Supplementary Information
for detailed procedures.

JRT3 functional assay
The Jurkat T-cell line stably expressing the human LES -gd TCR

(JRT3-LES) was incubated with the colon cancer cell line HT29
overexpressing the endothelial protein C receptor (HT29-EPCR;
ref. 13). The activation of JRT3-LES cells was evaluated by the
expression of CD69.

Cytometric bead array
Cytometric bead array (CBA) was used to measure the con-

centration of cytotoxins released by primary human CD8þ T-cell
populations. Please refer to Supplementary Information for
detailed procedures.

Cytotoxicity assay
Susceptibility of HT29 and HCT116 to PBMC-mediated cyto-

toxicity was determined using a carboxyfluorescein diacetate
succinimidyl ester (CFSE)-based assay. Please refer to Supple-
mentary Information for detailed procedures.

qRT-PCR
Total RNA (1 mg) was isolated by the Nucleospin RNA Kit

(Macherey-Nagel) and used for reverse transcription and qRT-
PCR analysis, as described previously (8).

IHC and immunocytochemistry
Human colon cancer and its corresponding noncancer colon

tissues, and syngeneic mouse tumors from CT26-� and CT26-
PDX cells were used for IHC. IHC was performed in hPBMCs and
Jurkat cells in suspension. Please refer to Supplementary Infor-
mation for details on primary and secondary antibodies and
procedures used.

Flow cytometry
Flow cytometry analyses were performed on single cell sus-

pension of hPBMCs and T cells using BD Accuri C6 software, or
Diva (BD Biosciences) and FlowJo 9.3.2 (TreeStar) softwares
(flow cytometry facility of TBM Core).

Measurement of PC activity
The effect of PC inhibitors (CMK, a1-PDX expression in cells)

onPCactivity in cells and tissueswas assessed by the evaluation of

the enzymes' ability to digest the universal PC substrate, the
fluorogenic peptide pERTKR-MCA, as described previously (8).

Protein extraction and immunoblotting analysis
For total protein extraction, cells were washedwith PBS prior to

the addition of RIPA lysis buffer. For nuclear fractionation, cells
were lysed using a NE-PER nuclear and cytoplasmic extraction
reagent kit (Thermo Fisher Scientific) following manufacturer's
instructions, and used for Western blot analysis, as described
previously (8). Please refer to Supplementary Information for
detailed procedures and primary antibodies (Supplementary
Table S2).

Cytosolic-free calcium measurement
Jurkat-� and PDX cells were loaded with fura-2 by incubation

with 4 mmol/L fura-2/AM (Fura-2 acetoxymethyl ester, Molecular
Probes) and 2.5mmol/L probenecid for 30minutes at 37�C in the
dark. Changes in [Caþþ]c were monitored using the fura-2 340/
380 fluorescence ratio and calibrated according to Grynkiewicz
and colleagues (14). Caþþ release and entry were estimated using
the integral of the rise in [Caþþ]c for 3 minutes after the addition
of PMA/Io or CaCl2, respectively. In other experiments, Jurkat
T cells were incubated with DAPT prior to activation with PMA/Io
for Caþþ mobilization analysis.

Statistical analysis
Statistical details can be found in Results, Figure, and Figure

Legend sections. Data are shown as mean � SEM or mean � SD.
Analysis of statistical significance was performed using Student t
test or 1-way ANOVA followed by Bonferroni's comparison as a
post hoc test. Statistical significance was estimated when P < 0.05.

Results
Altered PC expression in human colon cancers, PBMCs, and
CD8 T cells

The expression pattern of human PCs namely, furin, PACE4,
PC5, and PC7 was analyzed using immunostaining. All of these
PCswere expressed innoncancerous colon tissuewith the staining
particularly localized to the colon crypts (Fig. 1A). In the cancer-
ous tissue from the same patients, we observed alterations of the
epithelial structure with the loss of crypts, and an altered expres-
sion of all 4 PCs. Only furin showed a highly diffuse expression
throughout the tumor. Loss of crypts in colon tissue due to
malignant changes is associated with enhanced inflammation
and lymphocytic infiltration. Next, we performed real time qPCR
to analyze PC expression in human peripheral blood mononu-
clear cells (hPBMC; Fig. 1B), isolated CD8 T cells (Fig. 1C), Jurkat
T cells (Fig. 1D), and other human T-cell lines (Supplementary
Fig. S1A).We found that furin andPC7are themainPCs expressed
in all these cells. Similarly, immunofluorescence staining of
hPBMCs confirmed the expression of these PCs in CD8 T cells
of healthy donors (nontumoral, NT) and patients with colon
cancer (tumoral: T; Fig. 1E; Supplementary Fig. S1B–S1C). Further
analysis of colon cancer tissue revealed that although various cells
within the tumors express furin, a population of tumor infiltrating
CD8 T cells expressed furin and PC7 (Fig. 1F). This points to the
presence of PCs in tumor-infiltrating lymphocytes (TIL) particu-
larly CD8 T cells, which may have a role in their phenotype and
activity.
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Inhibition of PCs activity represses PD-1 expression in T cells
Previously, the activity of furin and PC7 in various cells was

