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Targeting TNK2/ACK1 reverses the
immunosuppressive tumor
microenvironment and synergizes with
immunochemotherapy in pancreatic cancer

Chao Wu1,2,3,4,5,13, Weishuai Liu2,3,4,5,6,13, Xiangting Hu1,2,3,4,5,13,
Yongjie Xie1,2,3,4,5,13, Shengnan Li7,13, Xinyue Liu1,2,3,4,5, Zhaojun Sun1,2,3,4,5,
Xiaoling Li8, Xin Yu1,2,3,4,5, Yudong Yuan1,2,3,4,5, Yiping Zou1,2,3,4,5, Ran An1,2,3,4,5,
Yanan Chen9, Hailong Wang2,3,4,5,10, Yukuan Feng1,2,3,4,5, Song Gao1,2,3,4,5,
Hongwei Wang1,2,3,4,5, Yifei Wang1,2,3,4,5, Nan Wang 1,11,12, Chao Yang 1,2,3,4,5,
Jun Yu 1,2,3,4,5, Peiqing Sun 11,12 , Chongbiao Huang 1,2,3,4,5 ,
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Pancreatic ductal adenocarcinoma (PDAC) remains highly lethal due to its
aggressive nature and limited treatment options, with the efficacy of immu-
notherapy constrained by a uniquely immunosuppressive tumor micro-
environment (TME). In this study, we identify TNK2/ACK1 as a key regulator of
the immunosuppressive TME in PDAC. TNK2/ACK1 is significantly upregulated
in PDAC, at least in part via gene amplification and KRAS-G12 mutations.
Mechanistically, TNK2/ACK1 directly phosphorylates and activates STAT5A to
induce the expression of the immune checkpoint HVEM, which suppresses
CD8⁺ T-cell function via its receptor BTLA. Pharmacologic targeting of TNK2/
ACK1 with AIM100 or (R)−9b enhances CD8⁺ T-cell activation and cytotoxicity
while reprogramming the TME. Furthermore, combining TNK2/ACK1 inhibi-
tors with anti-PD-1 immunotherapy or with nab-paclitaxel plus gemcitabine
demonstrates promising antitumor efficacy in both allograft and spontaneous
PDAC models. Overall, our findings reveal a mechanism of immune evasion
and provide a potential framework for developing tailored immunother-
apeutic strategies in PDAC.

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malig-
nancy of the digestive system with a dismal prognosis. In addition to
the rising incidence of PDAC, the 5-year overall survival rate (OS) has
remained stagnant at around 11%. PDAC is thus expected to become
the second most common cause of cancer-related deaths by 20301,2.
Less than 20%of PDACpatients are eligible for surgical resection at the
time of diagnosis due to the lack of early symptoms and the

aggressiveness of this disease3,4. Chemotherapy based on gemcitabine
(GEM) is currently the standard treatment formost patients, especially
those with metastatic PDAC, but has limited survival benefit and high
toxicity. In recent years, immune checkpoint blockers (ICB) targeting
PD-L1/PD-1 or CTLA-4 have shown remarkable efficacy in immunogenic
tumors such as melanoma, non-small cell lung cancer, and hepato-
cellular carcinoma, significantly prolonging patient survival5–7.
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Unfortunately,multiple clinical trials have demonstrated that PDAC, as
a typical immunologically “cold” tumor, did not respond to ICB, either
as monotherapy or in combination with Gem-based chemotherapy8,9.
The tumor microenvironment (TME) plays a critical role in the devel-
opment, progression, and metastasis of PDAC, as well as in the
responses to immunotherapy10,11. However, themolecularmechanisms
driving the formation of the unique immunosuppressive TME leading
to immunotherapy resistance in PDAC are poorly understood. There-
fore, elucidating the complex interactions between the tumor and the
tumor microenvironment, including the immune system, is crucial for
identifying targets for novel therapeutic strategies that serve to
improve immunotherapy efficacy and the prognosis in PDAC patients.

Tyrosine Kinase Non Receptor 2 (TNK2), also known as activated
Cdc42-associated kinase 1 (ACK1), is a non-receptor tyrosine kinase of
the Ack family that participates in a variety of cellular processes,
including signal transduction, cytoskeletal dynamics, and
endocytosis12,13. AlthoughTNK2 is not considered as a oncogenic driver
and its precise biological function in cancer is likely context-depen-
dent, aberrant activation or overexpression of TNK2 has been
observed in a range of malignancies, including breast, prostate, and
pancreatic cancers13–15, and activated TNK2/ACK1 correlates with poor
prognosis in PDAC and promotes PDAC progression by phosphor-
ylating AKT. More recently, emerging evidence has suggested a role of
TNK2/ACK1 in regulating tumor-immune cell interactions. In the lung
cancer and colon cancer cohorts in TCGA, the TNK2 levels in tumor
cells correlated negatively with the abundance of immune cells,
including CD8⁺ T cells16,17; however, these studies were limited to
correlations defined by dataset analysis without any functional vali-
dation or mechanistic investigations. In castration-resistant prostate
cancer (CRPC), deletion of TNK2/ACK1 in T cells triggers spontaneous
activation of CD8+ and CD4+ T cells, resulting in inhibition of growth of
transplanted tumors. Meanwhile, inhibition of TNK2/ACK1 in tumor
cells promotes the expression of the chemokine CXCL10, which may
enhance the recruitment of active T cells and boost anti-tumor
immunity18. These findings suggest that, while it may not a universal
regulator of tumor immunity, TNK2 likely contributes to immune
modulation in selected cancer types.

In the current study, we focused on PDAC and investigated how
different expression levels of the tumor-intrinsic TNK2/ACK1 impact
the immune TME and immunotherapy responses in different PDAC
patients, using a combination of bioinformatics analysis and in vitro
and in vivo functional studies. We started with an integrative analysis
of various high-throughput sequencing datasets, including those from
spatial transcriptome sequencing, single-cell transcriptome sequen-
cing (scRNA-seq), and RNA-seq. This analysis revealed a potential role
of TNK2/ACK1 in the formation of an immunosuppressive TME in
PDAC. We further carried out extensive in vitro and in vivo functional
studies to validate the immunosuppressive role of TNK2/ACK1 and to
define the mechanism underlying this role using isogenic cell line and
mouse models of PDAC. We demonstrate that in PDAC, TNK2/ACK1
expression is increased in some tumors as compared to the other
tumors and normal tissues, at least in part via gene amplification or
activation of the KRAS signaling, and that manipulations of the TNK2/
ACK1 level in PDAC cells alter the abundance and activity of CD8+

T cells in co-cultures in vitro and in the TME in vivo. Mechanistically,
TNK2/ACK1 directly phosphorylates STAT5a, a sequence-specific
transcription factor of the STAT family, which induces the transcrip-
tion of the immune checkpoint protein HVEM, thereby inhibiting the
function of CD8+ T cells through the HVEM-BTLA axis and resulting in
immune evasion in PDAC. Furthermore, we showed that targeting
TNK2/ACK1 with the small molecule inhibitors AIM100 or (R)−9b
effectively reverses the immunosuppressive TME and inhibits tumor
growth in mouse models of PDAC, alone and in a synergistic fashion
with αPD-1 ICB therapy and nab-paclitaxel + gemcitabine (AG) che-
motherapy. This combination therapy exhibits promising anti-tumor

activity in both allograft and spontaneous tumor PDAC models. Thus,
our study demonstrates that targeting TNK2/ACK1 is an effective
approach to reshape the immunosuppressive TME of PDAC and pro-
vides the basis for a novel combinatorial strategy for the treatment
of PDAC.

Results
TNK2/ACK1 expression correlateswith immunosuppression and
poor prognosis in PDAC
To identify key factors that contribute to immunosuppressive micro-
environment of PDAC, we developed an integrative analysis approach
using multiple high-throughput sequencing datasets, including spatial
transcriptome sequencing data from 10 PDAC patient tissues
(GSM3036911), scRNA-seq data from 13 patients of Tianjin Medical
University Cancer Institute and Hospital (TJMUCH), and RNA sequen-
cing data from tumor and adjacent tissues of 150 patients from the
TCGA and normal tissues from GTex database (Fig. 1a). Initially, in a
representative spatial transcriptome sequencing sample, we deli-
neated two distinct regions in the tumor, termed “Hot_inflammatory”
and “Cold_desert” based on the level of intratumoral CD8+ T cells. We
then compared the gene expression variations within these two
regions, resulting in the identification of the differentially expressed
gene set 1 (DEGs1) (Fig. 1b, Supplementary Fig. 1a, Supplementary
Data 1). Subsequently, by integrating results from the analyses of the
spatial transcriptome sequencing data in these 10 tumor samples, we
classified them into “Hot_inflammatory” and “Cold_desert” groups
based on the proportion of intratumoral CD8+ T cells and the spatial
relationship between CD8+ T cells and tumor cells. By assessing gene
expression disparities across these two groups, we identified the dif-
ferentially expressed gene set 2 (DEGs2) (Fig. 1c, Supplementary
Data 2). Following analysis of the spatial transcriptome sequencing
data in public datasets, we performed Multiplex Immunofluorescence
(mIHC) staining for CD8 and CK19 to determine the proportion of
intratumoral CD8+ cells in the 13 samples that had been subjected to
single-cell transcriptome sequencing at TJMUCH (HRA000433). We
then categorized these samples into “Hot_inflammatory” and “Cold_-
desert” subtypes based on the proportion of intratumoral CD8+ T cells
determined bymIHC (Supplementary Fig. 1b, c); and by comparing the
transcriptome profiles of these 2 subtypes, we identified differentially
expressed gene set 3 (DEGs3) (Fig. 1d, Supplementary Data 3). Addi-
tionally, by integrating TCGA-PAAD tumors and adjacent tissues with
GTEx normal pancreas, we identified tumor versus normal differen-
tially expressed genes, quantified an immunosuppressive state within
TCGA tumors, and defined DEG4 as the subset of differentially
expressed genes positively associated with immunosuppressive state
(Fig. 1e, Supplementary Data 4). By integrating the results from these 4
analyses, we found a signature highly enriched in pancreatic cancer
tissues and positively associated with an immune-suppressive micro-
environment (Fig. 1f). Notably, TNK2/ACK1 emerged as a top compo-
nent of this signature. Given its pivotal role in tumorigenesis as a
kinase, we focused our further studies on TNK2/ACK1.

Integrated analysis of TNK2/ACK1 expression in three public
scRNA-seq datasets (CRA001160, GSE217845, GSE155698) revealed
that TNK2/ACK1 is primarily enriched in malignant ductal epithelial
cells (Supplementary Fig. 1d, e). Comparative analysis of TNK2/ACK1
expression between PDAC tissues and normal adjacent tissues (NAT)
(including paired samples) acrossmultiple databases, including TCGA,
CPTAC, GEO (GSE15471, GSE151580, GSE101448, GSE71989 and
GSE16515), demonstrated that TNK2/ACK1 expressed was significantly
increased in PDAC tissues as compared to the normal tissues or normal
adjacent tissues (Supplementary Fig. 1f–l). These findings were further
supported by immunohistochemistry (IHC) staining of TNK2/ACK1 in a
cohort of 70 PDAC surgical samples and their paired adjacent non-
tumor tissues collected at TJMUCH, in that high expression of TNK2/
ACK1 was observed in cancer as compared to normal tissues,
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predominantly in malignant ductal epithelial cells (Fig. 1g, h). Fur-
thermore, the expression level of TNK2/ACK1 inversely correlatedwith
both overall survival (OS) and progression-free survival (PFS) of PDAC
patients, as demonstrated in our own cohort and in several

independent public datasets (Fig. 1i–k, Supplementary Fig. 1m, n).
Consistently, analysis of clinical pathological data indicated that high
expression of TNK2/ACK1 was associated with poor prognosis in
PDAC, as determined by univariate regression analysis, although not in
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Fig. 1 | TNK2 expression negatively correlates with immune infiltration and
prognosis in PDAC. a Schematic illustration of the screening strategy created
created in BioRender. wu, c. (2025) https://BioRender.com/9r8yhl5.
b Representative spatial partition showing “Cold_desert” zones and “Hot_in-
flammatory” zones defined by CD8+ T cell distribution; 120 spots were randomly
sampled from “Cold_desert” and 160 from “Hot_inflammatory” across 10 cases
(GSM3036911). Each spot diameter 50 µm. Differential expression genes between
the two spot groups are provided as DEGs1 in Supplementary Data 1.
c Representative images grouping into “Cold_desert” samples and “Hot_in-
flammatory” samples based on CD8+ T cell infiltration across the same 10 cases
(GSM3036911); differential expression genes between two groups are provided as
DEGs2 in Supplementary Data 2. d Representative mIHC images from 13 cases
(HRA000433) illustrating “Cold_desert” tumors and “Hot_inflammatory” tumors.
And 100 areas were randomly sampled from “Cold_desert” tumors and 80 from
“Hot_inflammatory” tumors for CD8+ T cell fraction quantification; each area dia-
meter 100 µm. Differential expression genes between two groups are provided as
DEGs3 in Supplementary Data 3. CD8+T cells: red, CK19: cyan, nucleus: blue. eDEG4
denotes tumor versus normal differential expression genes from TCGA-PAAD and
GTEx that are positively associated with the immunosuppressive state within TCGA

tumors (provided in Supplementary Data 4). f Venn diagram showing the inter-
section used to derive genes positively associated with the immunosuppressive
tumor microenvironment in PDAC. Four differential gene sets were intersected.
Selection thresholds were: DEGs1 log2FC ≥ 1.5, p <0.05; DEGs2 log2FC ≥ 1.3,
p <0.05; DEGs3 log2FC ≥ 1.5, p <0.05; DEGs4 log2FC ≥ 1.0, p <0.05. g The repre-
sentative images of TNK2 IHC staining at different expression levels (n = 70 inde-
pendent samples).h The heatmap of the differential expression of TNK2 in 70pairs
of tumor tissues (T) and corresponding adjacent non-tumor tissues (N). i, j Survival
analysis of PDAC patients with low and high TNK2 expression based on the dataset
of TJMUCH, and p value from log-rank test are shown. k Statistical analysis of OS,
RFS and PFS based on a multi-center retrospective cohort for TNK2 Hazard ratio
(GSE78229: n = 49; GSE62452: n = 65; GSE71729: n = 125; ICGC-PAAD-AU seq: n = 81;
TCGA-PAAD: n = 150; ICGC-PAAD-AU-array: n = 103; E-MTAB-6134: n = 288; ICGC-
PAAD-CA-seq:n = 113. All n represents independent samples). Hazard ratio with95%
confidence intervals, box shows the interquartile range (IQR), line indicates the
median, and whiskers the min/max values; tests two sided; exact p values are
reported in the legends. Scale bars:100 µm. Source data are provided as a Source
Data file.
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multivariate regression analysis (Supplementary Data 5–7). Together,
these data demonstrate that TNK2/ACK1 is expressed at high levels in
PDAC as compared to normal tissues and is associated with immuno-
suppression and poor patient prognosis.

