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Heterogeneity induced GZMA-F2R communication inefficient
impairs antitumor immunotherapy of PD-1 mAb through JAK2/
STAT1 signal suppression in hepatocellular carcinoma
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Tumor heterogeneity has been associated with immunotherapy and targeted drug resistance in hepatocellular carcinoma (HCC).
However, communications between tumor and cytotoxic cells are poorly understood to date. In the present study, thirty-one
clusters of cells were discovered in the tumor tissues and adjacent tissues through single-cell sequencing. Moreover, the quantity
and function exhaustion of cytotoxic cells was observed to be induced in tumors by the TCR and apoptosis signal pathways.
Furthermore, granzyme failure of cytotoxic cells was observed in HCC patients. Importantly, the GZMA secreted by cytotoxic cells
was demonstrated to interact with the F2R expressed by the tumor cells both in vivo and in vitro. This interaction induced tumor
suppression and T cell-mediated killing of tumor cells via the activation of the JAK2/STAT1 signaling pathway. Mechanistically, the
activation of JAK2/STAT1 signaling promoted apoptosis under the mediating effect of the LDPRSFLL motif at the N-terminus of F2R,
which interacted with GZMA. In addition, GZMA and F2R were positively correlated with PD-1 and PD-L1 in tumor tissues, while the
expressions of F2R and GZMA promoted PD-1 mAb-induced tumor suppression in both mouse model and HCC patients. Finally, in
HCC patients, a low expression of GZMA and F2R in the tumor tissues was correlated with aggressive clinicopathological
characteristics and poor prognosis. Collectively, GZMA-F2R communication inefficient induces deficient PD-1 mAb therapy and
provide a completely novel immunotherapy strategy for tumor suppression in HCC patients.
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INTRODUCTION
T cells are strictly controlled via the presentation of ligands and
their co-stimulatory and co-inhibitory receptors for the main-
tenance of self-tolerance during tumor suppression [1]. Immune
checkpoints are widely recognized for their role in tumor
suppression based on the outstanding outcomes reported for
PD-1 and PD-L1 mAb [2–5]. Unfortunately, only a limited number
of patients have demonstrated long-term responses to the
therapies based on immune checkpoints [6, 7].
Studies have suggested a heterogeneous character of tumors

[8, 9], with several differences existing among different types of
primary tumors and also between primary tumors and metastatic
tumors [10]. In addition, polyclonal tumors might develop over
time [11]. Highly heterogeneous tumors exhibit different geno-
types among patients or at different sites within a single patient
[12, 13]. Molecular pathology provides directs guidelines for the
application of immune checkpoint blockades. However, such
examinations have failed to reveal all the molecular information
regarding tumor heterogeneity [14, 15]. Therefore, it is of great
significance to reveal the characteristics of various immune cells
and the communications between the immune cells and tumor

cells as this information would assist in reshaping the tumor
microenvironment during antitumor immunotherapy.
F2R is the most extensively studied member of the PAR family

[16, 17]. The 425 amino acids present at the N-terminal domain of
F2R are recognized and proteolytically cleaved by specific ligands
[18]. The activation of F2R, which depends on the type and the
concentration of the acting ligands, then promotes platelet
activation, cell proliferation, apoptosis, and angiogenesis [19–21].
GZMA is reported to regulate immune defense by inducing
apoptosis, pyrosis, and maintaining homeostasis through the
killing of the bacteria and parasites invading the host cells [22, 23].
Interestingly, GZMA has been reported to competitively interact
with F2R against thrombin, although the GZMA-F2R binding has
not been demonstrated to induce the coagulation process that is
usually induced by the thrombin-F2R interaction [24]. Thus, it is
necessary to understand the molecular mechanism underlying the
GZMA/F2R communication in cancer patients.
Here, we revealed the following: (i) the quantity and function

exhaustion of cytotoxic cells in the tumor tissues of HCC
patients; (ii) the failure of the GZMA-F2R communication in tumor
tissues; (iii) the induction of caspase3-dependent apoptosis by the
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LDPRSFLL motif-activated GZMA–F2R communication via the
promotion of the JAK2/STAT1 signaling pathway; (iv) synergistic
effect of GZMA-F2R communication and PD-1 mAb therapy in
both mouse model and HCC patients; (v) the correlation of the low
expression of GZMA/F2R with aggressive clinicopathological
characteristics and poor prognosis in HCC patients. The above
findings suggested that failure of the GZMA-F2R communication
in the tumor tissues of HCC patients limited the antitumor
immunotherapy based on immune checkpoint blockades. There-
fore, the present study would contribute to and highlighting a
completely different direction for scientific research on therapeu-
tic strategy designing in HCC.

RESULTS
Cytotoxic cell exhaustion in the tumor tissues of HCC patients
To well understand HCC, 40195 high-quality, thirty-one subpopula-
tion cells were screened out from a total of 55,632 cells using the
following conditions: nFeature_RNA> 500 & nCount_RNA > 1 000 &
nCount_RNA< 20 000 & percent.mt <15 (Fig. S1A). The top five
marker genes in subpopulations were visualized on a heatmap
(Fig. S1B). The annotate of subpopulations was performed using
Human Cell Atlas Data (Table S1). Although a little batch effect was
observed (Fig. S1C), the cells from different sources and samples
were generally not distributed evenly in subpopulations (Fig. S1D).

These results suggested that the high heterogeneity of HCC patients
may be the appropriate reason that generic anti-hepatocellular
carcinoma drugs were challenging to be developed [25].
Cytotoxic cells are essential for HCC suppression [26–28].