reported to be significantly inhibited by the general protein-based
inhibitor a1-PDX (PDX) and by the pharmacologic inhibitor
decanoyl-Arg-Val-Lys-Arg-chloromethylketone (CMK; refs. 7, 8).
To investigate the potential role of PC activity onPD-1 expression,
we examined the effect of PC inhibition on PD-1 mRNA expres-
sion in Jurkat T cells stably expressing the PC inhibitora1-PDX. In
an in vitro enzymatic digestion assay (15), using the fluorogenic
peptide pERTKR-MCA as PCs substrate, we show that the expres-
sion of a1-PDX in these cells (Jurkat-PDX) inhibits PC activity
compared with cells expressing empty vector (Jurkat-�; Fig. 2A
andB). Similarly, the ability of Jurkat-PDX tomediate the cleavage
of the PC substrate IGF-I receptor precursor (ProIGF-IR,
�200kDa; ref. 8) into its processed form(�97kDa)was inhibited
(Fig. 2C). T cells require both calcium and protein kinase C (PKC)
signal for their activation. PMA binds to and activates PKC
whereas ionomycin (Io) is a calcium ionophore that enhances
membrane permeability to calcium. Combination of PMA and Io
(PMA/Io) mimics T-cell receptor (TCR) activation. We found that
in Jurkat-� cells PMA/Io induced PD-1 mRNA expression at
various time points. In contrast, in Jurkat-PDX cells PD-1 mRNA
expression was considerably decreased (Fig. 2D). Flow cytometry
(Fig. 2E and F) and immunofluorescence staining (Fig. 2G andH)
analyses confirmed that PD-1 protein was greatly decreased in the
presence of a1-PDX. These observations indicate that PCs are
involved in PD-1 expression and that PC inhibitors can impede
PD-1 expression at the RNA and protein levels. Similarly, follow-
ing anti-CD3–mediated activation revealed that a1-PDX expres-
sion led to a significant decrease in PD-1 expression at the RNA
(Fig. 2I) and protein levels (Fig. 2J and K). To corroborate these
results, hPBMCs from healthy donors were treated with the
general convertases pharmacological inhibitor, CMK, for 24hours
prior to anti-CD3–mediated activation. In these cells CMK
induced a significant decrease in PD-1 expression, as assessed by
flow cytometry gating for lymphocytes (Fig. 2L and M) and
immunofluorescence analysis for hPBMCs (Fig. 3A and B;
Supplementary Fig. S2A–S2B). CMK inhibition of PC activity was
confirmed using the enzymatic digestion assay and immunoblot-
ting (Supplementary Fig. S2C). Immunofluorescence analysis of
hPBMCs from colon cancer patients, treated with CMK for
48 hours and CD3-activated showed a 33% reduction of
CD8þ/PD-1þ cells (Fig. 3C and D). Total PD-1 expression was
also significantly reduced in CMK-treated tumoral hPBMCs (Sup-
plementary Fig. S2D). No significant difference was observed in
the total number of CD8 cells between conditions, remaining at
25.5% � 5.7 of total cells (Supplementary Fig. S2E). We next
evaluated whether PCs inhibition may also affect the expression
of other immune checkpoints. We found that although T-cell
activation induced the expression of Tim3, BTLA, LAG3, TIGIT,
and CTLA4, PCs inhibition by a1-PDX significantly repressed the
expression of TIM3 and BTLA. No evident effect on LAG3, TIGIT,
and CTLA4 expression was observed (Fig. 3E).

PCs inhibition represses calcium mobilization and NFAT
signaling in T cells

Cytosolic-free calcium concentration ([Ca2þ]c) was measured
within 3 minutes of PMA/Io stimulation of Jurkat-� and Jurkat-
PDX cells to detect the effect of PMA/Io-mediated activation on
calcium release from intracellular stores. In the absence of extra-
cellular calcium (250mmol/L EGTA added), intracellular calcium

concentration after PMA/Io treatment was lower in Jurkat-PDX
cells than in Jurkat-� cells, with a 40% lessmobilization in Jurkat-
PDX cells (Fig. 3F–H). Subsequent addition of 1mmol/LCaCl2 to
the extracellular medium revealed no significant differences in
calcium entry in both Jurkat-� and Jurkat-PDX cells (Fig. 3I).
Calciumsignalingupon activation in T cells inducesNFATnuclear
translocation necessary for PD-1 expression. We found that total
levels of NFAT in nonactivated cells (cytosolic and nuclear) were
higher in Jurkat-PDX (Fig. 3J). However, PMA/Io stimulation
induced a time-dependent nuclear accumulation of NFAT in
Jurkat-� cells whereas nuclear NFAT decreases with time in
Jurkat-PDX cells (Fig. 3K). These results indicate that PCs block-
ade inhibits calcium/NFAT signaling necessary for PD-1 expres-
sion in T cells.