Increased TNK2/ACK1 expression is driven at least in part by
gene amplification and KRAS-G12 mutations in PDAC
TNK2 expression is increased in tumor tissues of PDAC as compared to
normal tissues and varies considerably among different tumors (Sup-
plementary Fig. 1c–i). For example, the TNK2 expression levels [log₂
(TPM+ 1)] varied in a range of 3.4 folds among different PDAC patients
in the TCGA cohort (Supplementary Fig. 1f). We thus studied the
potential molecular mechanisms driving the upregulation of TNK2/
ACK1 in PDAC. Analysis of copy number variation (CNV) data from
three independent datasets revealed that a subset of tumors harbored
different levels of copy number gains of the TNK2 locus. Specifically,
high-level amplification of TNK2 (defined as gain of ≥2 additional
copies) was detected in 3.6%, 2.7%, and 9.2% of the PDAC samples, and
low-level amplification (gain of 1 additional copy) was observed in
17.9%, 13.5%, and 38.9% of the samples, from the CPTAC, TCGA, and
UTSW (PRJNA278883) datasets, respectively (Supplementary Fig. 2a).

Furthermore, a positive correlation was observed between
TNK2/ACK1 expression and the copy number of the TNK2 gene, and
tumors with either high-level or low-level amplifications showed
significant increases in TNK2 expression as compared to those
without, in both TCGA and CPTAC datasets (Supplementary Fig. 2b,
c). Notably, patients with TNK2 gene amplification (more than 1
additional copies) exhibited significantly poorer prognosis com-
pared to those without such alterations (Supplementary Fig. 2d). To
conform these findings, we conducted fluorescence in situ hybridi-
zation (FISH) analysis of TNK2 using specific probes in a cohort of 98
PDAC surgical specimens collected at our center. We observed TNK2
gene amplification (copy number≥2) in 9.18% (9 out of 98) of the
samples, which was associated with aberrantly high expression of
TNK2/ACK1 and significantly worse survival outcomes in these
patients (Supplementary Fig. 2e–g).

Immunohistochemical staining for TNK2/ACK1 in our cohort of 70
PDACpatients revealed that TNK2/ACK1was expressed atmoderate to
high levels in 62.9% (44/70) of cases, a rate that far exceeds the
observed frequency of gene amplification (Fig. 1j, k). This suggests that
mechanisms beyond gene amplification may contribute to the upre-
gulation of TNK2/ACK1 in PDAC. Notably, we observed a significant
associationbetween elevatedTNK2/ACK1 expression and the presence
of KRAS mutations, one of the most common genetic alterations in
PDAC, in the TCGAdataset (Supplementary Fig. 3a). And the analysis of
the TCGA-PAAD dataset and a single cell RNA-seq dataset for PDAC
(GSE155698) revealed significant positive correlations (R =0.40 and
R =0.38, respectively) between TNK2 expression and the KRAS
dependency signature19 in PDAC tumor cells (Supplementary Fig. 3b,
c). We further examined the correlation between TNK2/ACK1 expres-
sion and specific subtypes of KRAS mutations across three indepen-
dent datasets (TCGA, CPTAC, and UTSW). These analyses revealed a
significant positive correlation of TNK2/ACK1 expression with overall
KRAS-G12 mutations (Supplementary Fig. 3d, f, h, j) and with KRAS-
G12D, G12R and G12V mutations (Supplementary Fig. 3e, g, i) in all 3
datasets. However, the correlation between TNK2 and some of the
other KRASmutations, such as G12S andmutations at positions 13, 23,
60 and 62, cannot be determined due to the limited number of cases
with these mutations. Additionally, stratification of patients by TNK2/
ACK1 expression levelswithin theTCGAdataset revealed that theKRAS
mutation rate was 86.7% in the TNK2/ACK1-high expression group, as
compared to 45.3% in the TNK2/ACK1-low expression group (Supple-
mentary Fig. 3k). Consistently,Western blotting analysis indicated that
TNK2/ACK1 expression was significantly higher in most KRAS-G12
mutant cell lines compared to KRAS wild-type (WT) cell lines

(Supplementary Fig. 3l). In an effort to establish the causative link of
theKRAS-G12mutations to TNK2upregulation,we tested the effects of
a KRAS-G12D specific inhibitor MRTX113320 and the non-covalent pan-
KRAS inhibitor BI-286521 on TNK2 expression in PDAC cell lines with
difference KRAS mutational status, BxPC-3 (KRAS wild-type), SW1990
(KRAS-G12D mutant), Capan-2 (KRAS-G12V mutant), and MIA PaCa-2
(KRAS-G12C mutant) (Supplementary Fig. 3m). Consistent with its
ability to inhibit all KRAS forms,BI-2865 reducedERKphosphorylation,
and simultaneously decreased TNK2 expression, in all KRAS-G12
mutant cell lines, and had a similar although less prominent effect
on ERK and TNK2 in the KRAS wild-type cell line BxPC-3. In contrast,
the KRAS-G12D-specific MRTX1133 inhibited ERK phosphorylation and
TNK2 expression only in the KRAS-G12D mutant cell line SW1990, but
not in the other KRAS-G12 mutant cell lines or the KRAS wild-type cell
line. These results indicate that upregulation of TNK2/ACK1 in PDAC is
mediated at least in part byKRAS-G12mutations, includingG12D, G12V
and G12C.

KRAS mutations are known to regulate gene transcription
through activation of the ERK mitogen-activated protein kinase
(MAPK) cascade, which governs a pro-tumorigenic network in
PDAC22,23. Supporting a role of ERK in oncogenic KRAS-G12 mutant
mediated TNK2/ACK1 expression, an ERK inhibitor
SCH772984 significantly decreased TNK2/ACK1 expression in both
Panc10.05 and SW1990 cells containing KRAS-G12D mutation (Sup-
plementary Fig. 3n), suggesting that ERK may play a crucial role in
mediating TNK2/ACK1 upregulation in response to activated KRAS
signaling. Of note, since ERK inhibition suppresses cell growth in
Panc10.05 cells, but not SW1990 cells, the similar effect of the ERK
inhibitor on TNK2/ACK1 expression in both cell lines suggests that the
ERK downstream pathway regulating TNK2/ACK1 upregulation diver-
ges from that regulating cell growth and proliferation.

Collectively, our findings demonstrate that the upregulation of
TNK2/ACK1 in some tumors of PDAC as compared to the other tumors
and to the normal tissues is at least partly driven by gene amplification
and oncogenic KRAS signaling mediated by the G12 mutations. It is
highly likely other mechanisms, besides gene amplification and
oncogenicKRAS signaling, also contribute to TNK2/ACK1 upregulation
in PDAC. In addition, while we demonstrated the contribution of spe-
cific KRAS mutations, including G12D, G12V, G12R and G12C, to TNK2
upregulation based their correlation with high TNK2 levels in patient
datasets and/or their requirement for TNK2 expression in wild-type
and KRAS-mutant PDAC cell lines treated with KRAS inhibitors, our
results do not rule of the possible involvement of other subtypes of
KRAS mutations in TNK2 regulation.

TNK2/ACK1 expression negatively correlates with intratumoral
CD8+ T cell infiltration
To investigate the roles of TNK2/ACK1 in the establishment of an
immunosuppressive microenvironment in PDAC, we analyzed scRNA-
seq data from 24 PDAC tumors (GSA: CRA001160) for cell-cell com-
munications among ten distinct cell clusters using Cell-Chat analysis.
Notably, malignant ductal epithelial cells with high TNK2 expression
displayed robust communication with CD8+ T cells and moderate
interactions with pancreatic stellate cells (PSCs), while those with low
TNK2 expression appeared to primarily interact with macrophages
within the tumor microenvironment (TME) of PDAC (Fig. 2a–c, Sup-
plementary Fig. 4a–g). mIHC staining of our cohort of 98 PDAC sur-
gical specimens revealed a significant negative correlation between
TNK2/ACK1 expression and the abundance of CD8+ T cells, with a
correlation coefficient of −0.6085 (Fig. 2d, e). Meanwhile, TNK2/ACK1
expression exhibited a low negative correlation with NK cells (NKp60+

cells), a weak positive correlation with the abundance of myeloid-
derived suppressor cells (MDSCs, CD33+ cells), but did not influence
the abundance of FOXP3+ regulatory T (Treg) cells (Supplementary
Fig. 4h–j). Additionally, correlation analysis of single-cell RNA

Article https://doi.org/10.1038/s41467-025-67197-3

Nature Communications |          (2026) 17:512 4

www.nature.com/naturecommunications


sequencing datasets CRA001160 (n = 24) and GSE202051 (n = 43)
revealed a significant negative correlationbetweenTNK2 expression in
pancreatic cancer cells and CD8⁺ T cells (Fig. 2f, Supplementary
Fig. 4k). Also, the deconvolution analysis of the TCGA database
revealed a significant negative correlationbetweenTNK2 expression in
pancreatic cancer cells and CD8⁺ T cells, with a correlation coefficient
of −0.75 (Supplementary Fig. 4l). Further, to gain a more

comprehensive understanding of the relationship between TNK2
expression and CD8+ T cell infiltration, we employed several widely
used immune infiltration analysis methods24, including TIMER,
MCPcounter, xCell, CIBERSORT-ABS, and Quantiseq, across multiple
datasets. Consistently, these analyses demonstrated a robust negative
correlation between TNK2 expression and CD8+ T cell infiltration
across the different datasets (Supplementary Fig. 4m).
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Fig. 2 | TNK2 crosstalks with CD8+T cells in the TME of PDAC TME.
a–c Interactions of the TNK2_high Malignant ductal cells. a TNK2_low Malignant
ductal cells (b) and CD8+T cells (c) with other cell types indicated in the figure, as
determined by cell-cell contact analysis. d Representative images of the mIHC
staining of PDAC tissuemicroarray (n = 98 independent samples) with high (left) or
low (right) TNK2 expression. Images are representative of results observed across
the cohort. CD8+ T cells: red, NK cells (NKp60+ cells): orange, MDSC cells (CD33+

cells): cyan, Tregs (Foxp3+ cells): yellow, CK19+ cells: pink, and nuclei: blue. Scale
bars: 50μm. e Correlation between counts of TNK2+CK19+ cells and counts of CD8+

T cells in PDAC samples (n = 98 independent samples). The r value was determined
based on the spearman correlation coefficient, two-sided p value is reported.
f Correlation between tumor-cell TNK2 expression and the percentage of CD8⁺
T cells was assessed using the single-cell RNA-seq dataset CRA001160 (n = 24
independent primary PDAC tumors). Tumors were stratified by the median tumor-

cell TNK2 expression into TNK2-High and TNK2-Low groups (12 cases each). g The
representative mIHC staining images of PDAC tissue microarray (left) (n=98 inde-
pendent samples) with TNK2 in green, CK19 in cyan, CD8+T cell in red and nuclei in
blue, the closest spatial distance analysis (right) with TNK2+CK19+ cells in yellow dots
and CD8+T cells in blue dots, the lines were the connections between them. Scale
bars: 50μm. The statistical analysis of the number of CD8+T cells (h) and the nearest
distance between TNK2+CK19+ cells and CD8+T cells (i) in PDAC samples with dif-
ferent TNK2 expression. Analysis of the TNK2 expression from 33 randomly selected
regions on 10 spatial transcriptome sequencing samples (j) and the average distance
of the nearest CD8+ T cells in these selected regions (k). Two-sided Welch t test with
Benjamini–Hochberg correction; adjusted p values are indicated (k). Scale bars:
50μm. Statistical significancewas determined by two-sidedWilcoxon rank-sum tests
(f, h, i), box shows the interquartile range (IQR), line indicates the median, and
whiskers the min/max values. Source data are provided as a Source Data file.
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To evaluate the impact of TNK2/ACK1 on the spatial distribution
ofCD8+ T cells, we analyzed the average distance between TNK2/ACK1+

CK19+ tumor cells and CD8+ T cells. While samples with high TNK2/
ACK1 expression displayed significantly lower abundance of CD8+

T cells as compared to those with low TNK2/ACK1, as expected, the
average distance between tumor cells and CD8+ T cells was notably
greater in the high-expression group than in the low-expression group
(Fig. 2g–i, Supplementary Fig. 4n). Interestingly, the proportion of
intratumoral CD8+ T cells in samples with TNK2 amplification was
much lower than in those without, and the average distance between
tumor cells and CD8+ T cells was substantially larger in samples with
TNK2 amplification (Supplementary Fig. 4o, p). Moreover, we ran-
domly selected 33 regions of 10 PDAC patients from spatial tran-
scriptome sequencing datasets and analyzed the correlation between
TNK2 expression levels in PDAC cells and the distance from and the
quantity of surrounding CD8+ T cells. Remarkedly, inmost regions (24
out of 33), tumor cells with high TNK2 expression had a lower density
of surrounding CD8+ T cells and were situated farther away from them
as compared to those with low TNK2 expression (Fig. 2j, k). In sum-
mary, our findings suggest that tumor cells expressing high levels of
TNK2/ACK1 may suppress CD8+ T cells infiltration and antitumor
function, thereby promoting the establishment of an immunosup-
pressive microenvironment in PDAC.