Unexpectedly, abundant of cytotoxic cells were observed in the
adjacent tissues (Fig. 1Aa–c and Fig. 1B), while the T-cells
exhaustion markers LAYN and CTLA4 were overexpressed in the
tumor tissues (Fig. 1C, D). Subsequently, Kyoto Encyclopedia of
Genes analysis and Genomes and Gene Ontology analysis were
performed for the marker genes of the cytotoxic cells (Table S2).
The analyses revealed the enrichment of the apoptotic and T-cell
receptor signaling pathways (Fig. S2A). Importantly, in terms of
number and function depletion, the gene profile of the cellular
components had been reprogrammed, while the molecular
function, responses to extracellular factors, and the biological
process had been significantly altered (Fig. S2B–E). These results
suggested cytotoxic cells exhaustion in the tumor tissues in terms
of T-cell receptor and apoptosis activation.

Granzymes failure of cytotoxic cells in the tumor tissue from
HCC patients
Although cytotoxic cell exhaustion in tumor tissues was revealed
in the present study, the underlying molecular mechanism was
little understood. Here, the cytotoxic cells were isolated (Fig. 2A),
and the top 5 marker genes in subpopulation were visualized in a

Fig. 1 Single-cell RNA-seq analysis of the cytotoxic cells in the tumor tissue of HCC patients. A The t-SNE map depicting the cytotoxic cells
(red) in the (a), tumor tissues (b), adjacent tissues, and (c) tissues from eight HCC patients. B Bar plot depicting the ratio of cytotoxic cells in the
tumor tissues and adjacent tissues for each HCC patient. C–D Expression t-SNE maps for the T cell exhaustion markers LAYN and CTLA4 in the
tumor tissues and adjacent tissues.
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heatmap (Fig. 2B). Interestingly, wide expression of granzymes
(granzyme A, B, M, K, and H) was detected in all cytotoxic cells
(Fig. 2C, Fig. S3Aa, S3Ba, S3Ca, and S3Da). Unfortunately, a
massive number of granzyme-negative cytotoxic cells were
observed in the tumor tissues (Fig. 2E, Fig. S3Ac, S3Bc, S3Cc,
and S3Dc). In addition, the cytotoxic cells and granzyme-positive
cytotoxic cells were significantly decreased in the tumor tissues
(Fig. 2F, Fig. S3Ad, S3Bd, S3Cd, and S3Dd). According to these
results, it was inferred that the granzyme-negative cytotoxic cells
in the tumor tissues could be the appropriate reason why the
cytotoxic cells failed to lyse the tumor cells.

GZMA-F2R communication failure in the tumor tissues from
HCC patients
In order to further elucidate the mechanism underlying the failure
of cytotoxic cells to induce tumor suppression, the cytotoxic cells
and tumor cells were separated (Fig. 3A), and subsequently the
cell-cell communication was performed using CellChat R package.
Interestingly, fifty-five outgoing communications in five patterns
were revealed (Fig. S4A, B). Importantly, the PAR signal secreted by
cytotoxic cells was mainly received by the tumor cells (Fig. 3B-D

and Table S3), and the GZMA-F2R contributed to the primary PAR
communication signaling pathway network (Fig. 3E). Furthermore,
GZMA was co-localized with F2R in HepG2 co-cultured with CD3+

T-cells and tumor tissues (Fig. 3F). Unfortunately, the GZMA-
positive cytotoxic cells were detected mainly in the adjacent
tissues (Fig. S4C), while the tumor cells from the tumor tissues
(cluster 5 and 8) were negative for F2R (Fig. 3G). Together, these
results suggested the failure of GZMA-F2R communication in the
tumor tissues.

GZMA-F2R communication-mediated tumor cell killing
The above results demonstrated that there was a failure of GZMA-
F2R communication in HCC patients. However, the functional role
of GZMA-F2R communication remained poorly understood so far
in the study. Interestingly, high levels of natural killer cells,
activated CD4 T cells, natural killer T cells, and activated CD8
T cells, were observed in high GZMA/F2R expression HCC patients
(Fig. 4A). Accordingly, T-cell-mediated tumor cell killing and CCK8
assays were performed in the HepG2 and Huh7 cells infected with
F2R-sh-Lv, EGFP-sh-Lv, F2R-Lv, and EGFP-Lv in a co-culture with
the CD3+ T cells infected with GZMA-rAd, RFP-rAd, GZMA-sh-rAd,

Fig. 2 Single-cell RNA-seq analysis of the granzyme failure in the cytotoxic cells from the tumor tissues of HCC patients. A The t-SNE map
depicting clusters of cytotoxic cells in the tumor tissues and adjacent tissues of eight HCC patients. B Expression heatmap of the marker genes
in each cytotoxic cell cluster (top 5, color-coded according to the cluster and expression). C Expression t-SNE maps for GZMA in the cytotoxic
cells of the tumor tissues and adjacent tissues. D Expression t-SNE maps for GZMA in the cytotoxic cells from the tumor tissues. E Expression
t-SNE maps for GZMA in the cytotoxic cells from the adjacent tissues. F Bar plot illustrating the ratio of GZMA positive cytotoxic cells in the
tumor tissues and adjacent tissues for each HCC patient.
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and RFP-sh-rAd, respectively. As depicted in Figs. 4B and 4C, F2R-
Lv infection promoted tumor suppression in the CD3+ T-cells
infected with GZMA-rAd, while the reverse of this was observed in
the cells infected with F2R-sh-Lv and GZMA-sh-rAd.
Induction of apoptosis is an essential function of T cells in tumor

suppression [29, 30]. In this context, immunoblotting was
performed for activated caspase3 was evaluation. Lower level of

activated caspase3 were detected in the F2R-sh-Lv-infected Huh7
cells co-cultured with RFP-sh-rAd-infected CD3+ T cells (Fig. 4Da),
while increased levels of activated caspase3 were observed in the
F2R-Lv-infected Huh7 cells cultured with GZMA-rAd-infected CD3+