PCs inhibition represses NF-kB and induces ERK
phosphorylation in T cells

We next investigated the effect of PC inhibition on PKC/NF-kB
andMAPK/ERK signaling pathways. It was previously shown that
PKC/NF-kB signaling is necessary for PD-1 expression in macro-
phages (16); however, its implication in PD-1 expression in T cells
is unclear. NF-kB phosphorylation was clearly reduced when T
cells were stimulated with PMA or Io alone (Supplementary
Fig. S3A). Accordingly, only PMA/Io activation significantly
induced PD-1 expression at the RNA and protein levels (Supple-
mentary Fig. S3B–S3C). Furthermore, PC inhibition blocked NF-
kB phosphorylation after PMA/Io stimulation correlating with
the effect on PD-1 expression (Fig. 3L). These results suggest that
not only calcium but also PKC/NF-kB is involved in PD-1 expres-
sion in T cells and the combination of both produces a synergistic
effect. Interestingly, incubation of cells with BMS345541, an
inhibitor of NF-kB activity (Fig. 3M), partially repressed PD-1
protein expression in PMA/Io-activated cells (Fig. 3N), empha-
sizing that NF-kB activity is not the only pathway responsible for
PD-1 expression in these cells. Analysis of ERK phosphorylation
in Jurkat cells revealed that their stimulation by PMA or PMA/Io
induced a similar level of phosphorylation whereas Io alone was
not able to induce ERK phosphorylation at any of the time points
analyzed (Supplementary Fig. S4A). In contrast to NF-kB, ERK
phosphorylation induced by PMA/Io was higher in Jurkat-PDX
cells than in Jurkat-� cells (Fig. 4A), suggesting an ERK-
independent mechanism of PC-mediated regulation of PD-1.
Taken together, we have shown that PC inhibition affects the
activation of different T-cell signaling effectors, principally or
partially involved in PD-1 expression.

Increased T-cell survival and proliferation by PC activity
blockade

It has beenpreviously reported that exhausted T cells expressing
PD-1 exhibit proliferation impairment and progress to apoptosis
due to their inability to differentiate intomemory T cells (17). We
investigated whether PC activity blockade could rescue activated
T-cell proliferation and survival. Proliferation was assessed on
Jurkat cells for 72 after 3 hours stimulation with PMA/Io. We
found that although both Jurkat-� and Jurkat-PDX cells show
similar proliferative rate in the absence of PMA/Io, the prolifer-
ation of Jurkat-� cells after adding PMA/Io was inhibited. In
contrast, the expression of a1-PDX prevented PMA/Io-driven
repression of cell proliferation (Fig. 4B). Furthermore, long-
term stimulation of Jurkat-� cells with PMA/Io strongly blocked
their proliferation. In contrast, although the long-term
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Figure 1.

Altered PC expression in human colon cancer tissues and T cells. A, Representative confocal microscopy images of PC immunofluorescence of frozen sections
from colon tumors and their adjacent normal tissues of three different patients. Scale bar, 20 mm. B, PCmRNA levels in hPBMCs isolated from three different
healthy donors determined by qRT-PCR. C, qRT-PCR analysis of PCs mRNA levels in human CD8þ T cells isolated by magnetic beads from hPBMCs of four
healthy donors. D, PCmRNA levels in Jurkat T cells determined by qRT-PCR. E, Representative confocal microscopy images of CD8 (red), furin (green), and PC7
(green) immunofluorescence of hPBMCs from healthy donors (NT, nontumoral) and patients with colon cancer (T, tumoral). Scale bar, 5 mm. F, Representative
confocal microscopy images of CD8 (red), furin (green), or PC7 (green) immunofluorescence of tumoral tissue frozen sections from two different patients with
colon cancer. Scale bars, 20 mm for the left image and 5 mm for the right image. Data represented as mean� SD for each donor (B and C) or as mean� SEM from
two independent experiments (D). a.u., arbitrary units.
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Figure 2.

Inhibition of PC activity represses PD-1 expression in T cells. A, Kinetics of PC activity performed in control (�) and a1-PDX-expressing (PDX) cells. RFU, relative
fluorescence unit. B, PC activity values at the half of Vmax in � and PDX cells. C, Western blot analysis showing IGF-IR precursor (Pro IGF-IR) and processed
(IGF-IRb) forms in� and PDX cells. D, PD-1 mRNA levels upon PMA/Io stimulation at different time points in� and PDX cells assessed by RT-PCR. Data are
represented as fold change to 3-hour time point that was assigned 1. E, Flow cytometry histogram of PD-1 expression in controls (blue) and 48 hours PMA/
Io-stimulated (red) Jurkat-� and Jurkat-PDX cells. F, Flow cytometry analysis of PD-1 expression at different time points in PMA/Io-stimulated� and PDX cells,
shown as the percentage of positive cells. G, Representative confocal images of PD-1 immunofluorescence (green) of� and PDX cells in nontreated (Control)
and after 48 hours of PMA/Io treatment. Scale bars, 10 and 5 mm. H, Immunofluorescence image quantification of PD-1-positive cells (as shown in G) relative to
total cell number (DAPI) from at least four different images and three different areas per image. I, PD-1 mRNA levels in Jurkat-� and PDX cells upon anti-CD3–
mediated activation represented as the fold change to Jurkat-� control. Flow cytometry histogram (J) and analysis (K) of PD-1 expression in control and anti-
CD3–activated Jurkat-� and PDX cells. L, Flow cytometry histogram of PD-1 expression in human lymphocyte population gated from isolated hPBMCs. CMK was
added 24 hours before anti-CD3 activation for 6 hours.M, Flow cytometry analysis of PD-1 expression in the cells described in L, represented as the percentage of
positive cells. Data represented as mean� SD (B) and mean� SEM from three independent experiments (D, F, H, I, K, andM). � , P < 0.05.
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Figure 3.

