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ABSTRACT
Backgrounds In advanced pancreatic ductal 
adenocarcinoma (PDAC), immune therapy, including 
immune checkpoint inhibitors, has limited efficacy, 
encouraging the study of combination therapy.
Methods Tumor necrosis factor receptor 2 (TNFR2) was 
analyzed via immunohistochemistry, immunofluorescence, 
western blotting, and ELISAs. The in vitro mechanism 
that TNFR2 regulates programmed cell death 1 ligand 
1 (PD- L1) was investigated using immunofluorescence, 
immunohistochemistry, flow cytometry, western blotting, 
and chromatin immunoprecipitation (ChIP). In vivo efficacy 
and mechanistic studies, using C57BL/6 mice and nude 
mice with KPC cell- derived subcutaneous and orthotopic 
tumors, employed antibodies against TNFR2 and PD- 
L1. Survival curves were constructed for the orthotopic 
model and a genetically engineered PDAC model (LSL- 
KrasG12D/+; LSL- Trp53R172H/+; Pdx1- Cre). Mass cytometry, 
immunohistochemistry, and flow cytometry analyzed local 
and systemic alterations in the immunophenotype.
Results TNFR2 showed high expression and is a prognostic 
factor in CD8+ T cell- enriched pancreatic cancer. TNFR2 
promotes tumorigenesis and progression of pancreatic 
cancer via dual effect: suppressing cancer immunogenicity 
and partially accelerating tumor growth. TNFR2 positivity 
correlated with PD- L1, and in vitro and in vivo, it could 
regulate the expression of PDL1 at the transcription level 
via the p65 NF-κB pathway. Combining anti- TNFR2 and 
PD- L1 antibodies eradicated tumors, prolonged overall 
survival in pancreatic cancer, and induced strong antitumor 
immune memory and secondary prevention by reducing 
the infiltration of Tregs and tumor- associated macrophages 
and inducing CD8+ T cell activation in the PDAC 
microenvironment. Finally, the antitumor immune response 
derived from combination therapy is mainly dependent on 
CD8+ T cells, partially dependent on CD4+ T cells, and 
independent of natural killer cells.
Conclusions Anti- TNFR2 and anti- PD- L1 combination 
therapy eradicated tumors by inhibiting their growth, 
relieving tumor immunosuppression, and generating robust 
memory recall.

BACKGROUND
Pancreatic ductal adenocarcinoma (PDAC) 
has a 5- year overall survival rate of less than 
8% (range: 2%–9%) worldwide.1 2 For most 
patients with PDAC, the current standard of 
treatment is based on gemcitabine regimens, 
including combination chemotherapies such 
as FOLFIRINOX and gemcitabine/nab- 
paclitaxel. After this treatment, some long- 
term survivors began to be observed; however, 
the improvement in the 5- year survival rate 
was extremely limited.3–5 Immunotherapy has 
significant effects in many malignant tumors, 
and especially, programmed cell death 1 
(PD- 1)–programmed cell death 1 ligand 1 
(PD- L1) blockade can induce durable tumor 
suppressor effects. However, pancreatic 
cancer stands out as a cancer that does not 
respond to checkpoint immunotherapy.6–8 
Therefore, effective and well- tolerated immu-
notherapy in PDAC is urgently required.

Tumor necrosis factor receptor 2 (TNFR2) 
is one of only two receptors for the cytokines 
tumor necrosis factor (TNF) and lympho-
toxin-α. TNFR2 is abundantly expressed 
by certain cancer cells and immune cells, 
mainly a subset of potent regulatory T cells 
(Tregs).9 10 TNF activates TNFR2 by recruiting 
a complex composed of the adapter protein 
TNF receptor- associated factor 2 (TRAF2) 
and TRAF2- associated proteins, such as 
TRAF1, and cellular inhibitor of apoptosis 
protein (cIAP1/2), which leads to a signifi-
cant depletion of these complexes in the cyto-
plasm and thus might affect other activities of 
these molecules in tumor cells.11 High TNFR2 
expression in the tumor microenvironments 
(TMEs) is associated with poor prognosis, 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

http://bmjopen.bmj.com/
http://orcid.org/0000-0002-2934-0880
http://dx.doi.org/10.1136/jitc-2021-003982
http://dx.doi.org/10.1136/jitc-2021-003982
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2021-003982&domain=pdf&date_stamp=2022-03-08
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/