T cells (Fig. 4Db). Importantly, Calcein AM/PI double staining
further confirmed the apoptosis-inducing property of F2R and
GZMA expression (Fig. 4E). Together, these results suggested that

Fig. 3 Cellular communication in cytotoxic cells and tumor cells. A The t-SNE map depicting clusters of cytotoxic cells and tumor cells in the
tumor tissues and adjacent tissues of eight HCC patients. B The t-SNE map depicting the types of cytotoxic cells and tumor cells in the tumor
and adjacent tissues, tumor tissues, and adjacent tissues of HCC patients, respectively. C Network depicting the PAR signaling pathway in
cytotoxic cells and tumor cells. Color indicates the significance of clusters in the PAR signaling pathway. D Circle plot illustrating the PAR
signaling pathway in cytotoxic cells and tumor cells. The color and line indicate the significance of clusters in the PARs signaling pathway.
E Bar plot illustrating the contribution of ligands and receptors in the PAR signaling pathway in cytotoxic cells and tumor cells. F Fluorescence
confocal assay results demonstrating the co-localization of F2R (green) and GZMA (red) in cultured cells (left) and tissues of an HCC patient
(right). The nuclear DNA was stained with DAPI (blue). Scale bars: 15 μm. G Expression t-SNE maps for F2R in the tumor tissues and adjacent
tissues, tumor tissues, and adjacent tissues of eight HCC patients.
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the GZMA-F2R communication-induced T cell-mediated tumor cell
killing that relied on caspase3 activation.

GZMA-F2R communication promoted JAK2/STAT2 signaling
pathway
In order to decipher the molecular mechanism underlying the
GZMA-F2R communication in tumor suppression, the differentially
expressed genes in the low F2R/GZMA expression HCC patients
were identified (Fig. S5). Moreover, suppression of the IL6/JAK2/
STAT and IL2/STAT signals was revealed in the GSEA analysis
(Fig. 5A). Therefore, p-JAK2 was quantified through western blotting

in the above cell co-culture system. Interestingly, the levels of
p-JAK2 were increased in the F2R-Lv-infected Huh7 cells co-cultured
with the GZMA-rAd-infected CD3+ T cells (Fig. 5Bb). On the
contrary, the reverse of the above phenomenon was observed in
the F2R-sh-Lv-infected Huh7 cells co-cultured with the GZMA-sh-
rAd-infected CD3+ T cells (Fig. 5Ba). Furthermore, western blotting
followed by a nuclear extraction revealed the nuclear translocation
of STAT1 in the F2R-Lv-infected Huh7 cells co-cultured with the
GAMA-rAd-infected CD3+ T cells, while the reverse of this was
observed for the F2R-sh-Lv-infected Huh7 cells co-cultured with the
GZMA-sh-rAd-infected T cells (Fig. 5C). The finding of the nuclear

Fig. 4 Functional role of GZMA and F2R expression in tumor suppression. A Correlation of GZMA and F2R expression with the infiltrated
immune cells in 372 LIHC from TCGA. B The T cell-mediated tumor cell killing assay performed in a 96-well plate and a 24-well plate. a: HepG2
and Huh7 cells, infected with EGFP-Lv or F2R-Lv, and co-cultured with the CD3+ T cells infected with GZMA-rAd or RFP-rAd, respectively.
b: HepG2 and Huh7 cells, infected with EGFP-sh-Lv or F2R-sh-Lv, and co-cultured with the CD3+ T cells infected with GZMA-sh-rAd or RFP-sh-
rAd, respectively. The cells were stained with crystal violet and quantified at 570 nm in a spectrometer. C The cell counting kit-8 assay. The
above-stated cell was co-cultured in a 96-well plate. Cells were incubated with 100 μl of a medium supplemented with 10 μl of the CCK-8
solution for 1 h. The absorbance was recorded at 450 nm using a microplate reader. D Western blots indicating the expression of activated
caspase 3, F2R, and GZMA in the above-stated co-cultured cells. E The Calcein-AM/PI double staining assay. The above-stated cells were co-
cultured in a 24-well plate. The apoptotic cells stained positively with propidium iodide (red), while the living cells were stained positively with
Calcein AM (green). The PI and Calcein AM-positive cells were visualized using fluorescence microscopy. Scale bars: 80 μm. *p < 0.05, *p < 0.01,
***p < 0.001, ****p < 0.0001.
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translocation was further confirmed in the results of the immuno-
fluorescence assay (Fig. 5D). Together, these results suggested that
the GZMA-F2R communication suppressed the tumor by promoting
the activation of JAK2/STAT1 signaling pathway.