TNK2/ACK1 impairs CD8+ T cell function to promote PDAC
progression
AsTNK2/ACK1 has been reported topromote tumor cell proliferation in
various types of cancer by regulating multiple signaling pathways
through its kinase activity13,15,25–28, we investigated whether TNK2/ACK1
influenced the proliferation of PDAC cells. Interestingly, during the
culture of PDAC organoids, we observed no significant difference in
growth rate between organoids with high TNK2/ACK1 expression and
those with low TNK2/ACK1 (Supplementary Fig. 5a–c). Furthermore,
neither ectopic expression of TNK2 in TNK2/ACK1-low organoids
(PDAC#5) nor shRNA-mediated knockdown of TNK2 in TNK2/ACK1-
high organoids (PDAC#4) affected the size of the organoids and the
proportion of Ki67+ proliferating cells (Supplementary Fig. 5d–g), sug-
gesting that TNK2/ACK1hasnoeffect on thegrowthof PDACorganoids.
In three murine PDAC cell lines (KPC#1, KPC#2 and KPC#3) with dif-
ferent TNK2/ACK1 expression levels, generated from spontaneous
tumors from the KPC (LSL-KrasG12D/+-Trp53R172H/+-Pdx1-Cre+/−)
mice in our lab, we exogenously overexpressed TNK2 in the KPC#3 cell
linewith lowTNK2/ACK1 expression, andknockeddownTNK2 inKPC#1
cell line with high TNK2/ACK1 expression (Supplementary Fig. 5h–k).
Consistently, neither overexpression nor knockdown of TNK2 influ-
enced the growthofKPCcells (Supplementary Fig. 5l,m). Togetherwith
our previous data showing that TNK2/ACK1-high PDAC cells commu-
nicate with CD8+ T cells and impair their abundance in the TME, we
hypothesize that TNK2/ACK1 inhibits the activity of CD8+ T cells, facil-
itating the formation of an immunosuppressivemicroenvironment, and
thereby promoting PDAC progression.

To test this hypothesis, we constructed pancreatic orthotopic
xenograft tumor models using KPC#1 cell lines with TNK2 knockdown
or scramble control in wild type C57BL/6 mice or C57BL/6 mice with
CD8+ T cells depletion (Supplementary Fig. 6a, b), or Balb/c nudemice.
As expected, in immunocompetent C57BL/6 mice, knockdown of
TNK2 significantly impeded the growth of orthotopic allograft tumors,
while depletion of CD8+ T cells entirely nullified the tumor growth
suppression induced by TNK2 knockdown; consistently, in T cell-
deficient Balb/c nudemice, TNK2 knockdownhad no impact on tumor
growth in orthotopic xenograft tumor models (Fig. 3a–c, Supple-
mentary Fig. 6c). These findings indicate that CD8+ T cells are neces-
sary for the suppression of tumor growth by loss of TNK2/ACK1.

Next, we explored the effect of the TNK2/ACK1 levels in tumor
tissues on immune cell abundance and function, using the orthotopic

allograft tumor models formed by KPC#3 cell lines with TNK2 over-
expression or KPC#1 cell lines with TNK2 knockdown. TNK2 knock-
down in KPC#1 cells hindered the growth of allograft tumors,
consistent with the results in Fig. 3a–c, while TNK2 overexpression in
KPC#3 facilitated the tumor growth (Fig. 3d–f, Supplementary Fig. 6d).
Subsequently, we employed a 21-color flow cytometer to analyze the
proportions of various major immune cells, such as CD8+ T cells, NK
cells, and others within the tumor tissues (Supplementary Fig. 7a). We
found that TNK2 overexpression significantly reduced the abundance
of CD8+ T cells in the tumor tissue, mildly reduced NK cell abundance,
and slightly increase the abundance of MDSCs and Treg cells (Fig. 3g,
Supplementary Fig. 7b–h). Moreover, TNK2 overexpression markedly
suppressed the cytotoxic activity of CD8+ T cells, and promoted their
exhaustion, as evidenced by reduced expression of the cytotoxic
effector Granzyme B and cytokine TNF-α, and increased expression of
exhaustion markers PD-1 and TIM3, respectively (Fig. 3h–k). Con-
versely, TNK2 knockdown increased the abundance of CD8+ T cells,
bolstered their cytotoxic activity, alleviated their exhaustion, mildly
increasedNKcells, and slightly reducedMDSCandTreg cell infiltration
(Fig. 3g–k, Supplementary Fig. 7b–h). Overall, the results from these
in vivo functional studies indicate that TNK2/ACK1 promotes immune
evasion and progression of PDAC at least partly through inhibiting the
abundance and function of CD8+ T cells.

TNK2/ACK1 inhibits CD8+ T cell activity through direct cell-to-
cell contact
To further investigate the influence of TNK2/ACK1 on CD8+ T cell
activity, naïve CD8+ T cells were isolated from the spleens of immuno-
competent C57BL/6 mice, activated using αCD3/αCD28 Dynabeads
along with IL-2, and then directly co-cultured with KPC cells with over-
expression or knockdown of TNK2 at a ratio of 10:1 (Fig. 4a). Flow
cytometric analysis revealed that co-culture with TNK2-overexpressing
KPC#3 cells significantly suppressed the secretion of cytokines TNFα/
IFN-γ and cytotoxic effector Granzyme B, induced exhaustion, and
consequently inhibited theproliferationofCD8+ T cells; in contrast, after
direct co-culture with KPC#1 cells with TNK2 knockdown, CD8+ T cells
displayed a significant increase in the secretion of effector cytokines, a
decrease in exhaustion, and enhancement in proliferation (Fig. 4b–d,
Supplementary Fig. 8a–e). However, in an indirect co-culture system,
neither overexpression nor knockdown of TNK2 had an impact on the
proliferation and function of CD8+ T cells (Supplementary Fig. 8f–n),
suggesting that the inhibition of CD8+ T cell function by TNK2/ACK1 in
tumor cells requires direct contact between tumor cells andCD8+ T cells.

Furthermore, we directly co-cultured CD8+ T cells isolated from
the spleens of OT-1-td-Tomato mice with KPC cells overexpressing
ovalbumin (OVA), followed by TNK2 overexpression (KPC#3) or
knockdown (KPC#1), to assess the impact of TNK2/ACK1 on the cyto-
toxicity of CD8+ T cells (Fig. 4e). Remarkedly, overexpression of TNK2
in KPC#3 cells suppressed the cytotoxic activity of CD8+ T cells derived
from OT-1 mice, evidenced by a decrease in the proportion of apop-
totic tumor cells measured via flow cytometry analysis of annexin-V
and PI and immunofluorescent staining of Caspase3/7 (Fig. 4f–i), as
well as a reduction in tumor cells lysed by CD8+ T cells detected
through LDH release analysis (Fig. 4j). Conversely, knockdownof TNK2
in KPC#1 cells significantly enhanced the cytotoxic activity of OT-1-
derived CD8+ T cells (Fig. 4f–j). To further investigate the inhibitory
effect of TNK2/ACK1 on the tumor-specific cytotoxicity of CD8+ T cells,
we constructed PDAC organoids with either TNK2 overexpression or
knockdown and directly co-cultured them with pre-activated PBMCs
from the same patient (Fig. 4k). Consistently, TNK2 overexpression
inhibited the cytotoxic effect of autologous PBMCs against PDAC cells,
while TNK2 knockdown had the opposite effect (Fig. 4l, m). Taken
together, the results from these in vitro functional studies demon-
strate that TNK2/ACK1 in tumor cells impairs CD8+ T cell mediated
antitumor immunity through direct cell-to-cell contact.
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HVEM is required for TNK2/ACK1-mediated inhibition of CD8+

T cells
Since TNK2/ACK1 is an intracellular non-receptor tyrosine kinase,
and its expression in tumor cells inhibits CD8+ T cell activity
through direct cell-to-cell contact, we reasoned that TNK2/ACK1
might regulate specific immune regulatory factors on the cell sur-
face of the tumor cells to suppress the activity of CD8+ T cells. To
identify such effectors, we performed quantitative mass spectro-
metry analysis of the membrane proteins from TNK2-
overexpressing and control KPC#3 cells, which identified a set of
proteins regulated by TNK2/ACK1 (Supplementary Data 8). We
performed intersection analysis of these proteins with immune
regulatory factors, cell membrane proteins, and genes upregulated
in PDAC (fold change ≥ 2), and identified 6 potential candidates,
includingHVEM, PPIA, GPI, PSMC2, CALR andRAC1 (Fig. 5a). Among
them, HVEM showed the highest enrichment in quantitative mass
spectrometry analysis, and the strongest correlation in expression
with TNK2/ACK1 (coefficient = 0.53) in the TCGA database (Sup-
plementary Fig. 9a, b). HVEM, also known as TNFRSF14 or CD270, is

a member of the tumor necrosis factor receptor superfamily and
acts as a critical regulator of both innate and adaptive immune
responses29,30. Therefore, we focused on HVEM, an immune
checkpoint proteinwith increased expression in PDACas compared
to normal tissues (Supplementary Fig. 9c).

Cell Merge Density-based co-expression analysis of PDAC single-
cell sequencing data (GSA: CRA001160) revealed a significant co-
expression of TNK2 and HVEM in malignant ductal epithelial cells
(Fig. 5b). IHC analysis in our cohort of 98 PDAC patients demonstrated
a significant positive correlation between HVEM and TNK2/ACK1
expression, with coefficient of 0.5497 (Supplementary Fig. 9d, e).
Furthermore, overexpression of TNK2 in both murine and human
PDAC cell lines dramatically increased the protein and mRNA levels of
HVEM and promoted its membrane localization, while knockdown of
TNK2 markedly decreased HVEM expression and membrane localiza-
tion (Supplementary Fig. 9f–l). Additionally, network centrality
analysis31 of the HVEM signaling pathway from PDAC single-cell
sequencing data indicated that TNK2-overexpressing malignant duc-
tal epithelial cells were the primary source/sender of the HVEM signal,
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Fig. 3 | Targeting TNK2 suppresses tumor growth in a CD8+ T cell-dependent
fashion. a–c Representative pancreatic tumor images at the endpoint of indicated
KPCcellsorthotopic grafted into immunocompetent orCD8+T cell deficientC57BL/
6 mice or BALB/c nude mice (n = 8 independent experiments) (a). Tumor growth
curves (b) and tumor weights (c) measured at the endpoint. d Representative
pancreatic tumor images at the endpoint of indicated KPC cells orthotopic trans-
planted into C57BL/6 mice (n = 8 independent experiments) (d). Tumor growth

curves (e) and tumorweights (f)measured at the endpoint. Flowcytometry analysis
showing the changes ofCD8+ T cells (g), GzmB+CD8+ T cells (h), TNF+CD8+ T cells (i),
PD-1+CD8+ T cells (j) and TIM3+CD8+ T cells (k) in each group (n = 8 independent
experiments). Statistical significance was determined by two-way ANOVA followed
by Tukey’s multiple comparisons test (b, e) and one-way ANOVA followed by
Tukey’smultiple comparisons test (c, f–k). All tests were two sided.Data represents
mean ± s.d. Source data are provided as a Source Data file.
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while CD8+ T cells were the main target/receiver (Fig. 5c, d, Supple-
mentary Fig. 10a).

Furthermore, we knocked down HVEM in TNK2-overexpressing
KPC#3 cells and then established orthotopic pancreatic tumormodels
in C57BL/6 mice (Supplementary Fig. 10b). HVEM knockdown sig-
nificantly attenuated the enhanced tumor growth induced by TNK2
overexpression, and restored the cytotoxic activity of CD8+ T cells,
evidenced by increased secretion of effector cytokines, and decreased
exhaustion status (Fig. 5e–i, Supplementary Fig. 10c–f). Subsequently,
we established orthotopic pancreatic tumor models using KPC#1 cells
with TNK2 knockdown and HVEM overexpression (Supplementary
Fig. 10g). Consistently, HVEMoverexpression effectively abrogated the

inhibition of tumor growth and the increase in cytotoxic activity of
CD8+ T cells induced by TNK2 knockdown (Fig.5j–n, Supplementary
Fig. 10h–k). Altogether, the results from these epistatic studies indi-
cate that TNK2/ACK inhibits CD8+ T cell activity by inducing HVEM
in PDAC.