Inhibition of PCs activity represses PD-1 expression and calcium/NFAT and NF-kB signaling pathways. A, Representative confocal microscopy images of PD-1
immunofluorescence (green) of hPBMCs from nontumoral donor. Scale bar, 10 mm. B, Immunofluorescence image quantification of PD-1 (as shown inA),
represented as the mean fluorescence intensity (MFI) from at least four images and three different areas per image. C, Representative confocal microscopy
images of CD8 (red) and PD-1 (green) immunofluorescence from hPBMCs isolated from patient with colon cancer. (Continued on the following page.)
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stimulation also reduced Jurkat-PDX cell proliferation, they still
showed a higher proliferation rate than Jurkat-� cells (Fig. 4B).
Because T-cell activation can trigger apoptosis to downregulate T-
cell activity, we next analyzed the role of PC inhibition in T-cell
activation-mediated apoptosis. Flow cytometry–based detection
of Annexin V and 7AAD double-staining showed differences in
cell death upon PMA/Io stimulation. In nonstimulated Jurkat-�
and -PDX cells, the overall percentage of dead cells was very
similar (9.1 � 1.3% and 10.9 � 0.2, respectively; Fig. 4C;
Supplementary Fig. S4B). Upon their activation with PMA/Io,
we observed a significant increase in the number of Jurkat-�
apoptotic cells. In Jurkat-� cells, the percentage of dead cells after
48 hours of PMA/Io stimulation was 23.9� 2.8%whereas Jurkat-
PDX cells showed reduced apoptotic levels with only 7.8 � 0.7%
of dead cells. Similarly, in Jurkat-� cells, cleaved caspase-3 was
detected after 24 hours of PMA/Io stimulation and further
increased following 48 hours of treatment (Fig. 4D). In Jurkat-
PDX cells, cleaved caspase-3 was not detected at 24 or 48 hours,
confirming the protective effect of the PCs inhibitor in T cells.
BCL11B is a survival protein regulated by ERK activation that is
essential for T-cell commitment and specification ofmature T-cell
lineages, including cytotoxic CD8 cells (18). Analysis of BCL11B
expression upon PMA/Io stimulation revealed a time-dependent
reduction in Jurkat-� cells, while its expressionwasmaintained at
all time points in Jurkat-PDX cells (Fig. 4D). Downregulation of
BIM protein, a member of BH3-only subset of Bcl-2 family, is
required for activated T-cell survival (19).Weobserved high levels
of BIM expression in nonactivated Jurkat-� and -PDX cells
(Fig. 4E), with lower levels (particularly BIMEL and BIML) in the
latter. Stimulationwith PMA/Io significantly decreased BIM levels
in Jurkat-� cells and even more in Jurkat-PDX cells. Interestingly,
the higher reduction of BIM in Jurkat-PDX cells correlates with the
enhanced ERK phosphorylation we have shown (Fig. 4A), and
supporting the prosurvival role of ERK signaling in T cells by
inhibiting BIM expression (20).

PC activity inhibition in T-cell cytotoxicity
In addition to high levels of inhibitory receptor expression, T

cells have impaired cytotoxicity in cancer (21). Cytotoxic CD8 T
cells typically utilize 2major contact-dependent pathways to kill
target cells (22): the granule exocytosis and Fas–Fas ligand
(FasL) pathway. Granulysin and perforin mediate the delivery
of the apoptosis-inducing proteases, granzymesA andB, into the
target cells through the granule exocytosis pathway. The Fas–Fas
ligand (FasL) pathway activates caspase-mediated apoptosis.
The release of cytotoxic proteins was tested by cytometric bead
array in conditioned medium from purified CD8 T cells pre-
treated with CMK followed by anti-CD3–mediated activation
(Fig. 4F). Conditioned medium from control activated CD8 T
cells showed high levels of granzyme A and perforin compared
with nonactivated cells. CMK alone was able to increase the

amount of granzyme A and granulysin, which increased further
upon cell activation (Fig. 4F). Similarly, compared with control
cells, anti-CD3–mediated activation of CD8 T cells in the
absence or presence of CMK causes the release of sFasL
(Fig. 4G). Analysis of CD107a expression, a cytotoxic T-cell
degranulation marker, showed a similar increase in CD107a
positive cells after activation, in both CMK-treated and non-
treated hPBCMs (Fig. 4H; Supplementary Fig. S4C). Further
analysis of anti-CD3–activated hPBMCs from different donors
revealed similar high levels of granzyme BmRNA in the absence
and presence of CMK (Fig. 4I). Taken together, these data
indicate the preservation of the cytotoxic machinery in the
presence of CMK. To further support the effector function of
T cells after PC inhibition, a cell-based cytotoxicity assay was
performed using hPBMCs and the human colon cancer cells
HT29 (MSS) and HCT116 (MSI). As expected, the lysis of HT29
cells was more efficient in activated hPBMCs both in the pres-
ence and absence of CMK (Fig. 4J). Moreover, in 2 of the 3
donors, the percentage of lysis was higher with CMK-treated
hPBMCs. Similarly, the analysis of caspase-3 from the coculture
of anti-CD3–activated hPBMCs treated with CMK with another
human colon cancer cell line (HCT116) corroborated the cyto-
toxicity assay. Caspase-3 cleavage was increased after hPBMC
activation, compared with nonactivated cells, with or without
CMK (Fig. 4K). These findings indicated the ability of CMK-
treated hPBMCs to kill MSI and MSS colon cancer cells. We next
analyzed the expression of CD69, a T-cell activation marker, by
flow cytometry to test whether the inhibition of PCs in T cells
could affect antigen-TCR binding and therefore, downstream T-
cell activation. TCR-deficient Jurkat cells (JRT3), expressing a
specific TCR (LES) that recognizes the EPCR protein, were
coculture with EPCR-expressing HT29 cancer cells. As expected,
CD69 expression was upregulated when JRT3-LES cells were
cocultured with EPCR-expressing HT29 cells. Similarly, JRT3-
LES treated with CMK for 24 hours strongly upregulated CD69
expression in the presence of the cancer cells (Fig. 4L; Supple-
mentary Fig. S4D). Western blot analysis of IGF-IR receptor
cleavage confirmed PC activity inhibition by CMK in JRT3-LES
cells (Fig. 4M). The survival factor BCL11B was upregulated in
JRT3-LES cells after CMK treatment (Fig. 4M), confirming our
previous results in Jurkat-PDX cells (Fig. 4D) and highlighting
the survival role of CMKduring JRT3-LES/cancer cell interaction.
Altogether, thesefindings show that PCblockade repressed PD-1
expression in T cells without affecting their ability to recognize
cancer cells and mediate cytotoxicity.