LDPRSFLL motif in the F2R-activated GZMA-F2R communication
In order to completely understand the mechanism underlying the
GZMA-F2R communication, LDPRSFLL-deleted and LDPRSFLL-
mutated motifs (Fig. S6) were generated using PCR. As depicted

Fig. 5 The molecular mechanism underlying GZMA and F2R expressions in tumor suppression. A Differentially Expressed Genes between
high GZMA/F2R expression and low GZMA/F2R expression tissues in the LIHC from TCGA, identified using the gene set enrichment analysis
(GSEA). B Western blots indicating the expressions of the JAK2, p-JAK2, F2R, and GZMA in the above-stated co-cultured cells. C Nuclear
extraction assay. The nuclear protein and the cytoplasm protein in the above-stated cells were extracted using the nuclear extraction kit.
Western blots indicated the level of STAT1 in the nucleus and the cytoplasm. D Fluorescence confocal assay results illustrating the subcellular
localization of STAT1 (red) in the above-stated co-cultured cells. The nuclear DNA was stained with DAPI (blue). Scale bars: 15 μm.
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in Fig. 6A, B, increased levels of activated caspase3 and p-JAK2
were detected in the F2R-rAd-infected Huh7 cells co-cultured with
CD3+ T cells, and these levels were decreased in the F2R-rAd-
infected cells containing the LDPRSFLL-mutated or LDPRSFLL-
deleted motifs and the cells incubated with the LDPRSFLL motif-
specific inhibitors SCH530348 and SCH79797. Importantly, the T
cell-mediated tumor cell killing assay and Calcein-AM/PI double
staining confirmed the promotion of F2R-induced tumor suppres-
sion by the LDPRSFLL motif (Fig. 6C, D). Consistently, western
blotting followed by a nuclear extraction revealed the nuclear
translocation of STAT1 in the F2R-rAd-infected Huh7 cells co-
cultured with CD3+ T cells, while the reverse of this was observed
in the F2R-rAd-infected cells containing the LDPRSFLL-mutated or
LDPRSFLL-deleted motif and the cells incubated with SCH530348
or SCH79797 (Fig. 6E). The nuclear translocation of STAT1 was
further confirmed in the immunofluorescence assay (Fig. 6F).
Together, these results demonstrated that the GZMA-F2R com-
munication-induced tumor suppression might be promoted by
the LDPRSFLL motif.

Low expression of GZMA and F2R impair the therapeutic
efficacy of PD-1 mAb in both mouse model and HCC patients
The above result demonstrated that the GZMA-F2R communica-
tion promotes cytotoxicity in tumor suppression. It is widely
accepted that PD-1 and PD-L1 expressions impair antitumor
therapy [31, 32]. In this context, the relationship among GZMA,
F2R, PD-1, and PD-L1 in TCGA, LIHC, and GTEx was analyzed in the
present study. The results revealed that GZMA and F2R were
positively correlated with PD-1 and PD-L1 in cancers and tissues
(Fig. S7A–S7C). Therefore, to fund out the role of F2R in the tumor
suppression of PD-1 mAb therapy, Hepa1-6 cell, 5*105, infected
with F2R-Lv or EGFP-Lv, were subcutaneously injected into
immune-competent C57BL/6 mice that had been previously
injected with PD-1 mAb or IgG2a (Fig. 7A). Interestingly, decreased
tumor growth (Fig. 7B and Fig. S8A) and increased levels of
activated caspase3 and apoptotic cells (Fig. S9A) were observed in
the F2R-Lv-infected and PD-1 mAb-injected mice.
In order to further understand the role of the GZMA-F2R

communication in the F2R-promoting effects of PD-1 mAb in
tumor suppression, 5*105 Huh7 cells-infected with F2R-sh-Lv or
EGFP-sh-Lv were subcutaneously injected into immune-deficient
BALB/c nude mice. Subsequently, 1*106 CD3+ T cells-infected with
GZMA-sh-rAd or RFP-sh-rAd and PD-1 mAb were injected into the
mice to rebuild the immune system (Fig. 7C). Increased tumor
growth (Fig. 7C and Fig. S8B) and decreased levels of activated
caspase3 and apoptotic cells (Fig. S9B) were observed in the F2R-
sh-Lv and GZMA-sh-rAd-infected and IgG mAb treated mice.
Unfortunately, no significant change in tumor growth was
observed in the F2R-sh-Lv-infected mice. Interestingly, increased
tumor growth and decreased levels of caspase3 activation and
apoptosis cells were observed in GZMA-sh-rAd infected mice
(Fig. 7C, D and Fig. S8B and S9B). These results demonstrated that
low expression of F2R and GZMA resulted in poor ability of PD-1
mAb for tumor suppression.
In order to confirm the above findings in cancer patients, 18

PD-L1-positive HCC patients injected with PD-1 mAb, comprising
ten responders, and eight non-responders (Table S4), were
recruited for the analysis of GZMA and F2R expressions. Two
representative cases of tumor diameter change (indicated with a
red line) in response to PD-1 mAb therapy were are depicted in
Fig. 7E, while two representative cases of GZMA and F2R are
depicted in Fig. 7F. Importantly, low expressions of GZMA and
F2R were observed in the PD-1 mAb non-responder patients
(Fig. 7G). In addition, the expressions of GZMA and F2R were
positively correlated with the changed diameter (Figs. 7H, I).
Together, these results suggested that the tumor suppression
property of PD-1 mAb was impaired in the case of GZMA-F2R
communication failure.