Interestingly, our animal experiments revealed that while HVEM
was essential for TNK2/ACK1-mediated inhibition of CD8+ T cell
activity, it had no significant impact on TNK2/ACK1-mediated inhibi-
tion of CD8+ T cell infiltration in TME (Fig. 5g, l). In vitro CD8+ T cell
recruitment assays indicated that TNK2 overexpression in KPC#3 cells
significantly inhibited CD8+ T cell recruitment, while HVEM knock-
down did not reverse this effect.; and consistently, HVEM
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overexpression in KPC#1 cells did not prevent CD8+ T cell infiltration
after TNK2 knockdown (Supplementary Fig. 11a–c). These results
suggest that TNK2/ACK1-induced inhibition of CD8+ T cell infiltration
may not be mediated by HVEM but potentially by other factors. We
thus performed RNA-seq analysis in murine KPC#3 and human L3.7
PDAC cells overexpressing TNK2 or control. Gene Ontology (GO,
Molecular Function) analysis of differentially expressed genes from

RNA-seq revealed that the chemokine activity (GO:0008009) and
cytokine activity (GO:0005125) signatures were significantly down-
regulated in TNK2-overexpressing KPC#3 and L3.7 cells (Supplemen-
tary Fig. 11d, e; Supplementary Data 9, Supplementary Data 19).
Notably, within these signatures, CXCL10, a chemokine known to
facilitate CD8⁺ T cell recruitment18,32, was consistently downregulated
in both KPC#3 and L3.7 cells by TNK2 overexpression (Supplementary
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Data 9, Supplementary Data 19). The downregulation of CXCL10 by
TNK2 in KPC#3 and L3.7 cells was confirmed by qRT-PCR (Supple-
mentary Fig. 11f), and was consistent with a previous study reporting
that TNK2 inhibits CD8+ T cell recruitment by reducing CXCL10 in
human prostate cancer cells18. Furthermore, deconvolution analysis of
the TCGA-PDAC dataset demonstrated that TNK2 levels correlated
with reduced CXCL10 expression in PDAC patient samples (Supple-
mentary Fig. 11g). Consistently, correlation analysis of the single-cell
RNA sequencing dataset GSE202051 (n = 43) also revealed a similar
negative correlation between TNK2 and CXCL10 expression specifi-
cally in tumor cells (Supplementary Fig. 11h). These results, together
with our observation that TNK2 expression is negatively correlated
with CD8⁺ T cell infiltration (as shown by CD8⁺ T cell abundance and
their proximity to tumor cells) in human PDAC sample (Fig. 2d–k),
suggest that TNK2/ACK1 inhibits CD8⁺ T cell infiltration in PDAC by
suppressing CXCL10 expression in both mice and humans.

HVEM interactswithBTLA tomediate TNK2/ACK1-inducedCD8+

T cell inhibition
Next, we investigated the mechanism by which TNK2/ACK1-induced
HVEM impairs CD8+ T cell activity in PDAC. Since B and T lymphocyte
attenuator (BTLA) is a well-known receptor on CD8+ T cells that
negatively regulates their activity33, we hypothesized that the HVEM-
BTLA interaction is responsible for TNK2/ACK1-mediated inhibition of
CD8+ T cells. Analysis of the expression pattern of BTLA in the PDAC
microenvironment, using single-cell sequencing data from both
human pancreatic cancer samples and KPCmouse spontaneous tumor
models (GSE129455), revealed that BTLA was predominantly expres-
sed on T cells, particularly CD8+ T cells (Supplementary Fig. 12a–d).
Additionally, deconvolution analysis of the TCGA dataset indicated
that patients with high BTLA expression in CD8+ T cells had sig-
nificantly worse prognoses than those with low BTLA expression
(Supplementary Fig. 12e), suggesting an important role for CD8+ T cell-
expressed BTLA in PDAC progression.

In direct co-culture of CD8+ T cells and KPC cells with over-
expression or knocked down of TNK2, we observed a significant
increase in the proportion of BTLA+ CD8+ T cells after co-culture with
TNK2-overexpressing KPC#3 cells, while a notable reduction in BTLA+

CD8+ T cells was observed in co-culture with TNK2-knockdown KPC#3
cells, as compared to respective controls (Supplementary Fig. 12f, g).
Consistently, in an orthotopic allograft tumor model of KPC#3 cells,
the proportion of BTLA+ CD8+ T cells was significantly higher in tumors
overexpressing TNK2, but significantly lower in tumors with TNK2
knockdown, as compared to control tumors (Supplementary Fig. 12h,
i). These findings were further corroborated by multiplex immuno-
fluorescence staining of TNK2, CD8, and BTLA in our cohort of 98
human PDAC samples, which demonstrated a significantly higher
proportion of BTLA+CD8+ T cells in samples with high TNK2/ACK1
expression compared to those with low TNK2/ACK1 expression (Sup-
plementary Fig. 12j, k). To specifically assess the relationship between
TNK2 expression in tumor cells and BTLA expression in CD8⁺ T cells in
patient samples, we performed a refined deconvolution analysis of the
TCGA-PDAC dataset, which revealed a significant positive correlation
between tumor-specific TNK2 expression and BTLA expression in
CD8⁺ T cells (Supplementary Fig. 12l). To further validate this asso-
ciation at single-cell resolution, we analyzed two independent scRNA-
seq datasets (CRA001160, n = 24; GSE202051, n = 43). In both datasets,
TNK2 expression in tumor cells was positively correlated with BTLA
expression in CD8⁺ T cells (Supplementary Fig. 12m, n). Thus, these
results indicate a positive association between TNK2/ACK1 expression
and BTLA⁺CD8⁺ T cell abundance in PDAC. To further elucidate the
role of BTLA in TNK2/ACK1-mediated inhibition of CD8+ T cells, we
employed anti-BTLA antibody (αBTLA) to deplete BTLA in the co-
culture of CD8+ T cells and KPC#3 cells overexpressing TNK2. BTLA
blockade effectively abolished TNK2/ACK1-mediated inhibition of

CD8+ T cells, as evidenced by a significant increase in the proportion of
Granzyme B+ and IFN-γ+ cytotoxic CD8+ T cells (Supplementary
Fig. 13a–c), along with a reduction in PD-1+ and Tim3+ exhausted CD8+

T cells (Supplementary Fig. 13d–f). Furthermore, we evaluated the role
of BTLA in antigen-specific CD8+ T cell-mediated tumor killing by
performing BTLA blockade in the co-culture of CD8+ T cells fromOT-1-
td-Tomato mice and KPC#3 cells overexpressing OVA. Notably, BTLA
blockade alleviated TNK2/ACK1-mediated suppression of CD8+ T cell
cytotoxicity, as indicated by increased tumor cell apoptosis (Supple-
mentary Fig. 13g–k) and enhanced CD8+ T cell-mediated tumor cell
lysis (Supplementary Fig. 13l). Taken together, these findings under-
score the pivotal role of the HVEM-BTLA interaction in mediating
TNK2/ACK1-induced inhibition of CD8+ T cell function in PDAC.

TNK2/ACK1 facilitates HVEM transcription by directly phos-
phorylating and activating STAT5a
We next investigated how TNK2/ACK1 promotes the expression of
HVEM in PDAC cells. Since TNK2/ACK1 functions as a non-receptor
tyrosine kinase that directly phosphorylates target proteins27,34,35, we
analyzed TNK2-overexpressing and control KPC#3 cells for phos-
phorylated proteins and TNK2/ACK1-interacting proteins using mass
spectrometry analysis, to identify proteins that may be directly phos-
phorylated by TNK2/ACK1. Through intersection analysis, we identi-
fied 4 TNK2/ACK1-interacting proteins, STAT5a, RTN4, FLNB, and
WRN, that were phosphorylated in TNK2-overexpressing cells (Fig. 6a,
SupplementaryData 10, SupplementaryData 11). Given the enrichment
of the phospho-proteins in the Jak-STAT pathway in TNK2-
overexpressing cells (Supplementary Fig. 14a), we reasoned that
TNK2/ACK1 may directly phosphorylate STAT5a, a STAT family tran-
scription factor36, to activate the transcription of HVEM. To confirm
the interaction between TNK2/ACK1 and STAT5a, we transiently
overexpressed flag-TNK2 and c-myc-STAT5a in HEK-293T cells, fol-
lowed by immunoprecipitation using anti-flag or c-myc antibodies.
Remarkably, exogenous TNK2/ACK1 and STAT5a were co-
immunoprecipitated with each other (Fig. 6b). Similarly, endogenous
TNK2/ACK1 and STAT5a co-immunoprecipitated with each other in
KPC#1 cells and SW1990 cells (Supplementary Fig. 14b). Furthermore,
ectopic expression of TNK2 in murine and human PDAC cell lines
(KPC#3, L3.7) increased HVEM expression and dramatically facilitated
the phosphorylation of STAT5a at the Y694 site, while knockdown of
TNK2 (KPC#1, SW1990) reduced the level of HVEM and markedly
inhibited the STAT5a-Y694 phosphorylation (Fig.6c, Supplementary
Fig. 14c). Additionally, co-transfection of the full-length TNK2, but not
its kinase-dead mutant (TNK2-K158R) or N-terminal deletion mutant
(TNK2-ΔN) in HEK-293T cells, effectively induced the phosphorylation
of STAT5a at the Y694 site (Supplementary Fig. 14d). Consistently, IHC
staining revealed a significant positive correlation between the
expression of TNK2/ACK1 and the phosphorylation of STAT5a in PDAC
tissues in our cohort of 98 patients (Supplementary Fig. 14e), sug-
gesting that TNK2/ACK1may contribute to STAT5a phosphorylation in
human tumors. As recombinant proteins for TNK2/ACK1 and STAT5a
are not currently available due to their large sizes, we immunopreci-
pitated STAT5a, TNK2/ACK1, TNK2/ACK1-K158R, and TNK2/ACK1-ΔN
fromHEK-293T cells using antibodies against their respective tags, and
performed in vitro kinase assays to validate the direct phosphorylation
of STAT5a by TNK2/ACK1. We found that full-length TNK2/ACK1
phosphorylated STAT5a, whereas TNK2/ACK1-K158R and TNK2/ACK1-
ΔN had no impact on its phosphorylation (Fig. 6d). Thus, these results
indicate that TNK2/ACK1 can directly bind to and phosphorylate
STAT5a-Y694 in PDAC cells.

In an effort to investigate the contribution of STAT5a to TNK2/
ACK1-induced HVEM expression, we found that STAT5a knockdown
reduced HVEM expression in TNK2-overexpressing KPC#3 cells
(Fig. 6e). Furthermore, treatment of TNK2-overexpressing KPC#3 cells
with stafia, a specific small molecule inhibitor of STAT5a, blocked the
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induction of HVEM expression by TNK2/ACK1 in a concentration-
dependent manner (Supplementary Fig. 14f). These findings indicate
that STAT5a is necessary for TNK2/ACK1-induced HVEM expression.

Subsequently, we explored the mechanism by which STAT5a
induced HVEM expression. Since STAT5a is a sequence-specific

transcription factor, we identified three STAT5a binding sites in the
-2kb region of bothmurine and humanHVEM gene promoters (Fig. 6f,
Supplementary Fig. 14g). Chromatin immunoprecipitation (ChIP)
experiments demonstrated that p-STAT5a bound to the first and sec-
ond binding sites on the murine HVEM gene promoter in mouse KPC
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with western blotting showing the interaction between overexpressed TNK2 and
STAT5a in HEK-293T cells. c Western blotting analysis of indicated protein
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of STAT5a on themouse HVEMpromoter. g, hChIP-qPCR analysis of the binding of
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cells, which was markedly enhanced by TNK2 overexpression and
inhibited by TNK2 knockdown (Fig. 6g, h). Moreover, dual-luciferase
assay in HEK-293T cells unveiled that STAT5a significantly enhanced
the activity of the HVEM promoter under conditions of TNK2 over-
expression, which was completely blocked by the mutation of the first
binding site, but not by that of the second binding site (Fig. 6i, j),
suggesting that STAT5a binds to the first site (BS1) and second (BS2)
site on the promoter of themouseHVEMgene, but only the binding to
BS1 is necessary for activating its transcription. Consistent with these
findings, the phosphorylation level of STAT5a in PDAC tissues exhib-
ited a significant positive correlation with the protein level of HVEM in
our cohort of 98 cases (Supplementary Fig. 14h). Correlation analysis
in the CPTAC proteomic dataset also revealed significant positive
associations among TNK2/ACK1, p-STAT5a, and HVEM, and no corre-
lation was observed between TNK2 and total STAT5a protein levels.
(Supplementary Fig. 14i–l). Additionally, deconvolution analysis of the
TCGA dataset indicated that patients with high STAT5a or HVEM
expression in tumor cells had significantly worse prognosis than those
with low expression (Supplementary Fig. 14m, n). In summary, the
above results demonstrate that TNK2/ACK1 induces HVEM expression
by directly binding to and phosphorylating STAT5a, which in turn
activates the HVEM gene transcription, leading to inhibition of CD8+ T
cell functions, immune evasion, and progression of PDAC.

Targeting TNK2/ACK1 reverses PDAC immunosuppression and
synergizes with αPD-1 immunotherapy
Our findings have underscored a crucial role of TNK2/ACK1 in inhi-
bitingCD8+ T cell function, suggesting that targetingTNK2/ACK1 could
be a promising strategy to restore CD8+ T cell-mediated tumor cyto-
toxicity and reverse the immunosuppressive microenvironment,
thereby improving PDAC prognosis. AIM100 and (R)-9b are the two
most commonly used small-molecule inhibitors of TNK2/ACK1.
AIM100 has been shown to directly suppress TNK2/ACK1 kinase
activity and induce its degradation, while (R)-9b was designed as a
selective small-molecule inhibitor of TNK2/ACK1 and has the potential
to modulate the TME18,28,37–40. Treatment with AIM100 or (R)-9b dra-
matically inhibited TNK2/ACK1 phosphorylation and protein expres-
sion levels in KPC#1 cells, accompanied by reduced STAT5a
phosphorylation and HVEM expression in a dose-dependent manner
(Supplementary Fig. 15a). Similarly, reduced TNK2/ACK1 expression
and phosphorylation, decreased STAT5a phosphorylation and dimin-
ished HVEM protein levels were observed in both orthotopic xeno-
grafts derived from KPC#1 cells and PDAC GEMMmodels in KPCmice,
upon treatment with AIM100 or (R)-9b (Supplementary Fig. 15b, c).
Furthermore, flow cytometry analysis revealed that both AIM100 and
(R)-9b significantly enhanced the activity andmitigated the exhaustion
of CD8+ T cell co-cultured with KPC#3 cells, but showed no significant
impact on the activity of CD8+ T cells cultured alone (Supplementary
Fig. 15d–i). In addition, TNK2/ACK1 inhibition markedly enhanced the
cytotoxicity of OT-1-derived CD8+ T cells against OVA+ KPC#1 cells, as
indicated by enhanced CD8+ T cell-mediated tumor cell lysis (Supple-
mentary Fig. 15j) and increased tumor cell apoptosis (Supplementary
Fig. 15k–n). Therefore, these results confirm that TNK2/ACK1 inhibitors
effectively reduceTNK2/ACK1 expression and activity both in vitro and
in vivo, and inhibit the downstream STAT5a signaling, leading to
enhanced cytotoxic activity of CD8+ T cells.