PC inhibition represses tumor growth and increases infiltrated
T cells with repressed PD-1

Next, we analyzed whether the effect of PC inhibition that we
observed on T cells would translate into a better cancer immu-
noresponse in vivo, with a particular interest in cytotoxic T-cell

(Continued.) Scale bar, 10 mm. D, Immunofluorescence image quantification of PD-1 and CD8 double-positive hPBCMs from patient with cancer (as shown in C)
relative to total CD8þ cells (three different images and three different areas per image). E, qRT-PCR analysis of TIM3, BTLA, LAG3, TIGIT, and CTLA4 expression
in PMA/Io activated Jurkat� and PDX cells. F, PMA/Io-mediated intracellular calciummobilization in Jurkat� and PDX cells. G, Calcium graph section framed in
F after PMA/Io-induced calciummobilization from intracellular stores in� and PDX cells. H and I, Bar graphs represent the amount of intracellular calcium
mobilization from intracellular stores (H) or calcium entry (I) in� and PDX cells as described in Materials and Methods. J and K,Western blot and densitometry
analyses of NFAT2c levels in whole lysates (J) and nuclear fractions (K) at different time points after PMA/Io stimulation of� and PDX cells. L,Western blot and
densitometry analyses of P-NFkBp65 at different time points of PMA/Io stimulation in� and PDX cells.M,Western blot and densitometry analyses of P-NFkBp65
after NF-kB inhibitor BMS345541 treatment.N, Flow cytometry analysis of PD-1 expression (% positive cells) in BMS345541-treated Jurkat-� cells relative to
control condition (nonactivated and without BMS345541). Data represented as the mean� SEM from three independent experiments.
� , P < 0.05.
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Figure 4.