2 Zhang X, et al. J Immunother Cancer 2022;10:e003982. doi:10.1136/jitc-2021-003982

Open access 

and serum soluble TNF is a prognostic marker.12–14 There 
is now clear evidence that TNFR2 plays vital roles in the 
regulation of tumor progression: (1) TNFR2 expressed 
in malignant cancer cells promotes their growth and 
survival15; (2) TNFR2 can mediate the stimulatory 
activity of TNF on tumor- infiltrating Tregs marked by 
CD4+FOXP3+ (forkhead box O3), allowing cancer cells to 
survive via avoiding antitumor immune responses16 17; (3) 
TNF- TNFR2 signaling is also associated with the immu-
nosuppressive function of CD11b+Gr1+ myeloid- derived 
suppressor cells.18 However, in the PDAC microenviron-
ment, TNFR2’s function is not clear.

Recent studies have revealed that agonism and antag-
onism targeting TNFR2 is an attractive candidate for 
cancer therapy against several tumors.17 19 20 The TR75- 
54.7 monoclonal antibody, which is produced by Bio X cell 
and reportedly blocks TNFR2 from accessing its ligands 
TNF-α and LT-α, is the most commonly used in published 
research.21 22 However, in recent years, various novel 
TNFR2 agonists and antagonists have been designed and 
constructed. For example, Tam et al17 constructed a novel 
mouse anti- TNFR2 antibody (Y9) that binds to the receptor 
outside the TNF- binding region. Compared with the tradi-
tional anti- TNFR2 antibody, the Y9 antibody does not cause 
spontaneous activation or proliferation of peripheral T 
cells. In addition, it has been reported that a new murine 
monoclonal anti- TNFR2 antibody (designated TY101), 
as an antitumor immune reagent, when combined with 
HMGN1 (N1, a dendritic cell- activating TLR4 agonist) and 
R848 (a synthetic TLR7/8 agonist) immunotherapy, syner-
gistically inhibits murine colon cancer effects compared 
with any single treatment.23 However, the effect of agonism 
and antagonism targeting TNFR2 on pancreatic cancer 
immunotherapy remains unknown.

The main reason for the poor effect of immunotherapy 
toward pancreatic cancer is its acquisition of immune 
privilege, the so- called ‘cold’ tumor, which is driven by the 
immunosuppressive microenvironment, the intertumoral 
heterogeneity of the stroma, poor infiltrating immune 
effectors, and low mutation burden.8 24 To address some 
of these obstacles, recent studies, including our previous 
published work, have suggested therapy comprizing 
combinations of immune costimulation- based strategies 
that could markedly augment the immune treatment 
effect against PDAC.25–27 In theory, targeting TNFR2 
might modulate immunological features and remove the 
immunosuppressive PDAC TME, thus increasing anti- 
PD- L1 therapy’s antitumor activity. The present study 
aimed to assess the function and mechanism of TNFR2 
in PDAC and the potential of a combination of TNFR2 
blockade and PD- L1 blockage to treat pancreatic cancer.