To assess whether TNK2/ACK1 inhibitors reverses the immuno-
suppressive microenvironment of PDAC and synergizes with ICB
therapy, we first established pancreatic orthotopic allograft models
using KPC#3 cells in C57BL/6mice and treated them with AIM100 and
αPD-1, alone or in combination. While AIM100 monotherapy atte-
nuated the growth of allograft tumors and extended the overall sur-
vival of tumor-bearing mice, combination with αPD-1 synergistically
suppressed tumor growth and prolonged survival, with a ZIP synergy
score of 24.430 (Supplementary Fig. 16a–f). Flow cytometry revealed

AIM100 markedly increased CD8+ T cell infiltration within the TME,
enhanced cytotoxic activity and mitigated exhaustion of CD8+ T cells,
particularly when combined with αPD-1 therapy (Supplementary
Fig. 16g–j). Same results were obtained in the KPC#3 cell-derived
subcutaneous allograft models. AIM100 alone inhibited tumor growth
and improved mice survival; and these effects were synergistically
enhanced when combined with αPD-1, with a ZIP synergy score of
24.806 (Supplementary Fig. 16k–m). Additionally, AIM100 synergized
with αPD-1 to facilitate CD8+ T cell infiltration, enhance their cytotoxic
activity and impede exhaustion (Supplementary Fig. 16n–q). Overall,
these findings demonstrate that the TNK2/ACK1 inhibitor AIM100
effectivity reverses immunosuppressive microenvironment of PDAC,
and sensitizes PDAC to αPD-1 ICB therapy.

Combination of TNK2/ACK1 inhibitors, αPD-1, and chemother-
apy exhibits promising antitumor effects
Although the current frontline chemotherapy combinations (gemci-
tabine/nab-paclitaxel or FOLFIRINOX) can inhibit tumor cell growth to
a certain extent, the survival prognosis of most patients does not sig-
nificantly change, possibly related to the immunosuppressive micro-
environment of PDAC41,42.

Given the close association between TNK2/ACK1 and the immu-
nosuppressive microenvironment, as well as the current limitations of
AG treatment strategies, we analyzed pathological tissue samples and
pre- and post-treatment imaging data from 45 PDAC patients under-
going the nab-paclitaxel + gemcitabine (AG) regimen as neoadjuvant
therapy at TJMUCH, and observed that patients with high TNK2/ACK1
expression at diagnosis had significantly poorer response to AG
neoadjuvant therapy than those with low expression (Fig. 7a, b). This
suggests that TNK2/ACK1 may also contribute to AG chemotherapy
resistance, and that the inhibition of TNK/ACK2 can potentially over-
come this resistance through the remodeling of immunosuppressive
microenvironment.

To test this hypothesis, we treated KPC#1 cell-derived pancreatic
orthotopic allografts in C57BL/6micewithmonotherapy with AG, dual
therapy with AIM100+AG or αPD-1 + AG, or triple therapy with
AIM100 +αPD-1 + AG (Supplementary Fig. 17a). As compared to the AG
monotherapy, both AIM100+AG and αPD-1 + AG dual therapies sig-
nificantly reduced tumor growth, prolonged the overall survival of
tumor-bearing mice, and augmented the infiltration and antitumor
activity of CD8+ T cells within the TME, which were further enhanced
by the triple combination therapy (Supplementary Fig. 17b–m). Most
importantly, analysis of ZIP synergy scoring showed synergistic effects
among AIM100, gemcitabine and αPD-1 on the inhibition of tumor
growth (Fig. 7c). Additionally, we treated KPC#1 cell-derived ortho-
topic allografts in C57BL/6 mice with (R)-9b monotherapy, dual
therapies ((R)-9b +AG or (R)-9b +αPD-1), or triple therapy ((R)-9b +
αPD-1 + AG) (Supplementary Fig. 18a). Compared to the control group,
(R)-9b monotherapy significantly reduced tumor growth, prolonged
survival, and enhanced CD8+ T cell infiltration and antitumor activity
within the TME. These effects of (R)-9b were further augmented by
combination therapies with αPD-1 or αPD-1 + AG (Supplementary
Fig. 18b–m).

To further validate the therapeutic efficacy of the triple combi-
nation therapy for PDAC, we also established spontaneous PDAC
models in KPC mice and treated them with AG monotherapy, com-
bined AIM100 and αPD-1 dual therapy, or triple therapy with AIM100,
αPD-1, and AG when tumors reached a similar volume (50–100mm3)
(Supplementary Fig. 19a). Remarkably, ultrasoundmonitoring, PET-CT
scans, and pancreatic weight measurements demonstrated that the
triple combination therapy achieved more effective tumor growth
inhibition as compared to monotherapy or dual therapies (Fig. 7d–f,
Supplementary Fig. 19b, c). Moreover, mice in the triple combination
therapy group displayed significantly prolonged survival, with ~66.7%
(2 of 3) of the mice still alive at the endpoint (180 days), while all mice
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in the other groups had died within 120 days (Fig. 7g). Flow cytometry
analysis of tumor tissues revealed that triple combination therapy
more effectively promoted CD8+ T cell infiltration (Fig. 7h), enhanced
their antitumor activity (Fig. 7i, Supplementary Fig. 19d, e), and
inhibited exhaustion (Fig. 7j, Supplementary Fig. 19f). Consistently,
mIHC analysis of tumor tissues indicated that triple combination
therapy dramatically inhibited tumor cell proliferation (Fig. 7k,

Supplementary Fig. 19g) and enhanced CD8+ T cell infiltration (Fig. 7l,
Supplementary Fig. 19h).

Additionally, toxicity test in KPC#1 cell-derived orthotopic trans-
plant tumor models showed no significant adverse reactions in the
triple combination therapy group, as compared to the groups treated
with monotherapy or dual therapy and triple combination therapy,
with no abnormalities observed in mouse body weight, organ
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coefficients or histological morphology of major organs, coagulation
indices (APTT and PT) (Supplementary Figs. 20a–h, 21a–h), or routine
blood tests (Supplementary Data 12, 13). In blood biochemical tests,
almost all indicators were normal as compared to the control group,
apart from a slight increase in alkaline phosphatase (ALP), whichmight
be related to the toxicity of AG regimen (Supplementary Data 14, 15).

In conclusion, TNK2/ACK1 inhibitors, αPD-1 immunotherapy, and
AG chemotherapy demonstrate highly synergistic effects, and their
combination therapy can effectively suppress PDAC growth, reverse
the immunosuppressive TME, and significantly prolong overall survi-
val, representing a promising treatment strategy for PDAC (Supple-
mentary Fig. 22).

Discussion
Current immunotherapeutic strategies for pancreatic cancer primarily
focus on immune checkpoint blockers, particularly anti-PD-1/PD-L1
antibodies. While some patients exhibit sustained responses to
immunotherapy, the overall response rate remains relatively low, lar-
gely attributed to the immunosuppressive tumor microenvironment
characterized by dense stromal fibrosis and limited immune cell infil-
tration. However, the molecular mechanisms driving the formation of
this immunosuppressive microenvironment in PDAC are still unclear.
Hence, identifying pivotal drivers of immunosuppressive micro-
environment in PDAC and developing new therapeutic approaches are
crucial for overcoming immune evasion and immunotherapy resis-
tance, consequently enhancing patient prognosis. Our study, using a
combination of bioinformatics analysis and functional studies, pro-
vides compelling evidence demonstrating that in PDAC, TNK2/ACK1 is
expressed at higher levels in some tumors than the others and the
normal tissues, and promotes HVEM gene transcription by directly
phosphorylating STAT5a, thereby impairing CD8+ T cell function and
inducing PDAC immune evasion in a cell-cell contact dependent
fashion. Furthermore, the TNK2/ACK1 inhibitors AIM100 and (R)-9b
reverse the immunosuppressive PDAC microenvironment, inhibit
immune evasion, and synergize with αPD-1 immunotherapy. Addi-
tionally, combining TNK2/ACK1 inhibitor with αPD-1 and AG che-
motherapy suppresses PDAC growth, improves the
immunosuppressive TME, and prolongs survival more effectively than
the TNK2/ACK1 inhibitors alone or the dual therapies, thus offering a
promising therapeutic strategy for PDAC (Supplementary Fig. 22).

In tumors, TNK2/ACK1 dysregulation primarily involves abnormal
elevation of expression and aberrant activation of kinase
activity13,14,18,28,43. In this study, we found that the abnormal over-
expression of TNK2 in some tumors of PDAC, is likely mediated by
multiple mechanisms, one of which might be gene amplification. We
observed varying degrees of TNK2 gene amplification, depending on
its definition, across several databases (CPTAC, TCGA, UTSW), and in
the PDAC patient cohort at TJMUCH (Supplementary Fig. 2a, e).
Increased TNK2 gene copy number correlates with higher TNK2/ACK1
expression levels in tumor tissues, lower immune cell infiltration, and

shorter OS and PFS (Supplementary Figs. 2d, f, g, 4m, n), suggesting a
potential role of TNK2 gene copy number increase in the formation of
the immunosuppressive PDAC microenvironment. Further studies
revealed elevated expression of TNK2/ACK1 in PDAC may also be
induced by oncogenic KRAS-G12 mutations (Supplementary Fig. 3),
which is the most common genetic alteration in PDAC44,45. This finding
is consistent with the reported roles of the KRAS pathway in the
occurrence and development of PDAC, including immune evasion46,47.
Based on correlational analyses across multiple large-scale datasets
and/or experimental validation in KRAS-mutant and wild type PDAC
cell lines using pharmacological KRAS inhibitors, the currently avail-
able data suggest the KRAS-G12D, G12V, G12R andG12C can contribute
to TNK2 upregulation in PDAC cells. However, the involvement of
other types of KRAS mutations cannot be ruled out. In particular, the
number of samples carrying some of the KRAS mutations in the
datasetswas extremely low (Supplementary Fig. 3d–i), thus preventing
the assessment of correlation. For example, we were unable to show a
correlation between KRAS-G12C and TNK2 due to the insufficient
sample size in the datasets, although its effect on TNK2 upregulation
wasdemonstrated in aG12Cmutant cell line treatedwith the pan-KRAS
inhibitor (Supplementary Fig. 3l). For other KRASmutations (e.g., G12S
and mutations at positions 13, 23, 60 and 62), the sample size was too
small for correlational analysis, andwehavenothad theopportunity to
analyze the cell lines containing thesemutations. Thus, further studies
are needed to define the roles of these relatively rare KRAS mutations
in TNK2 regulation.

Despite the correlation between certain KRASmutations and high
TNK2/ACK1 expression, not all cell lines or patient samples carrying
these mutations exhibit high TNK2/ACK1 expression. This likely
reflects the heterogeneity among the KRAS mutant patients due to
individual variations in genetic background, the complexity of KRAS-
associated signaling pathways, and the multifactorial regulation of
TNK2 expression in PDAC. Additionally, our data indicate that inhibi-
tion of ERK resulted in a significant decrease in TNK2/ACK1 expression
in KRAS-G12 mutant cell lines (Supplementary Fig. 3n), underscoring
the critical role of ERK in oncogenic KRASmutant-induced TNK2/ACK1
expression. This is consistent with recent studies demonstrating that
KRAS mutations regulate downstream gene transcription through
activation of the ERKMAPK cascade in PDAC22,23. However, the precise
role of ERK in TNK2/ACK1 expression and the specific downstream
effectors of ERK that directly regulate TNK2 expression remain to be
elucidated in future studies.