Increased ERK activation and T-cell proliferation, survival, and cytotoxicity by PC activity blockade. A,Western blot and densitometry analyses of P-ERK1/2 at
different time points of PMA/Io stimulation of Jurkat-� and -PDX cells. B, Effect of short (3 hours) and prolonged (72 hours) PMA/Io stimulation on Jurkat-�
(black) and -PDX (gray) cell proliferation. C, Flow cytometry analysis of cell death (% of Annexin-Vþ/7AADþ) after 48 hours PMA/Io stimulation. D and E,
Western blot and densitometry analyses of cleaved caspase-3 and the prosurvival factor BCL11B (D) and BIM (E) at 24 and 48 hours of PMA/Io stimulation. F and
G, Levels of cytolytic proteins released by isolated human CD8 T cells measured by a CBA assay. Cells were treated with CMK for 24 hours prior to anti-CD3
activation (6 hours).H, Flow cytometry analysis of the cytotoxic-activity marker CD107a in hPBMCs treated with CMK for 24 hours, followed by anti-CD3 for
6 hours from three different donors. I,Granzyme BmRNA levels in hPBMCs isolated from three different donors expressed as fold change to control (CD3- and
CMK-). J, Cytotoxicity flow cytometry-based assay show tumor cell-specific lysis (HT-29 cells) after coculture with hPBMCs treated with CMK. Results from three
different donors are shown. K,Western blot analysis of cleaved caspase-3 in HCT116 tumor cells after coculture with hPBMCs for 48 hours (target:effector ratio¼
1:5). L, JRT3 functional assay; flow cytometry analysis of TCR-activation marker CD69 in JRT3 cells upon binding to HT29 cancer cells.M, JRT3 cells treated with
CMK prior to coculture with HT-29 cells showed reduction in IGF-IR maturation and increased BCL11B expression. Data represented as the mean� SEM from
three independent experiments. � , P < 0.05.
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infiltration and PD-1 expression. We used the syngeneic murine
colon cancer cell line CT26 and the same cells stably expressing
a1-PDX (CT-26-PDX) to induce tumors in the immunocompe-
tent BALB/cmice and in nudemice with T-cell deficiency. Because
the tumor cells express a1-PDX, we first analyzed the ability of
these cells to release a1-PDX in cultured medium and the ability
of this conditioned medium to inhibit PC activity in other cells.
Thus, we analyzed the processing of 2 PC substrates, namely
PDGFA (23) and IGF-IR (8). The conditioned media from CT26
control cells and the same cells cotransfected with cDNAs coding
for V5-a1-PDX and V5-proPDGFA were analyzed by immuno-
blotting (Fig. 5A). Using an anti-V5 antibody, we detected secret-
ed a1-PDX-V5 (50 kDa) and the accumulation of ProPDGFA-V5
(�24 kDa) in the conditioned medium from CT26-PDX cells.
Furthermore, we found an accumulation of proIGF-IR in Jurkat
cells cultured with CT26-PDX conditioned medium (Fig. 5B).
CT26-PDX conditioned medium was found to also inhibit
pERTKR-MCA cleavage (Fig. 5C). A similar result was obtained
with protein extracts from Jurkat cells previously cultured with
CT26-PDX conditioned medium (Fig. 5D). CT26-� and CT26-
PDX cells were analyzed for proIGF-IR processing before subcu-
taneous inoculation of mice to confirm reduced PC activity in
CT26-PDX cells (Fig. 5E). Two groups of BALB/c mice (n ¼ 6/
group/experiment) and 2 groups of nude mice (n ¼ 6/group/
experiment) were inoculated with tumor cells and tumor volume
was measured at various intervals (Fig. 5F). As previously
reported (24), CT26 cells injected in nude mice grow faster
whereas compared with the syngeneic BALB/c mice (Fig. 5F and
G). AlthoughBALB/c andnudemice injectedwithCT26-PDX cells
showed a significant reduction in tumor growth, the antitumori-
genic effect ofa1-PDXwasmore potent in the immunocompetent
mice (Fig. 5F and G). These results suggest the dual effect of a1-
PDX on both tumor cells growth and T-cell activity to reduce
tumor progression. To analyze TILs in immunocompetent mice,
3 weeks after engraftment, tumors from each condition (n ¼ 6)
were pooled together in groups of 3 for tumor dissociation and
analysis. Flow cytometry analysis of CD8 immunofluorescence in
dissociated tumors showed almost 2-fold increase in CD8þ T cells
within CT26-PDX cell-derived tumors (Fig. 5H and I). In contrast,
intratumoral PD-1 immunofluorescence decreased in CT26-PDX
cells derived tumors compared with CT26-� tumors (Fig. 5J and
K). Accordingly, analysis of tumor tissue sections stained for CD8
andPD-1 revealed that, inCT26-� tumors, PD-1positive cells and
infiltrated CD8 T cells weremainly located at the periphery in low
numbers. On the contrary, in CT26-PDX tumors, a number of
dispersed CD8 T cells failed to express PD-1 (Fig. 5L). Altogether,
these results strongly suggest that a1-PDX secreted by CT26-PDX
tumor cells may also act in a paracrine manner to inhibit PD-1
expression and contribute to CD8 T-cell infiltration in the TME.

Notch precursor maturation and PD-1 expression
Notch is a PC substrate reported to be involved in PD-1

expression in T cells (25). Notch is synthesized as a 300 kDa
proprotein (ProNotch-1) that requires PC-based cleavage at
RK1628 and KR1633 sites (site S1 in Fig. 6A) to generate an
approximately 120 kDa transmembrane form (NTM; ref. 9). The
NTM form is cleaved by ADAM17 at site S2 between the residues
Ala1710 and Val1711 to generate the Notch extracellular truncation
(NEXT) domain of 115 kDa. Finally, NEXT cleavage by g-secretase
(S3) between R1751 and R1752 sites generates the Notch intra-
cellular domain (NICD) of 110 kDa (Fig. 6A). Immunoblotting

analysis of Notch cleavage using an antibody against the NTM
domain revealed that whereas both NTM (120 kDa) and
ProNotch-1 (300 kDa) forms are observed in control Jurkat cells,
ProNotch-1 was the major form observed in Jurkat-PDX cells
(Fig. 6B). Incubation of Jurkat-� cells with CMK also induced the
accumulation of the unprocessed form of Notch (Fig. 6B). Using
an antibody against the NICD form (totally processed active
form), we found reduced NICD level in Jurkat-PDX compared
with Jurkat-� cells upon activation (Fig 6C). To test whether both
PC and g-secretase are required to act in a stepwise process to
generate NICD prior to PD-1 expression, we first used the g-secre-
tase inhibitor, DAPT (Fig. 6D–F). PD-1 expression in PMA/
Io-activated Jurkat-� cells was repressed by DAPT as shown by
the reduction in PD-1 mRNA levels (Fig. 6F). Flow cytometry
analysis also showed a significant reduction of PD-1 at the protein
level after DAPT treatment (Fig. 6F). To further assess the impor-
tance of proNotch cleavage in PD-1 expression, NICD was
expressed in Jurkat-PDX cells using lentiviral vector containing
human NICD cDNA (Fig. 6G). We observed that although the
presence of a1-PDX repressed PD-1 expression, the lentiviral-
mediated expression of NICD (PDX/lentiNICD) induced PD-1
expression (Fig. 6H). Interestingly, although PD-1 levels were
significantly increased compared with nonstimulated Jurkat-�
and stimulated Jurkat-PDX, the restoration of NICD failed to
promote PD-1 expression at the levels observed in activated
Jurkat-� cells (Fig. 6H). Next, we investigated whether Notch
activity affects PD-1 expression through the signaling pathways
implicated in T-cell activation/exhaustion. Calcium/NFAT and
NF-kB/ERK pathways were analyzed in Jurkat cells after DAPT
treatment (Fig. 6I–K). As illustrated in Fig. 6I, the calcium
response to PMA/Io treatment was inhibited by DAPT. Similarly,
nuclear accumulationofNFAT following PMA/Io stimulationwas
reduced inDAPT-treated cells, as assessedbyWesternblot analysis
(Fig. 6J) and by EGFP-based reporter assay containing an NFAT-
sensitive promoter (Fig. 6K). Treatment with DAPT had no effect
on NF-kB and ERK phosphorylations upon PMA/Io stimulation
(Fig. 6J). These findings indicate that although Notch cleavage is
required for calciummobilization andNFAT activation, pathways
involved in PD-1 expression, mature Notch is not able to
completely rescue PD-1 expression in PC-inactivated cells. The
results suggest that there might be other PC substrates, unpro-
cessed/inactivated by PC inhibitors, involved in the regulation of
PD-1 expression through calcium/NFAT, NF-kB, and probably
other signaling pathways. Altogether, we propose amechanismof
action in which PC inhibition disrupts PD-1 expression in T cells
through Notch processing blockade (and probably other precur-
sors) and calcium/NFAT and NF-kB pathway inhibitions. In
consequence, the reduced expression of PD-1 receptor at the
cellular membrane of T cells, allows T cells to bypass the PD-
L1/PD-1 mechanism developed by cancer cells to avoid the
immune response.