Downregulation of GZMA and F2R was associated with
aggressive clinicopathological characteristics and a poor
prognosis in HCC patients
In order to better understand the role of GZMA-F2R communica-
tion in HCC, the GZMA and F2R RNA-seq data from 33 cancer
types and nine HCC datasets were analyzed. The analysis revealed
a downregulation of F2R in the tumor tissues of CESC, KICH, KIRP,
LUAD, LUSC, and UCEC, while a low expression of GZMA was
observed in COAD, LUAD, LUSC, UCEC, PAAD, and READ
(Fig. S10A). In the HCC RNA-seq data from GEO, F2R expression
was observed to be significantly downregulated in 5 datasets,
while the GZMA expression was significantly downregulated in all
datasets (Fig. S10B). Consistent with this result, the downregula-
tion F2R and GZMA in the tumor tissue of HCC patients was also
observed in the western blotting, quantitative real-time polymer-
ase chain reaction (Fig. 8A, B; Table S5 and S6), and tissue
microarray (Fig. 8C) analyses. These results confirmed that F2R and
GZMA were downregulated in the tumor tissues.
In order to completely understand the contribution of F2R and

GZMA, the correlation of the downregulation of F2R and GZMA
with sex, vascular infiltration, and encapsulation was evaluated
(Fig. S11A). The low expression of F2R/GZMA was observed to be
correlated with poor overall survival (median OS times:526 vs.
673 days; P= 0.034), shorter time to disease-free survival (median
DSS times: 526 vs. 673 days; P= 0.016), and worse progression-
free survival (median PFS times:363 vs. 524 days; P= 0.022) (Fig.
S10C). Similarly, low expression of the F2R/GZMA protein was
correlated with poor overall survival (median OS times:27.35 vs.
49.25 months; P= 0.027) and shorter time to recurrence (median
TTR times: 31.15 vs. 43.00 months; P= 0.015) in HCC patients (Fig.
8D). Furthermore, the multivariate analysis revealed that F2R and
GZMA, together with microvascular invasion, and AFP, are
independent risk factors for both OS and TTR (Fig. S11B). The
low F2R-expression patients exhibited a higher risk for tumor
recurrence (TTR: HR= 0.974; 95% confidence interval: 0.951–0.997;
P= 0.029), while the low GZMA expression patients exhibited a
shorter OS rate and a higher risk for tumor recurrence (OS: HR=
0.973; 95% confidential interval: 0.955–0.992; P= 0.007; TTR: HR=
0.973; 95% confidence interval: 0.955–0.991; P= 0.004). According
to these, it was inferred that the frequently downregulated F2R
and GZMA correlated with aggressive clinicopathological char-
acteristics and a poor prognosis in HCC.

DISCUSSION
Tumor progression is closely associated with the antitumor
activity of the immune system [33]. In tumors, T cells exhaustion
in terms of highly expressed immunosuppressive receptors and
reduced secretion of functional cytokines is reported [34], which
induces T cell inactivation and inefficiency during the antitumor
process, thereby resulting in immune escape [35, 36]. In the
present study, it was revealed that the cytotoxic cells in tumor
tissues are simultaneously exhausted in both quantity and
function in terms of activation of TCR and apoptotic signals
(Fig. 1B, C and Fig. S2A-2B). Meanwhile, a decrease in the secreted
granzyme and the proportion of granzyme positive cells was
observed in the tumor tissues (Fig. 2 and Fig. S3). Therefore, a
widely accepted essential strategy for tumor immunotherapy is to
reverse the immune response of exhaustive T cells via the
blocking of immune checkpoints [37].
In practice, antitumor therapy uses PD-1 mAb to neutralize the

immunosuppressive receptor PD-1 [38], while PD-L1 mAb is used
for neutralizing PD-L1 [39, 40]. Unfortunately, an increased
number of patients failed to exhibit a long-term response to PD-
1 mAb or PD-L1 mAb immunotherapy for heterogeneous immune
and tumor cells [41]. In the present study, the GZMA-F2R
communication promoted JAK2/STAT1 signal-induced tumor
suppression both in vitro and in vivo (Figs. 4, 5, and 7).
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Unfortunately, two tumor cells exhibited negative expression of
F2R in tumor tissues (Fig. 3D). Moreover, the low expression of
GZMA and F2R was positively correlated with PD-1 and PD-L1
(Fig. S7), impaired tumor suppression by PD-1 mAb (Fig. 7, Fig. S8,
Fig. 9), and also predicted aggressive clinicopathological

characteristics and a poor prognosis (Fig. 8, Fig. S10, and
Fig. S11). Therefore, the therapy strategies based on GZMA-F2R
communication would be extremely potent in reversing the
inefficient antitumor immunotherapy based on PD-1 mAb and
PD-L1 mAb.
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However, the present study revealed that the expressions of
GZMA and F2R were positively correlated with PD-1 and PD-L1
(Fig. S7) and regulated the tumor suppression in PD-1 mAb
therapy in both mouse models and HCC patients (Fig. 7).
Moreover, the molecular mechanism underlying the GZMA-F2R
communication in antitumor immunotherapy and its role in PD-1-
suppressed tumor progression were elucidated (Figs. 3–8).
However, to elucidate the specific molecular mechanisms under-
lying the expressions of PD-1 and PD-L1 in the GZMA-F2R
communication failure, further investigation is warranted.
Thrombin is the most extensively elucidated ligand that

interacts with F2R and promotes tumor progression [42–44].
However, multiple principal protease cleavage sites, thrombin,
cathepsin, proteinase3, and human leukocyte elastase have been
characterized at the N-terminal of F2R [24, 45]. In addition, F2R is
reported to perform its biological functions in a ligand and
concentration-dependent manner [46]. However, GZMA and
thrombin recognize the same domain, named LDPRSFLL, although
the interaction of thrombin with F2R induces platelet aggregation
while the interaction of GZMA with F2R fails to induce platelet
aggregation [47]. In the present study, the GZMA-F2R commu-
nication at the LDPRSFLL motif of F2R suppressed tumor
progression by promoting the JAK2/STAT1 signal activation-
induced apoptosis (Figs. 4–6). Interestingly, tumor volume was
promoted in low GZMA expression mice while such promotion did
not occur in the low F2R expression mice (Fig. 7 and Fig. S8). These
results implicated that GMZA might be suppressing tumors via
F2R and another factor. Assuredly, perforin delivers GZMA to the
cytosol of target cell and suppresses tumor progression in
caspase-independent apoptosis [48, 49].
The failure of the GZMA–F2R communication was identified in