Our findings demonstrated that TNK2/ACK1 significantly dam-
pened the cytotoxicity of CD8+ T cells and fosters their exhaustion
through direct cell-cell interactions. Meanwhile, our results also indi-
cated that TNK2/ACK1 could hindered the infiltration of CD8+ T cells
into the TME of PDAC (Figs. 2g–i and 3g). A recent publication noted a
negative correlation between TNK2 gene expression and immune cell
infiltration as well as immunomodulators in non-small cell lung cancer
(NSCLC)48. Another recent study reported two distinct TNK2/

Fig. 7 | TNK2 inhibition together with albumin-paclitaxel and gemcitabine
boosts αPD-1 immunotherapy efficacy. a Representative images of TNK2 IHC
staining and CT scans in PDAC patients treated with neoadjuvant therapy.
b Association between TNK2 expression level and neoadjuvant chemotherapy
response. Counts of PR, SD and PD are shown for TNK2-low (n = 22) and TNK2-high
(n = 23) tumors (total n = 45 independent experiments). The overall association
across the three response categories was tested by Pearson’s χ² test (two-sided);
p =0.0046. For the binary summary, NPD = PR+ SD versus PD (comparison indi-
cated in the panel). PR partial remission, SD stable disease, PD progressive disease,
NPD non-progressive disease. c The synergy score of GEM, AIM100 and αPD-1 were
analyzed through Synergy finder for the treatment of orthotopic transplantation
mousemodel. The representative tumor images (d up) and the representative PET-
CT images (d down, e) of the KPC GEMM mouse which treated with control, AG,
AIM100 and AG, AG and aPD-1, or AG, AIM100 and αPD-1, at the experimental

endpoint before the therapy ending stage (n = 3 independent experiments). f The
pancreas weights of the mouse groups described in (d) (n = 3 independent
experiments). g Kaplan–Meier curves for tumor free survival in the mouse groups
in (d). Flow cytometry analysis showing the proportions of CD8+ T cells (h),
TNFα+CD8+ T cells (i), and PD-1+CD8+ T (j) cells in the mouse groups in (d). k The
representative mIHC images of tumor issues (CK19 in cyan, Ki67 in red, and nuclei
in blue) from the mouse groups in (d). l The representative mIHC images of tumor
issues from the mouse groups in (d) at the experimental endpoint, with
TNK2 stained in blue, CD8 in red, CK19 in purple, and nuclei in blue. Statistical
significance was determined by log-rank (Mantel–Cox) test in survival analysis (g)
or one-way ANOVA followed by Tukey’s multiple comparisons test (e, f, h–l). All
tests were two sided (e–l). Data representmean ± s.d. Source data are provided as a
Source Data file.
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ACK1 signaling modules operating in castration-resistant prostate
cancer (CRPC) cells and T cells, respectively, which are relevant to
antitumor immunity. In T cells, TNK2/ACK1 inhibits TCR activation by
phosphorylating CSK at Tyr18, maintaining LCK in its inactive con-
formation and preventing ligand-independent TCR activation. On the
other hand, TNK2/ACK1 expressed in CRPC cells suppresses CXCL10
expression, thereby mitigating the infiltration of active T cell in TME18.
Consistent with this report, we also found that TNK2/ACK1 expressed
in PDAC cells suppressed the expression of CXCL10 (Supplementary
Fig. 11). Moreover, we demonstrated that PDAC cell-specific TNK2
directly phosphorylates STAT5a, promoting the expression of HVEM,
thereby impairing the antitumor activity of CD8+ T cells via the HVEM-
BTLA axis. Our study has thus identified a novel, cell-cell contact-
dependent mechanism underlying the role of tumor-specific TNK2/
ACK1 in the formation of immunosuppressive TME, in addition to the
previously reported one mediated by chemokines. We also found in
our study that TNK2 inhibitors enhance CD8+ T cell cytotoxicity and
reduce their exhaustion primarily by targeting tumor cell-intrinsic
TNK2/ACK1, because these inhibitors had no significant effect on the
activity of CD8+ T cells cultured alone (Supplementary Fig. 15). This
notion is further supportedby single-cell sequencingdata indicate that
TNK2/ACK1 is expressed predominantly in malignant ductal and
endocrine cells, moderately in endothelial cells, and minimally in
T cells within the PDAC TME (Supplementary Fig. 1a–c). Along with the
previously reported ones, our findings illustrate the complexity of
TNK2/ACK1 signaling in cancer, suggesting that the effects and
downstreampathways of TNK2/ACK1 are highly dependent on the cell
type in which it is expressed. These findings suggest that targeting
TNK2/ACK1 represents as a promise therapeutic strategy for PDAC in
bolstering CD8+ T cell-mediated tumor killing through multiple
mechanisms, including but not limited to increased CD8+ T cell infil-
tration and enhanced cytotoxic activity.

HVEM belongs to the tumor necrosis factor receptor superfamily.
It plays a crucial role in modulating both innate and adaptive immune
responses29,30. For example, it regulates T cell activation, survival, and
differentiation, as well as dendritic cell maturation and function30,49.
HVEM can engage multiple ligands/receptors, including lymphotoxin-
alpha (LTα), LIGHT, B and T lymphocyte attenuator (BTLA), and
CD160, leading to context-dependent signaling outcomes50. Interest-
ingly, HVEM signaling can either promote or inhibit immune responses
depending on the ligands/receptors engaged and the cellular context.
For instance, HVEM interaction with BTLA negatively regulates T cell
activation, whereas interaction with LIGHT promotes T cell co-
stimulation50. In this study, we demonstrated that elevation of TNK2
expression in PDAC cells promoted HVEM expression, thereby inhi-
biting the activity of CD8+ T cells and fostering their exhaustion.
Considering the expression of HVEM on other immune and stromal
cells and its bidirectional immune regulatory effects, directly targeting
HVEM may not be an ideal strategy. While targeting HVEM could
alleviate the inhibitory effect of PDAC cells on CD8+ T cell activity, it
might simultaneously hinder the activation of CD8+ T cells by HVEM
expressed on other immune cells, such as dendritic cells and macro-
phages, potentially resulting in reduced therapeutic efficacy. Theore-
tically, targeting immune inhibitory receptors of HVEM could be a
more effective strategy33,51.

Inmelanoma, blocking BTLA signaling augments the proliferation
and cytokine production of tumor-specific CD8+ T cells while simul-
taneously inhibiting other immune checkpoints, such as TIM-3 and PD-
1, thereby synergistically enhancing T cell activity52. Consistent with
this mechanism, our study provides strong evidence that the HVEM-
BTLA interaction plays a critical role in TNK2-mediated suppression of
CD8⁺ T cells in PDAC (Supplementary Figs. 12, 13). However, given the
limited infiltration of effector T cells in the PDAC TME and the pre-
sence of additional HVEM inhibitory receptors on these T cells, such as
CD160, the anti-tumor efficacy of BTLA inhibitor, either as

monotherapy or in combination with anti-PD-1, may be less pro-
nounced than that of TNK2 inhibition in PDAC. Nevertheless, we
believe that targeting BTLA may present a promising therapeutic
strategy for enhancing immune responses in PDAC. However, further
in-depth investigations are necessary to explore potential therapeutic
approaches.

Through proteomics analysis of phosphorylated proteins and
TNK2/ACK1 interacting partners, we identified STAT5a as a direct
downstream effector of TNK2/ACK1. Our data demonstrated that
TNK2/ACK1 directly phosphorylated and activated STAT5a, which in
turn activates the transcription of HVEM gene, thereby inhibiting the
function of CD8+ T cells and inducing immune evasion in PDAC. These
findings suggest for the first time that STAT5a in PDAC cells con-
tributes significantly to the formation of the immunosuppressive TME,
aligningwith a recent studywhich reported that targeting the STAT5A/
IDO1 axis could reverse the immunosuppressive microenvironment in
NSCLC53. It should be noted that the STAT5a pathway is also present in
T cells, where it plays a pivotal role in their differentiation and acti-
vation. Welte et al. demonstrated that STAT5a interacts with the T cell
receptor complex and stimulates T cell proliferation54. Additionally,
STAT5a is required for antigen-induced eosinophil and T-cell recruit-
ment into the tissue55, and regulates T helper cell differentiation by
several distinct mechanisms56. It was recently reported that STAT5
opposes the transcription factor Tox and rewires exhausted CD8+

T cells toward durable effector-like states during chronic antigen
exposure54,57. Overall, our results, together with these prior findings,
suggest that STAT5a may have bidirectional effects on immunity,
either activating or inhibiting immune responses dependingon the cell
type in which it is expressed. Hence, unselectively targeting STAT5a
may not be an effective strategy for activating anti-tumor immune
responses either.

In contrast to HVEM and STAT5a, TNK2/ACK1 is expressed at high
levels in PDAC cells as compared to normal pancreatic cells and
immune cells in the TME (Supplementary Fig. 1a, b), and thus, targeting
TNK2/ACK1 would be a preferred strategy to selectively alleviate the
inhibitory impact of the TNK2/ACK1-STAT5a-HVEM axis on CD8+ T cell
activity on PDAC cells, without affecting STAT5a- and HVEM-mediated
activation of CD8+ T cells in other pathways or in other cells. Fur-
thermore, inhibiting TNK2/ACK1 can also promote the recruitment of
CD8+ T cells in the PDAC TME, thereby further enhancing the tumor-
killing effect mediated by CD8+ T cells. Therefore, inhibition of TNK2/
ACK1will likely offer a highly promising therapeutic strategy for PDAC.

While TNK2 is not considered as a cancer driver gene in PDAC, our
findings have revealed its important function in shaping the immu-
nosuppressive tumor microenvironment in PDAC. Through both cor-
relative analyses and in vitro and in vivo functional studies, we
demonstrate that elevated TNK2/ACK1 expression impairs CD8⁺ T cell
infiltration and cytotoxicity, contributing to immune evasion. More-
over, high TNK2/ACK1 expression was consistently associated with
worse prognosis across multiple independent PDAC cohorts, even
though TNK2/ACK1 does not meet the criteria of a prognostic bio-
marker in certain databases such as the Human Protein Atlas. Our
results support the clinical relevance of TNK2/ACK1 as a potential
therapeutic target in PDAC and suggest that it plays a critical role in
immune suppression regardless whether it qualifies as a cancer driver
gene according to the conventional definitions.

In summary, our findings underscore the critical role of TNK2/
ACK1 in shaping the immunosuppressive microenvironment and pro-
moting immune evasion in PDAC. Building on this discovery, we have
developed a novel combination therapy strategy using the TNK2/ACK1
inhibitor, αPD-1 immunotherapy, and AG chemotherapy, which
demonstrated promising therapeutic efficacy in PDAC animal models.
Moving forward, clinical trials could be conducted to further evaluate
the therapeutic potential of this combination treatment approach
for PDAC.
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Methods
The usage of both specimens and patient information and all animal
experiments adhered to the guidelines outlined in the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals were
ethically approved by the Ethics Committee of TJMUCIH. All patients
provided written consent to the utilization of their specimens and
disease information for future investigations, in accordance with the
ethical guidelines of the Helsinki Declaration. And skilled investigators
conducted the approved protocol with meticulous care for laboratory
animals.

Human samples collection
A retrospective analysis was performed in 70 pairs of cancer and
adjacent tissues and 98 patients who underwent radical R0 resection
for PDAC and received histological diagnosis at the Tianjin Medical
University Cancer Institute and Hospital (TJMUCIH, China) between
July 2011 and April 2015. The data collection included clin-
icopathological information such as age, gender, histological grade,
tumor size, TNM stage, and regional lymph node status. The follow-up
rate remained at 100% until the last recorded follow-up date on
October 23, 2019. It is important to note that none of these patients
underwent neoadjuvant chemotherapy or radiotherapy before the
collection of tissue samples. Following the surgical procedure, all
patients were subjected to systemic gemcitabine/nab-paclitaxel
chemotherapy.

Additionally, data were collected from another retrospective
cohort comprising 45 patients diagnosed with advanced PDAC and
hypertension, based on pancreatic needle biopsy pathology at TJMU-
CIH from July 2016 to June 2023. The follow-up rate for this cohort
remained at 100% until the last recorded follow-up date on December
31, 2023. Clinicopathological data for the 45 PDAC patients included
information on albumin paclitaxel and gemcitabine usage history, as
well as the chemotherapy response categorized into partial remission
(PR), stable disease (SD), and progressed disease (PD).

Mouse models and Intervention approaches
All mice were maintained in a temperature-controlled room at
22 ± 2 °C with 40–60% relative humidity under a 12 h light/12 h dark
cycle. Animals had ad libitum access to water and transgenic
mouse–specific chow (spfbiotech, SPF-F04-001). All procedures fol-
lowed protocols approved by the Animal Care and Use Committees of
Tianjin Medical University Cancer Institute and Hospital.

(1) The genetically engineered mouse model, KPC (LSL-K-Ras
LSLG12D/+; LSL-Trp53R172H/+; Pdx1-Cre), was generously provided by
Dr. Xueli Bai from the First Affiliated Hospital of Zhejiang University,
China. The KPC mice were created through the crossbreeding of LSL-
KrasG12D, LSL-Trp53R172H, and Pdx1-Cre mice, resulting in animals
harboring a conditional p53 mutation and endogenous mutant Kras-
G12D expressed in pancreatic tissue. Diagnosis of spontaneously
developed PDAC involved identifying a palpable solid tumor in the left
peritoneal cavity, confirmed through ultrasound or MRI scans. Eutha-
nasia was performed when mice exhibited a hunched posture,
hyperpnea or dyspnea, ascites, lethargy, and the survival date was
documented.

(2) Orthotopic transplantation model: PDAC cells (KPC#1 or
KPC#3) derived from KPC mouse pancreatic tumor tissues, were
orthotopically injected into the pancreas of 6–8-week-old female
syngeneic immunocompetent or CD8+ T cell-deficient C57BL/6miceor
BALB/c nude mice at a concentration of 1 × 105 cells in 40μl Matrigel
(Corning, 356234). Tumor growth was assessed through IVIS biolu-
minescence imaging every 4–5 days.

(3) Subcutaneous xenograft tumormodel: 1 × 106 KPC#1 or KPC#3
cells in 100μl sterile phosphate-buffered saline were transplanted into
the mouse groin subcutaneously. Tumor volume was measured and
recorded using vernier calipers every 5 days, the formula used for

calculating tumor volume was volume (V) = length (L) ×width (W)2/2.
Survival events were scored when mice lost over 10% body weight,
tumor burden reached 2.0 cm in diameter or per absolute survival
events.

(4) CD8+T cell deficient C57BL/6 mice: 6–8-week-old mice were
selected for intraperitoneal injections of 200μg α-CD8a (Bio X cell,
#BE0061) or isotype control (Bio X cell, #BE0090) at three-day inter-
vals, totaling three injections. Peripheral blood samples were collected
from the mouse tail, and the clearance efficiency of CD8+ T cells was
assessed using flow cytometry.