Discussion
In cancer, T cells are chronically exposed to persistent antigen

stimulation. This is often associated with deterioration of T-cell
function and inefficient control of tumors. Immune checkpoint
blockade can reinvigorate dysfunctional/exhausted T cells by
restoring immunity to eliminate cancer cells. In this study, we
identified PCs as new key players in the regulation of the PD-1
expression and cytotoxicity against tumor cells.
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Figure 5.

PC inhibition represses tumor growth and increases TILs. A,Western blot analysis showing the precursor and processed forms of the PC substrate PDGFA and
a1-PDX, accumulated in conditionedmedium of control or a1-PDX-expressing CT26 cancer cells. B,Western blot analysis for IGF-IR from Jurkat cells previously
treated with CT26 and CT-26/PDX conditionedmedium. C and D, Kinetics of PC activity performed on conditionedmedia from control and a1-PDX-CT26 cells (C)
and on Jurkat cells cultured in those conditionedmedia (D). E,Western blot analysis showing IGF-IR processing in CT26-� and CT26-PDX cells prior to mouse
inoculation. F, Tumor growth analysis of subcutaneously injected CT26-� and CT26-PDX cells in syngeneic immunocompetent BALB/c mice and nude mice.
G, Comparative analysis of tumor growth in the end of the experiment of CT26-� and CT26-PDX cells injected syngeneic and nudemice.H, Flow cytometry dot
plots comparing CD8 expression within CT26-�–derived and CT26-PDX–derived tumors. I, Flow cytometry analysis of infiltrated CD8þ cells in CT26-�–derived
and CT26-PDX–derived tumors, represented as relative value to CT26-�. J and K, Flow cytometry dot plots (J) and analysis (K) of PD-1 in CT26-�- and CT26-
PDX-derived tumors. L, Confocal microscopy images of CD8 (red) and PD-1 (green) immunofluorescence of frozen sections from CT26-�–derived and CT26-
PDX–derived tumors. Scale bar, 5 mm. Data represented as the mean� SD (F) from 6mice per condition/experiment. Flow cytometry data (I and K) obtained
from two pools of three tumors each per condition (�, PDX) represented as the mean� SEM. �, P < 0.05.
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Figure 6.