the tumor tissues of HCC patients. It was revealed that the binding
of GZMA to the LDPRSFLL motif at the N-terminus of F2R
promotes apoptosis via JAK2/STAT1 signaling, which in synergy
with the PD-1 mAb therapy led to tumor suppression in both
mouse model and HCC patients (Fig. S12). Therefore, a combina-
tion therapy comprising the modulation of GZMA-F2R commu-
nication and the use of an anti-PD-1 antibody would exhibit much
better antitumor efficacy in the treatment of HCC patients.

MATERIALS AND METHODS
Data collection
Single-cell sequencing matrices (GSE149614) and nine RNA-Seq datasets
(GSE14520, GSE36376, GSE46444, GSE54236, GSE57957, GSE64041,
GSE76297, GSE10207, and GSE121248) were download directly from the
GEO. The RNA-seq data for 33 types of tumors were downloaded from the
Genomic Data Commons Data Portal.

Patients and animals
A total of 158 pairs of tumor and adjacent tissue from HCC patients, for use
in tissue microarray staining and total RNA or protein isolation, were
collected from the Affiliated Hospital of Qingdao University, between
March 2014 and August 2017 (Table S6). In addition, paraffin sections of
18 HCC patients who underwent PD-1 mAb treatment at the Affiliated

Hospital of Qingdao University, between May 2017 and November 2020
(Table S4) were collected. Peripheral blood for PBMCs and T cell isolation
was collected from healthy donors. The patients and their families were
thoroughly informed regarding the study, and their approval was obtained
in a written informed consent form that was signed by each participant.
The present study was conducted under the guidelines and principles of
the Declaration of Helsinki.
Six-week-old male C57BL/6 or BALB/c nude mice were procured from SPF

(Beijing) Biotechnology Co. Ltd. The BALB/c nude mice were then randomly
distributed in individually ventilated cage (IVC) systems, while the C57BL/6
mice were housed in specific pathogen-free (SPF) grade animal rooms. All
animal experiments were conducted under guidelines of the Animal Care
Facility of Qingdao University and those of the National Institute of Health.
The study protocols were approved by the ethics committee of the
Affiliated Hospital of Qingdao University (QYFYWZLL26539).

Cell culture
HepG2, Huh7, Hepa1-6, and HEK-293A cell lines were purchased and
authorized (STR profiling) from the China Center for Type Culture Collection.
The cell lines were cultured in DMEM or MEM supplemented with 10% fetal
bovine, 100 μg/mL streptomycin, and 100 U/mL penicillin. T cells were
cultured in the RPMI-1640 supplemented with Recombinant Human IL-2,
10% fetal bovine, 100 μg/mL streptomycin, and 100 U/mL penicillin.

Separation of PBMCs
Peripheral blood mononuclear cells (PBMCs) were separated as described
in a previous report [50]. Briefly, peripheral blood was collected in a 15-ml
tube and centrifuged at 2000 rpm. The cell pellet was collected diluted,
and mixed gently with 1x PBS. Subsequently, the lymphocyte separation
medium was added to the PBMCs separation tube, followed by the
addition of blood cells on the top of the lymphocyte separation medium.
After 10min of centrifugation at 2000 rpm, the separated cells were
collected and washed twice with 1x PBS. Subsequently, the red blood cell
lysis buffer was added to lyse the red blood cells, followed by two washes
with 1x PBS.

Separation of CD3+ T cell
The CD3+ T cells were separated as described in a previous report [51]. The
CD3/CD28 conjugated magnetic beads were vortexed, and then, 100 μl of
the bead mixture was transferred to an EP tube and resuspended in PBS,
while the supernatant was discarded. The resuspended beads were then
mixed with the separated cells and incubated inside a shaker incubator for
30min. Afterward, the mixture was equilibrated on a magnetic stand for
2 min. Finally, the mixture of cells and beads was resuspended and
cultured for 9–14 days.

Construction of vectors
Adenovirus was produced via the double transfection of HEK-293A cells
with the adenoviral backbone vector (pDC316-GZMA-shRNA for the
construction of shRNA-GZMA and pDC316-mCMV-EGFP for the construc-
tion of F2R-rAd, F2R30-426-rAd, F2R44-426-rAd, and F2RS42A-rAd) and the
packaging plasmid pBHGlox-E1,3Cre in a ratio of 1:1 using Lipofectamine 3
000 (Invitrogen, CA, USA). A lentiviral transfer vector (pLV-CMV-shRNA for
the construction of shRNA-F2R and pLV-F2R vector for construction of Lv-
F2R) and two packaging plasmids pH1 and pH2 were triple transfected in a
ratio of 0.5:0.35:0.15 into the HEK-293T cells for Lentivirus construction. The
target sequences used for F2R and GZMA gene interference are provided
in Table S5.