(5) tdTomato-OT-1 mice: C57BL/6-Tg (Tcra-Tcrb)1100Mjb/J mice
(strain #:003831), referred to as OT-I mice, were procured from Jack-
son Laboratories. R26-tdTomato(M-NSG) mice (Cat. NO. NM-KI-
232838) were acquired from Shanghai Model Organisms Center, Inc.
The tdTomato-OT-1micewas generated from the crossbreedingofOT-
I mice with R26-tdTomato(M-NSG) mice.

(6) Intervention approaches: For targeted therapeutic treatment
experiments, mice with tumors reaching 50–100mm3 or 5 days after
orthotopic transplanted were randomized to receive the following
therapies at the reported doses: received albumin paclitaxel (200μg/
100 μl per mouse) and gemcitabine (500μg/100μl per mouse)
administered via intraperitoneal injection every four days. Addi-
tionally, an anti-PD-1 antibody (200μg/100μl per mouse, Bio X Cell,
#BE0146) was injected on the 4th, 7th, and 10th days, along with
AIM100 (6mg/kg, MCE, HY-15290) every four days or (R)-9b (25mg/
kg, Sigma-Aldrich, SML2073) every five days through intraperitoneal
injection. The control group was given the same dose of sterile PBS
or isotype control.

Cell culture
The human PDAC cell lines AsPC-1, MIA PaCa-2, Panc 10.05, Capan-2,
CFPAC-1 BxPC-3 and SW1990, and human embryonic kidney cell line
HEK-293T,were purchased from theAmericanTypeCultureCollection
(ATCC, USA). The human PDAC cell line L3.7was a gift fromDr. Keping
Xie (MD Anderson Cancer Center, Houston, TX). Themouse PDAC cell
lines KPC#1, KPC#2, KPC#3 were derived from KPC mouse pancreatic
tumor tissues. The authenticity of the cells was verified using short
tandem repeat (STR) profiling, and mycoplasma contamination was
ruled out. Panc 10.05, MIA PaCa-2, HEK-293T and KPC#1, KPC#2,
KPC#3 cells were cultured in Dul-becco’s modified eagle medium
(DMEM, Gibco) with 10% fetal bovine serum (FBS, Gibco) and 1%
Penicillin-Streptomycin (10,000U/mL, Gibco, 15140122). L3.7, AsPC-1,
BxPC-3 and SW1990 cells were maintained in Roswell Park Memorial
Institute Medium (RPMI)-1640 (Gibco) supplemented with 10% FBS
(Gibco) and 1% Penicillin-Streptomycin (10,000U/mL). CFPAC-1 cells
were maintained in R IMDM (Iscove’s Modified Dulbecco’s Medium)
(Gibco) supplemented with 10% FBS (Gibco) and 1% Penicillin-
Streptomycin (10,000U/mL). All cell cultures were maintained at
37 °C in a CO2-incubator with 5% humidity.

Immunohistochemistry (IHC) staining
IHC staining was performed as previously described58, to evaluate
TNK2 and HVEM expression in pancreatic cancer tissues. Briefly, slides
with paraffin-embedded PDAC specimenwere placed inmicrowave for
3min at 100% power, and for an additional 15min at 20% power to
ensure complete antigen exposure. Subsequently, the slides were
incubated overnight at 4 °C with the primary antibody, and with
peroxidase-conjugated secondary antibodies for 90-min at room
temperature. Chromogenic reactions were executed using a DAB
Substrate Kit (ZSGB, ZLI-9019). Staining intensity was assessed based
on the following criteria: 0 (negative), 1 (low), 2 (medium), and3 (high).
Staining percentagewas categorized as the following: 0 (0% staining), 1
(1–25% stained), 2 (26–50% stained), 3 (51–100% staining). Evaluation,
under a light microscope at ×20 magnification, was conducted in five
random fields. The final IP score was calculated by multiplying the
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intensity score by the percentage score. The samplesweredivided into
four grades basedon the IP scores: 0 (negative,−), 1–2 (low staining, +),
3–5 (moderate staining, ++), 6–9 (high staining, +++). The IHC scores
were determined by two independent, blinded pathologists.

Multiplex immunohistochemical (mIHC)
mIHCwas performed using the Opal 7-ColorManual IHC Kit according
to the manufacturer instructions (PerkinElmer, NEL811001KT). The
antigen exposure process was carried out as that of IHC. Following
incubation with the primary antibody, slides were incubated with Opal
Polymer anti-Rabbit HRP working solution for 10min at room tem-
perature. Excessive wash buffer was removed, and 100 µL of Opal
Fluorophore Working Solution was dispensed onto each slide, fol-
lowed by incubation at room temperature for 10min. TNK2 was
labeled by Opal 520, HVEM labeled by Opal 570, CD8 labeled by Opal
690, CK19 labeled by Opal 620 or 690, NKp60 labeled by Opal 540,
CD33 labeled by Opal 650, and FOXP3 labeled by Opal 540. Once all
targets were identified, DAPI Working Solution ws administered for
5min at room temperature within a humidity chamber. Stained slides
were scanned across the entire specimen utilizing the Tissue-Gostics
system or BZ-X800 fluorescence microscope (KEYENCE). A slide
reviewer systematically gridded and selected regions of interest, cap-
turing tissue heterogeneity in an unbiased manner. Images were then
captured using a ×20 lens, with unstained tissues serving to extract
tissue autofluorescence. The images were analyzed using Tissue-
Gostics analysis software version 2.4. Closest spatial distance analysis
of samples was performed using HALO software.

Human PDAC organoids
Human PDAC organoids (designated as PDAC#1-6) were established
from freshly resected PDAC tissues obtained from TJMUCIH. These
organoids underwent 3D cultivation in Matrigel with reduced Growth
Factor (GFR) (Corning, 356230) using complete organoid media. The
media comprised Advanced DMEM/F12 (Gibco, 12634010) supple-
mented with Noggin (0.1mg/ml, bioGenous, 807-NOG), R-spondin
(1μg/ml, bioGenous, 861-RS1), epidermal growth factor (EGF, 50ng/ml,
Peprotech, AF-100-15), Glutamax (Gibco, 35050061), HEPES (Gibco,
15630080), N2 (Gibco, 17502048), B27 (Gibco, 17504044), N-acetyl-L-
cysteine (1mM, Sigma, A7250), Gastrin (10 nM, R&D, 3006), and fibro-
blast growth factor 10 (FGF10, 100ng/ml, bioGenous, 816-FGF). Media
were changed approximately every 3 days, and cells were passaged
about every 7 days based on growth conditions.

Immunofluorescence staining of organoids
Organoids were removed and collected from Matrigel using Cell
Recovery Solution (Corning, 354253), and fixed in 4% paraformalde-
hyde for 2 h at room temperature. We then made paraffin-embedded
paraffin blocks of the organoids. In brief, 0.2–0.4 g of agarose was
melted in 10ml of PBS in a beaker or small reagent bottle. Approxi-
mately 200μl of the melted agarose was transferred into a 1.5ml EP
tube. A small 0.5ml EP tube was then inserted into the agarose within
the 1.5ml EP tube, creating a circular, pointed groove. Subsequently,
the organoid precipitate was carefully positioned at the bottom of the
groove, ensuring optimal central embedding. PBS was added to the
edge of the agarose groove. The agarose block containing the orga-
noid pellet was dehydrated and embedded, and slices with 5μm
thickness were prepared. The mIHC staining procedure was as
described as “Multiplex immunohistochemical (mIHC)” in this
method, with anti-Ki67 antibody (Abcam, ab1667) labeled byOpal 520,
anti-CK19 antibody (Abcam, ab52625) labeled by Opal 570 or anti-
TNK2 antibody (Abcam, ab185726) labeled byOpal 690. Subsequently,
images were analyzed using the BZ-X800 fluorescence microscope
(KEYENCE). The fluorescence intensities were measured by ImageJ,
and organoid areas were analyzed using the BZ-X 800 analyzer soft-
ware (KEYENCE).

Organoid apoptosis assay
In order to detect the effect of TNK2 expression on the activity of CD8+

T cells, the organoids were infected with lentiviral particles encoding
TNK2 or TNK2 shRNA. Organoids and human PBMCs were co-culture
as described previously. In detail, after stimulation by PDAC organoid
culturemedia, 1 × 105 of humanPBMCswere incubatedwith CD3/CD28
Dynabeads (Thermo, 11452D) at a 1:1 bead-to-cell ratio and 30U/ml rIL-
2 (Peprotech, 200-02) perwell in 96-well plates for 24 h before starting
co-culture. PDAC organoids and activated PBMCs were then directly
co-cultured at 10:1 ratio on Matrigel (Corning,356230) coated 96 well
plate. At the start of co-culture, a Caspase-3/7 Green Ready Probes™
Reagent (Thermo, R37111) and Hoechst33342 (Thermo, H1399) were
added to visualize cells undergoing apoptosis. Apoptotic organoids
were imaged by BZ-X800 fluorescence microscope (KEYENCE) and
quantified using ImageJ.

Flow cytometry
The tumorswere sliced into small fragments and incubatedwith 1mg/ml
collagenase IV (Thermo, 17104019) and 50U/ml DNase I (Thermo,
18047019) at 37 °C for 30min. After mechanical disaggregation, the
samples were filtered using 40 µm cell strainers. Single-cell suspensions
were stained with fluorochrome-conjugated antibodies against proteins
such as Zombie, CD45 (Biolegend, 147714), CD19 (Thermo, 69-0193-82),
CD11b (BD, 612977), F4/80 (Biolegend, 123141), CD80 (Biolegend,
104726), CD163 (Thermo, 63-1631-82), Gr-1 (Biolegend, 108412), CD3
(Biolegend, 100236), CD4(Biolegend, 100544), CD8(Biolegend, 100706),
CD25(BD, 564322), NK1.1(Biolegend, 108749), BTLA (Biolegend, 134804),
PD-1 (Thermo, 63-9981-82), and TIM3 (Biolegend, 134014).

For intracellular cytokine staining of tumor-infiltrating lympho-
cytes, cells were stimulated in vitro with PMA (50ng/ml, Sigma, P1585)
in the presence of GolgiPlug and GolgiStop (BD, 555029) for 4 h.
Subsequently, staining of cell surface proteins was performed as
described earlier. Cells were fixed andpermeabilized using BDCytofix/
Cytoperm (BD, 554722) and stained with antibodies against IFN-γ
(Biolegend, 505838), GranzymeB (Biolegend, 396408), and TNF-α
(Biolegend, 506329). In the case of intranuclear FOXP3 protein stain-
ing, single-cell suspensions were stained with antibodies against cell-
surface proteins as mentioned earlier, fixed, and permeabilized using
the Transcription Factor Buffer Set kit (BD, 562574), followed by
staining with the anti-FOXP3 antibody (Thermo, 46-5773-82).

For cell apoptosis analysis, cells were suspended in the annexin V
Binding Buffer and stainedwith annexin V and PI solution (BD, 556547)
for 15min at room temperature. FACS data were acquired using
CytoFLEX LX (BECKMAN). The acquired FACS data were then analyzed
using FlowJ V10.

CD8+T cell isolation
Naivemouse CD8+ T cells were isolated from spleen by filtering the cells
through a 40μmpore cell strainer in sterile PBS using the Naive CD8+ T
Cell Isolation Kit (Miltenyi, 130-104-075). Red blood cell lysis buffer
(Thermo, 00-4333-57) was used to lyse red blood cells. Total CD8+

T cells were cultured in T cell medium [RPMI1640with 10% FBS, 1% pen/
strep, 1% MEM non-essential amino acids, 25μm β-mercaptoethanol
(Gibco, 21985023), 1mM HEPES (Gibco, 15630080) and 1mM sodium
pyruvate (Gibco, 11360070) at 37 °C in a humidified 5% CO2 incubator.
CD8+T cells were activated for 3d with CD3/CD28 Dynabeads (Thermo,
11452D) at a 1:1 bead-to-cell ratio and 30U/ml rIL-2 (PeproTech).

Total CD8+ T from OT-I-td Tomato mice were isolated as men-
tioned before and cultured for 3d in T cell medium with 1 µg/ml SIIN-
FEKL peptide (IBA LifeSciences) and 30U/ml rIL-2 (PeproTech, 200-
02) before co-cultured with tumor cells.

The co-culture models of PDAC cells and CD8+ T cells in vitro
(1) A total of 1 × 104 KPC cells were seeded in a 24-well plate. For the
direct co-incubation model, 2 × 105 activated CD8+ T cells were added
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directly into the medium. In the indirect co-incubation model, 2 × 105

activated CD8+ T cells were added to a chamber with a pore size of
0.4μm placed above the co-culture medium. Following 48h of co-
incubation, flow cytometry was employed to assess IFN-γ, GranzymeB,
and TNF-α levels in CD8+ T cells, as well as the percentage of PD-1+ or
TIM3+ CD8+ T cells.

(2) For the CFSE staining assay, activated CD8+ T cells were incu-
bated with 10μM CFSE dye (BioLegend, 423801) at 37 °C for 15min
prior to co-culturing with KPC cells. After 3 days, the cells were har-
vested, and the proportion of CFSE-positive cells was analyzed by flow
cytometry.

(3) In the T cell cytotoxicity assay, 1 × 104 KPC-OVA cells were
seeded in a 24-well plate. Caspase-3/7 Green Ready Probes™ Reagent
(Thermo, R37111) and Hoechst33342 (Thermo, H1399) were added to
the medium before co-culture following addition of 1 × 105 activated
OT-I-Td-Tomato CD8+ T cells. After 48 h of co-culture, apoptosis of
KPC cells was assessed by flow cytometry or imaging using a BZ-
X800 fluorescence microscope (KEYENCE) and quantified with
ImageJ.