Notch receptor processing by PCs and PD-1 expression.A, Schematic representation of Notch receptor and cleavage sequence. B,Western blot and
densitometry analyses of Notch-1 processing by PCs in Jurkat� and PDX cells, or Jurkat� treated with CMK, using an antibody against the transmembrane
region (NTM). C,Western blot and densitometry analyses of NICD expression upon PMA/Io stimulation of� and PDX cells using a NICD-specific antibody. D,
Inhibition of NICD expression in Jurkat� by g-secretase inhibitor DAPT (10 mmol/L) as shown byWestern blot and densitometry analyses. E and F, PD-1 mRNA
(E) and protein (F) levels in Jurkat-� treated with DAPT for 24 hours by qRT-PCR and flow cytometry.G, qRT-PCR for NICDmRNA using specific primers for the
cloned NICD (exohNICD) to confirm lentiNICD infection in Jurkat-PDX cells. H, PD-1 mRNA levels in lenti�-infected and lentiNICD-infected Jurkat-PDX cells after
PMA/Io stimulation. I–K, Effect of DAPT on calciummobilization (I), NFAT (J and K), NF-kB, and ERK (J) activation in PMA/Io-activated T cells. Data represented
as the mean� SEM from three independent experiments (E, F, I, and K) and mean� SD (G and H). �, P < 0.05. a.u., arbitrary units.
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Most T cells in the TME differentiate into exhausted T cells,
express high levels of inhibitory receptors, produce less effector
cytokines, and lose the ability to eliminate tumor cells. The final
stage of T-cell exhaustion is the physical deletion, by which,
severely exhausted T cells are cleared in the TME. Furthermore,
T-cell exhaustion may also be related to defective formation of
memory T cells. Previously, PD-1 was shown to be overexpressed
on tumor-infiltrating CD8þ T cells in multiple solid tumors.
Indeed, PD-1þ CD8þ T cells exhibit an exhausted phenotype
characterized by impairedproliferation, cytokineproduction, and
cytotoxicity. Our findings reveal that PC inhibition in activated T
cells represses PD-1 expression and enhances TILs. Analysis of
several checkpoint proteins revealed that inhibition of the PCs in
activated T cells repressed the expression of TIM3 and BTLA and
had no effect on LAG3, TIGIT, and CTLA4. T-cell exhaustion is
generally characterized by the stepwise and progressive loss of
T-cell functions (26, 27), however, other studies revealed that T
cells can also be exhausted within hours following virus infec-
tion (28). In our studies, we used multiple approaches, including
T cell lines, PBMCs, and T cells from healthy and patients with
colon cancer as well as a syngeneic mouse tumor model, to study
the role of the PCs in PD-1 expression and the signaling pathways
involved in PD-1 repression by PCs inhibition. We have shown
that furin andPC7 are themainPC familymembers expressed in T
cells, and therefore we have used the general PC inhibitors a1-
PDX and CMK known to efficiently repress the activity of both
PCs (29, 30). We have shown that PC inhibitors impede PD-1
expression in activated hPBMCs and T cells, and promote prolif-
eration and survival. Our studies also showed that PC inhibitors
block PD-1 expression through the repression of both calcium/
NFAT and NF-kB activities. An intriguing observation of our
signaling analysis was the elevated ERK phosphorylation in
activated T cells in the presence of PC inhibitors. The critical role
of ERK activation in cell proliferation and survival is well estab-
lished. ERK activation is necessary for cell-cycle entry as well as
cell-cycle checkpoint passage. In addition to proliferation, ERK
activation impacts cellular apoptosis. Particularly in T cells, acti-
vation of ERK has been shown to inhibit Fas-mediated apoptosis.
In accordance with this, the increased proliferation and survival
we observed in T cells treatedwith PC inhibitors could be partially
explained by the increased ERK phosphorylation. The molecular
mechanism involved in ERK activation by PC inhibition in T cells
is currently unknown.

Blocking PD-1/PD-L1 pathway using anti-PD-1 or -PD-L1
monoclonal antibodies is emerging as an effective method for
reversing cancer immunosuppression and thereby causing
tumor regression in patients with advanced disease. Such treat-
ments have shownpromising clinical results not only for tumors
classically considered to be immunogenic such as melanoma
and renal cell carcinoma, but also for common epithelial malig-
nancies such as non–small cell lung cancer, which is considered
to be nonimmunogenic and poorly responsive to immune-
based therapies (31, 32). However, in the same clinical trials,
no objective responses were observed in patients with colorectal
cancers except in a subset of MSI patients (3). The reason for the
differential therapeutic effects of targeting PD-1/PD-L1 pathway
between colorectal cancers and other cancers is not known. It
was reported that the presence of TILs in primary colorectal
cancer predicts an improved clinical outcome (33, 34). A high
density of infiltrating memory and effector memory T cells
within colorectal cancers was associated with decreased inva-

siveness, lower stage, and improved survival. T cell density in
colorectal cancers was found to have stronger prognostic signif-
icance than conventional tumor–node–metastasis staging
(35, 36). Our study provides clear evidence that antitumor T-
cell responses play an important role in determining the clinical
outcome for colorectal cancer. We demonstrate that the inocu-
lation of CT26-PDX cells in syngeneic mice induced a better
immune response, including increased T cell tumor infiltration
and reduced intratumoral PD-1 expression. Importantly, the
significant tumor growth repression observed in the syngeneic
mice compared with the nudemice, inoculated both with CT26-
PDX cells, clearly support the considerable role of PCs inhibi-
tion in enhancing tumor immunoresponse. Thus, a1-PDX
secreted by the tumor cells represses their survival and growth
in addition to playing a paracrine role on activated T by inhibit-
ing PD-1 expression and promoting cytotoxicity. The dual
function of a1-PDX on the 2 types of cells within the tumor
mass may contribute to a rapid inhibition of tumor develop-
ment as we observed in the syngeneic model. Thereby, the use of
PC inhibitors at the clinical sittingmay participate in the efficacy
and tolerance of PD-1 immunotherapy in patients with refrac-
tory colorectal cancer by combining PC inhibition and reduced
practices of immunotherapy treatment. This strategy is feasible
since targeting furin by shRNAi DNA combined with GMCSF-
secreting autologous immune vaccines was found to be bene-
ficial in patients with advanced cancer (11). Although the
restoration of active NICD in a1-PDX–expressing T cells recov-
ered the expression of PD-1, NICD failed to completely restore
PD-1. Further investigations are necessary to reveal other PC
substrates participating in PD-1 expression.

In summary, we demonstrated a novel interchange between
PC activity and PD-1 expression. This regulatory event is critical
for T cells to mediate immune surveillance. Importantly, inhi-
bition of PCs in tumor cells promotes tumor-infiltrating cyto-
toxic T-cell response that coincides with reduced tumor growth.
Accordingly, previous studies using different mouse tumor
models revealed that T-cell activity and subsequently the status
of the antitumor immune response can be influenced by
external parameters including the control of the thermoregu-
lation of mice (24), suggesting that the activity of T cells can be
modulated by exogenous parameters. Thus, targeting PCs in T
cells provides a novel strategy to combat T-cell exhaustion-
mediated immunosuppression and may potentially apply to
various cancer types.
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