Fig. 6 The molecular mechanism underlying the role of F2R in GZMA expression-based tumor suppression. A Western blots indicating the
expressions of activated caspase3, JAK2, p-JAK2, and F2R in the CD3+ cells co-cultured with the Huh7 cells infected with F2R-rAd, LDPRSFLL
mutated motif F2R-rAd, and LDPRSFLL deleted motif F2R-rAd. B Western blots indicating the expressions of activated caspase3, JAK2, p-JAK2,
and F2R in the CD3+ cells co-cultured with the Huh7 cells incubated with the LDPRSFLL motif-specific inhibitor (either SCH530348 or
SCH79797). C The T cell-mediated tumor cell killing assay. The above-stated cells were stained with crystal violet and quantified at 570 nm in a
spectrometer. D The Calcein-AM/PI double staining assay. The above-stated cells were co-cultured in 24-well plates. The apoptotic cells
stained positively with propidium iodide (red), while the living cells stained positively with Calcein AM (green). The PI and Calcein AM-positive
cells were visualized using fluorescence microscopy. Scale bars: 80 μm. E The nuclear extraction assay. The nuclear protein and the cytoplasmic
protein in the above-stated cells were extracted using the nuclear extraction kit. Western blots indicated the level of STAT1 in the nucleus and
the cytoplasm. F Fluorescence confocal assay results illustrating the subcellular localization of STAT1 (red) in the above-stated co-cultured
cells. The nuclear DNA was stained with DAPI (blue). Scale bars: 15 μm.
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In vivo tumor model
In order to establish the immune-competent mouse model, 4 × 106 Hepa1-
6 cells were mixed with Matrigel and then inoculated into C57BL/6mice for
the establishment of an allograft HCC mouse model. In order to establish

the immunodeficient mouse model, 2 × 106 Huh7 cells were inoculated
into BABL/c nude mice for developing the xenograft HCC mouse model.
CD3+ T cells were injected into the mice via the tail vein to reconstitute the
human immune system. PD1 mAb (Sintilimab, 10 μg/kg) or an IgG was
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injected into the mice via the tail vein once a week. Tumor diameter was
recorded weekly. Later, the animal was sacrificed, a frozen tissue section
was constructed, and the TUNEL assay and activated caspase3 staining
were performed.

Immunoblotting
Tumor tissues or cell pellets were homogenized using cold lysis buffer
procured from Solarbio Life Sciences. The homogenates were centrifuged
at 8,000 g for 30min. After BCA quantification, the supernatant was
separated using SDS-PAGE gels, and the separated proteins were
transferred to PVDF membranes. The membranes with the proteins were
incubated separately with GZMA, F2R, JAK2, p-JAK2, STAT1, Tubulin, and
GAPDH antibodies (1:1 000 dilution). After the incubation, the membranes
were washed with 1xTBST and then incubated with the HRP-conjugated
secondary antibodies (1:2 000 dilution). Afterward, the membrane was
washed again with 1xTBST and then incubated with 1ml of the
electrochemiluminescence solution. The protein bands were visualized
using the Tanon image system. The regents and antibody clones that were
used are listed in Table S7. Original western blots are available in
supplemental data.

Nuclear extraction
The nuclear extraction assay was performed according to the protocol
provided by the manufacturer [52]. Briefly, cells were collected in a 15-ml
tube and centrifuged at 400 g. The obtained cell pellet was collected and
resuspended in 100 µL of the pre-extraction buffer. After 10 min, the
cytoplasmic extract obtained was transferred to a fresh EP tube and then
centrifuged at 8,000 g. The resulting nuclear pellet was mixed with an
extraction buffer, and the mixture was incubated on ice for 15min.
Subsequently, the mixture was sonicated in an ultrasonic disintegrator for
3×10 sec. Afterward, the sonicated mixture was centrifuged a 12,000 g for
10min, and the nuclear extracts obtained were transferred to a fresh EP
tube. Finally, immunoblotting was performed as described earlier.

Cell counting kit-8 assays
The cck8 assay was performed according to the protocol provided by the
manufacturer [53]. Briefly, 2,000 cells were plated in a 96-well tissue culture
plate for 8 h and then co-cultured with 8 000 (1:4) CD3+ T cells. At the end
of the assay, the cells were incubated with 100 μl of a medium
supplemented with 10 μl of the CCK-8 solution for 1 h. The 450 nm
absorbance was recorded at 450 nm using a microplate reader.

T cell-mediated tumor cell killing assay
The T cell-mediated tumor cell killing assay was performed as described in
the report by of Hong L [54]. Briefly, the HepG2 and Huh7 cells were plated
in a 96-well tissue culture plate for 8 h and then co-cultured with CD3+

T cells for 48 h. After removing the T cells and other cell debris, the
remaining cells were stained with crystal violet and then quantified at
570 nm in a spectrometer.

TUNEL assay
The terminal deoxynucleotidyl transferase dUTP nick-end labeling assay
was performed as described in a previous report [55]. Briefly, the tissue
slices were fixed using 70% alcohol and penetrated with 0.5% Triton X-100.
The DNA 3’-OH in the apoptotic cells was linked with the FITC-labeled
dUTP. The DNA was stained with DAPI, and the FITC-positive cell were
visualized under a fluorescence microscope.

Calcein-AM/PI double staining assay
HepG2 and Huh7 cells were plated in a 24-well tissue culture plate and
then co-cultured with CD3+ T cells for 48 h. Subsequently, the staining of
apoptotic cells was performed through incubation with propidium iodide
at 37 °C for 15min. Next, the living cells were stained using Calcein AM.
The PI and Calcein AM-positive cells were visualized using fluorescence
microscopy.

Fluorescence confocal assay
The cultured cells or tissue slices were fixed using 75% alcohol and
penetrated with 0.5% Triton X-100. This was followed by incubation with
GZMA, F2R, STAT1, and activated-casp3. Afterward, the samples were
washed with 1x PBS and then incubated with FITC or TRITC-labeled
secondary antibody (1:400 dilution). Subsequently, after another wash with
1x PBS, the samples were stained with DAPI and covered with a cover
glass. Finally, the protein was visualized and photographed under a
fluorescence microscope.