(4) For the cytotoxicity assay assessing CD8+ T cell activity based
on KPC-OVA cells, 5000 KPC cells in a 100 µl volume were seeded in a
96-well U-bottom ultralow attachment plate. Subsequently, activated
OT-I-Td-Tomato CD8+ T cells were added at a target:effector ratio of
1:10 or 1:20. After co-incubation for 6 h, the supernatant was assayed
for lactate dehydrogenase (LDH) content using the LDH Cytotoxicity
Assay Kit (Beyotime Biotechnology, C0016) following manufacturer’s
instructions.

(5)TheCD8+T cellmigration experiment in vitrowas carried out in
a transwell system separated by a polycarbonate membrane with a
5μm pore size. KPC cells were seeded to the bottom chamber in a 24-
well plate, and activated CD8+ T cells were added to the top chamber.
After 24 h of culture, cells at the bottomof the chamberwere collected
and the number of CD8+ T cells passing through the membrane was
quantified by flow cytometry.

Plasmid construction and generation of lentiviruses
The full-length human TNK2 (NM_005781.5), human HVEM
(NM_003820.4), mouse TNK2 (NM_016788.3) and mouse HVEM
(NM_178931.2) were obtained by PCR amplification and subsequently
cloned into pLV-EF1-MCS-IRES-3xFlag-Bsd (Biosettia, USA). Human
STAT5a (NM_003152.4) encoded by pLV2-CMV-3×Myc-Puro was pur-
chased from MiaoLing Bio (Wuhan, China). To establish stable
knockdown cell lines, shRNAs for TNK2 and HVEM were designed
using the Biosettia shRNA designer tool (https://biosettia.com/
support/shrna-designer/). The shRNA sequences are available in the
Supplementary Data 16.

The following plasmids, pCMV-flag-TNK2-K158R encoding the
kinase-dead mutant of TNK2, pCMV-flag-TNK2-ΔN plasmid encoding
TNK2with deletion of amino acids 1–385 containing the protein kinase
domain, pGL3-HVEM-P, pGL3-mut-BS1, pGL3-mut-BS2, and pGL3-mut-
BS1/2, were purchased from Sangon Biotech (Shanghai, China).

The lentiviruses were produced by transfecting subconfluent
HEK293T cells with lentiviral vectors and packaging plasmids using
lipid transfection reagent. Viral supernatants collected 48 h post-
transfection were filtered through 0.45μm filters, and used to trans-
duce the cell lines, followed by antibiotic selection. Cell pools were
obtained and expanded one week later.

Protein mass spectrometry
To investigate the impact of TNK2 on the membrane protein expres-
sion of KPC cells, we initially utilized the Cell Fractionation Kit (CST,
#9038) following the manufacturer’s instructions, to extract mem-
brane proteins fromKPC cells. Protein sampleswere subjected tomass
spectrometry analysis for membrane proteins by Lianchuan Biotech

(Hangzhou, China). The identified peptide sequenceswere provided in
the attached Supplementary Data 8.

To identify downstream phosphorylation targets of TNK2, total
protein was extracted from KPC cells and subjected to phosphopro-
tein mass spectrometry analysis, carried out by Lianchuan Biotech
(Hangzhou, China). The identified peptide sequences can be found in
the Supplementary Data 10.

RNA extraction and quantitative RT-PCR
Total RNA was isolated from each specimen using TRIzol reagent
(Thermo, 15596026). First-strand cDNA was synthesized using M-MLV
Reverse Transcriptase (Takara, 2641A). Quantitative PCR for specific
genes were performed with a TransStart Green Q-PCR SuperMix Kit
(TransGen, AQ101-01). Levels of genes were normalized to that of
GAPDH. Sequences for the primers used in this study are listed in
Supplementary Data 17.

Protein extraction and co-immunoprecipitation assays
Total protein extractions were performed using a protein extraction
kit (Thermo, 89901). The protein concentrations were determined
using a BCA protein assay kit (Thermo, 23227). 1mg of total protein
from each sample was used for co-immunoprecipitation assays fol-
lowing protocols. Protein co-immunoprecipitation (co-IP) was per-
formed from whole-cell lysates prepared in ice-cold IP Lysis Buffer
(Thermo, 87788) supplemented with protease and phosphatase inhi-
bitors. After 15–30min lysis on ice and clarification (12,000× g, 10min,
4 °C), 10% of each sample was saved as input. The remaining lysate
(typically 0.5–2.0mg total protein in 0.5–1.0ml) was precleared with
Protein A/G magnetic beads (Thermo, 88804) for 30min at 4 °C, then
incubated overnight at 4 °C with 1–3 µg of the indicated primary anti-
body (normal IgG served as negative control). Immune complexes
were captured with 20–40 µl Protein A/G beads for 2 h at 4 °C, washed
3 times with IP lysis buffer, and eluted by boiling in 2× SDS-Page
loading buffer for 10min. Inputs and IPs were resolved by SDS–PAGE
and analyzed by immunoblotting for the bait and prey proteins. A
description of the antibodies used was provided in the Supplementary
Data 18.

Immunoblotting assay
The preparation of total cell extracts and immunoblotting with
appropriate antibodies (indicated in Supplementary Data 18) were
performed. Whole-cell lysates were prepared in RIPA buffer (Thermo,
89900) supplemented with protease and phosphatase inhibitors.
Protein concentrations were determined by BCA assay (Thermo,
A55864). Equal amounts of protein were resolved by SDS-PAGE, with
prestained markers (Thermo, 26617) used to monitor electrophoretic
migration and transfer efficiency. Proteins were transferred to PVDF
membranes (Millipore, Cat#IPVH00010), blocked, incubated with
primary antibodies overnight at 4 °C, and then with HRP-conjugated
secondary antibodies for 1 h at room temperature. Signals were
developed using an ECL chemiluminescence kit (Millipore,
WBKLS0500) and imaged on ChemiDoc XRS+ chemiluminescence gel
imaging system (Bio-Rad).

Chromatin immunoprecipitation (ChIP)
ChIP assays were conducted with an EZ-ChIP kit (Millipore, 17-371)
protocol59. Cells were crosslinked with 1% formaldehyde at room
temperature for 10min, and then 125mM glycine was added to inac-
tivate the formaldehyde. Immunoprecipitation of chromatin extracts
containing DNA fragments were performed using specific antibodies.
The ChIP-enriched DNAwas then uncross linked, and quantitative PCR
was performed. Supplementary table lists the antibodies used for this
study. Regions of HVEM promoter containing STAT5a binding ele-
ments predicted by JASPAR present in immunoprecipitants were
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amplified and quantified by quantitative PCR. Primer sequences are
available in Supplementary Data 17.

Dual-luciferase assay
To detect whether STAT5a induced the transcriptional activity of
HVEM, pLV2-CMV-3×myc-STAT5a was transient transfected into HEK-
293T cells with pGL3-HVEM-P, pGL3-mut-BS1, pGL3-mut-BS2 and
pGL3-mut-BS1/2 plasmids respectively. After 24 h, Dual-Luciferase®
Reporter (DLR™) Assay System (Promega, E1910) was employed to
measure promoter activity. Results, after normalization to Renilla
activity, were expressed as a fold induction relative to cells transfected
with the control vector.

TNK2-activated protein kinase assay
HEK-293T cells transfected with TNK2-wt, TNK2-ΔN, TNK2-K158R, or
STAT5a plasmids were washed 3 times with pre-chilled PBS before
being lysed on ice for 30min with IP lysis buffer containing protease
and phosphatase inhibitor. Upon complete lysis, the cell lysate was
collected and centrifuged (12,000× g) at 4 °C for 15min. The super-
natant was subsequently incubated with either anti-flag-tag mAb or
anti-c-myc-tagmAb at 4 °Covernight. After incubation, the samplewas
co-cultured with agarose at 4 °C for 2 h. Then the sample was cen-
trifuged at 1000 × g under 4 °C for 2min and the supernatant was
discarded. The agarose beads were then washed with pre-chilled PBS
for 3–5 times to remove any non-specific protein bindings. Finally, the
proteins specifically bound to the Agarose beads were eluted with co-
IP eluent (Thermo, 26149). After sample denaturation and centrifuga-
tion, the isolated TNK2-wt, TNK2-ΔN, or TNK2-K158R was incubated
with STAT5a, respectively in kinase reaction buffer (CST, #9802)
containing 200μM ATP (CST, #9804) on ice. After 30min of incuba-
tion at 30 °C, SDS sample loading buffer was added to terminate the
reactions. The samples were resolved by electrophoresis and sub-
jected to Western blotting analysis.

Synergy score analysis
To analyze the synergistic effects of the combination therapy between
AIM100 and immunotherapies (αPD-1) or chemotherapies (albumin
paclitaxel and GEM) in orthotopic transplantation model, synergy
scores were calculated by Synergy finder ver2 (https://synergyfinder.
fimm.fi/) based on the changes of tumor volume at different times in
each indicated group60. A synergy score of less than −10 indicates
antagonistic interaction; a score between −10 and 10 indicates additive
interactions; and a score greater than 10 indicates synergistic
interactions.

DNA FISH
TNK2 amplification was detected through DNA fluorescence in situ
hybridization (DNA FISH), and performed as protocols from EXONBIO
(Guangzhou, China). The probe of TNK2 were supplied by EXONBIO
(Guangzhou, China).

Single-cell transcriptome sequencing and analysis
Seurat R packagewas used to screen for differentially expressed genes
(DEGs) to obtain trajectories and subclusters with biological sig-
nificance. UMAP (Uniform Manifold Approximation and Projection) is
a non-linear dimensionality reduction technique that maps high-
dimensional gene expression data from single-cell RNA sequencing to
low-dimensional space. The DEGs were analyzed using UMAP dimen-
sionality reduction analysis in the Seurat R package, and the distribu-
tion of cells in space was observed. CellChat software was used for cell
heterogeneity communication analysis, including communication
based on similarity, pairing, and transcription factors31. Specifically,
CellChat platform visualized the relationship between individual cells
in the cell interaction network anddetermined the interaction patterns

between each cell and other cells. The raw high-throughput data
obtained from single-cell RNA sequencing analysis were subjected to
preprocessing, quality control, and data mining using bioinformatics
toolkits such as Seurat, Cell Ranger, and CellChat. Statistical analysis
was performed using standard parameters, and based on the results of
differential expression analysis, statistical significance analysis and
graph drawing were carried out.

Spatial transcriptomics sequencing and analysis
Spatial transcriptomics data were processed with Space Ranger (v2.0
or higher) for alignment to GRCh38/hg38, barcode demultiplexing,
and gene counting to generate feature–spot matrices linking spatial
coordinates with expression. Downstream analysis in R used Seurat
(v4.0) and SPATA2 for quality control (spots with UMIs <1000 or
mitochondrial reads > 20% removed), normalization by SCTrans-
form, and batch correction with Harmony. Spatial domains were
identified with BayesSpace using a neighborhood parameter of 15
and clustering resolutions of 0.6–1.2; spatial autocorrelation and
differential expression were evaluated with Moran’s I (P < 0.01). Cell-
type proportions per spot were quantified by Cell2location using
integrated single-cell RNA-seq references. Giotto (v1.2) was used for
ligand-receptor colocalization analysis (threshold P < 0.05) and spa-
tial gene-gradient detection with a trend test model. Results were
visualized as spatial heatmaps, cell-type proportion maps, and
interaction networks using ggplot2 and SPATA2 3D rendering, and
spatial enrichment analysis with Spatial DE identified gene modules
with significant spatial patterns.

Statistical analysis
All data are shown as mean± SD. IBM SPSS and Prism 9 were used for
statistical evaluations. Every experiment was conducted at least three
times. Student’s t test was employed to comparemean values between
groups. Median survival time was evaluated using Kaplan–Meier
curves, with log-rank tests describing survival time discrepancies
among different groups. Correlation between different parameters
was analyzed using Spearman rank correlation. For analyzing the dif-
ferential gene expression in tumor and non-tumor tissues, Wilcoxon
signed rank tests were applied. To study the tumor growth in mice,
repeated measure two-way ANOVA (tumor volume× time) and post-
hoc analysis was carried out. The impact of different risk factors on
patient prognosis was examined using Cox’s proportional hazard
regression model.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the main text or the supplementary materials.
The raw single cell RNA sequencing data of twenty-four patients were
downloaded from CRA001160 dataset (https://ngdc.cncb.ac.cn/gsa/
browse/CRA001160). The raw sequencing data of thirteen patients
from “The Cancer Institute of Tianjin Medical University and the
Hospital” and “Peking University School of Medicine” were deposited
in The Genome Sequence Archive for Human (GSA-Human) with the
accession number: HRA000433. The raw single cell RNA sequencing
data of KPCmousewere downloaded fromGSE129455dataset (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE129455). The mass
spectrometry proteomics data had been deposited to the Proteo-
meXchange Consortium via the PRIDE61 partner repository with the
dataset identifier PXD055503 and the OMIX, China National Center for
Bioinformation / Beijing Institute of Genomics, Chinese Academy of
Sciences with the dataset identifier OMIX01227162,63. The raw sequence
data of whole-exome transcriptome sequencing data (GSA:
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CRA019058, CRA025613) reported in this paper have been deposited
in theGenomeSequenceArchive64 of National Genomics Data Center65

that are publicly accessible at https://ngdc.cncb.ac.cn/gsa/browse/
CRA025613 and https://ngdc.cncb.ac.cn/gsa/browse/CRA019058. The
raw spatial transcriptomics data of primary pancreatic cancer tissue
were downloaded from GSE111672 dataset (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE111672). Further inquiries can be
directed to the corresponding authors. Source data are provided with
this paper.

Code availability
No code was generated/used in the preparation of this paper.
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