Total RNA extraction
Tissues were homogenized using the TRIzol reagent. The lysed tissue
homogenate was centrifuged at 3,000 g, and the pellet was discarded. The
obtained supernatant was incubated with chloroform and followed by
thorough mixing and then centrifuged at 12 000 g. The supernatant was
collected, and isopropanol was added to it for RNA precipitation. The
precipitate containing the RNA was again centrifuged at 12,000 g. 70%
ethanol was used to wash the RNA and collected at 8,000 g. The
precipitated RNA was finally dissolved in RNase-free water.

cDNA synthesis
The cDNA was synthesized using the SuperScript® III First-Strand Synthesis
kit for RT-qPCR. Total RNA (≤2.5 µg), dNTP mix (1mM), and random
hexamer primers (5 ng/µl) were mixed, followed by the addition of water
to attain a final volume of 5 µl. RT buffer, RNaseOUT (2 U), DDT (10mM),
SuperScript® III (10 U), and MgCl2 (5 mM) were mixed, forming a total
volume of 10 µl. Subsequently, a standard cDNA synthesis program was
run, and the synthesized cDNA was stored at −20 ˚C.

qRT-PCR analysis
The primers, Sybr Green, and the synthesized cDNA were mixed and briefly
centrifuged. Next 3.8 μl of ddH2O, 1 μl of cDNA, 5 μl of Sybr Green, and
0.2 μl of primer (10 μM) were added to a 384-well PCR plate. The PCR
program conditions used were: denaturation at 95 ˚C for 15 s, annealing at
56 ˚C for 30 s, elongation at 72 ˚C for 50 s; the number of cycles run was 40.
The housekeeping gene GAPDH was used as the internal standard. The
primer pairs used are provided in Table S5.

Data and statistical analyses
The high-quality cells were separated by applying the following criteria:
nFeature_RNA > 500 & nCount_RNA > 1000 & nCount_RNA < 20000 &
percent.mt <15. The FindClusters function was run to identify the cell
clusters at a resolution of 0.5. The Human Cell Atlas Data (http://biocc.
hrbmu.edu.cn/CellMarker/) was employed for the annotation of the
identified cell clusters based on marker genes. RNA-Seq of tumor tissues
and adjacent tissues data were downloaded from TCGA. The GSEA
pathway analysis was performed based on the marker gene.
Statistical analyses were performed using IBM SPSS statistic 22 (IBM, New

York, USA). The differences among the variables were determined using the

Fig. 7 Functional role of GZMA and F2R expressions in the antitumor efficacy of PD-1 mAb therapy. A, B The C57BL/6 mice were injected
with 5 × 105 F2R-Lv-infected Hepa1-6 cells and then subjected to PD-1 mAb treatment or receiving IgG2a isotype control. A A schematic
representation of the treatment plan for immune-competent C57BL/6 mice. B Plots of Hepa1-6 tumor volumes, which were recorded once a
week. C, D BALB/c nude mice, injected with GZMA-rAd or RFP-rAd-infected CD3+ T cells, were injected with 2 × 105 F2R-Lv-infected Huh7 cells
and then subjected to PD-1 mAb treatment or receiving the IgG2a isotype control. C A schematic representation of the treatment plan for
immune-deficient BALB/c nude mice. D Plots of tumor volumes, which were recorded once a week. E Representative images of the
immunohistochemistry staining of GZMA and F2R expressions in the tumor samples from HCC patients. Scale bars: 50 mm. F The densities of
GZMA and F2R in PD-1 mAb responder and non-responder HCC patients. G Tumor diameters recorded by a radiologist based on CT imaging,
indicated with a red line. H The changed tumor diameter (mm) in the HCC patients treated with PD-1 mAb. The tumors were with an increased
diameter are indicated in red, while the tumors with a decreased diameter are indicated in green. I Spearman’s rank correlation analysis was
performed to determine the quantitative correlation between the tumor diameter change and the GZMA and F2R expression levels. The
results were expressed as mean ± SEM; *p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 8 Downregulation of the GZMA and F2R expressions predicted aggressive clinicopathological characteristics and poor prognosis in
HCC patients. A The mRNA levels of GZMA and F2R in 106 pairs of tumor tissues and adjacent tissues from HCC patients, analyzed using qRT-
PCR. The relative GZMA and F2R expression were normalized using GAPDH(-ΔΔCT). B IHC staining was performed for GZMA and F2R in 158
pairs of tumor tissues and adjacent tissues from HCC patients. Scale bars: 2 mm for 50x and 50 μm for 400x. The average intensity of the gray
color was used to indicate the relative levels of GZMA and F2R. *p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001. C The protein levels of GZMA
and F2R in 42 pairs of tumor tissues and adjacent tissues from HCC patients were semi-quantified using the western blot assay. D The overall
and tumor-free survival assays were performed for 106 low GZMA/F2R expression and high GZMA/F2R expression HCC patients. The patients
at risk are listed below.
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two-tailed student’s t-test. The log-rank test was used for determining the
progression-free, disease-free, overall, and disease interval survival. A
stepwise Cox multivariate proportional hazard regression model was used
for the multivariate analysis. Statistical significance was demonstrated by the
P values of 0.05. The data were presented as mean ± SD.

DATA AVAILABILITY
The datasets used and/or analyzed in the present study are available with the
corresponding author and would be provided for study upon reasonable request.
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