METHODS
The complete experimental protocols are described in 
online supplemental material. In mass cytometry (CyTOF) 
analysis of immune cells, PLTTech Inc (Hangzhou, 

China) performed the CyTOF analyses following a previ-
ously published protocol.28

RESULTS
TNFR2 is highly expressed and is a prognostic factor of CD8+ 
T cell-enriched pancreatic cancer
The expression of TNFR2 between cancerous and para- 
cancerous tissues from patients with PDAC was compared 
using immunohistochemistry (IHC). The results showed 
that TNFR2 expression was increased significantly in 
PDAC tissues compared with that in the matched para- 
cancerous tissues (figure 1A and B). A similar result 
was obtained using western blotting (WB) and immu-
nofluorescence (IF) of TNFR2 between cancerous and 
para- cancerous PDAC tissues (figure 1C and online 
supplemental figure 1A). This conclusion was confirmed 
by analyses of the large- scale RNA sequencing (RNA- seq) 
datasets from The Cancer Genome Atlas (TCGA) data-
base (figure 1D and online supplemental figure 1B).

Next, analysis of a tissue microarray from patients’ 
tumors revealed that TNFR2 expression was frequently 
and positively associated with TNM stage in PDAC 
(p<0.0001) (left column, online supplemental table 1). 
In addition, analysis of TCGA data further confirmed 
that patients with PDAC with high expression of TNFR2 
have a higher TNM stage (stage I/II and stage III/IV) 
(p=0.0112) (figure 1E,F). Analysis of the concentration 
of TNFR2 in the serum of patients with PDAC similarly 
demonstrated that the TNFR2 level corelated positively 
with the TNM stage (right column, online supplemental 
table 1). Furthermore, we observed that a high concen-
tration of TNFR2 in patients’ serum was associated posi-
tively with poor prognosis in PDAC (figure 1G) (p=0.02). 
However, TNFR2 had no significant effect on prognosis 
in PDAC in the tissue microarray analysis (figure 1H), 
which was supported by TCGA database analysis (online 
supplemental figure 2A). Then, we further identified 
the CD8+ T cell- enriched and CD8+ T cell- decreased 
PDAC tissues in the microarray. Unexpectedly, TNFR2 
expression correlated significantly with patient survival 
for tumors that expressed higher levels of CD8+ T cells, 
but this correlation was lost in patients whose tumors did 
not contain CD8+ T cells (figure 1I,J). This result was 
confirmed by analysis in the TCGA databases (online 
supplemental figure 2B,C). Collectively, these results 
indicated that not only does TNFR2 play a dominant role 
in progression of pancreatic cancer but also might influ-
ence the effect of immunotherapy in pancreatic cancer.

TNFR2 promotes tumorigenesis and progression of pancreatic 
cancer mainly by suppressing cancer immunogenicity and 
partially accelerating tumor growth
To investigate the effects of TNFR2 on the tumorigenesis 
of pancreatic cancer in vivo, KPC cells, with or without 
anti- TNFR2 antibody pretreatment, were subcutaneously 
inoculated into immunocompetent C57BL/6 and immu-
nodeficient nude mice, separately. We observed a marked 
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Figure 1 The expression and prognostic analysis of TNFR2 in pancreatic ductal adenocarcinoma (PDAC). (A–C) The 
expression profile of TNFR2 in pancreatic cancer was detected in paired tumor and normal pancreatic tissues by IHC staining 
(n=10) (A and B) and western blotting analysis (n=5) (C) (N, normal pancreatic tissue; T, pancreatic tumor tissue). Scale bars: 100 
µm. (D) The relative TNFR2 expression in pancreatic cancer and normal pancreatic tissues was analyzed using large- scale RNA- 
seq datasets of PDAC from the TCGA database (n=350). (E–F) Association between the expression of TNFR2 and tumor stage 
using large- scale RNA- Seq datasets of PDAC from the TCGA database. (G) Overall survival (OS) of patients with pancreatic 
cancer with high or low concentrations of TNFR2 in their serum (n=41). (H–J) Overall survival (OS) of patients with all pancreatic 
cancer (H), enriched with CD8+ T cells (I) and decreased with CD8+ T cells (J), with high or low expression of TNFR2. IHC, 
immunohistochemistry; TCGA, The Cancer Genome Atlas; TNFR2, tumor necrosis factor receptor 2.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003982 on 8 M

arch 2022. D
ow

nloaded from
 

http://jitc.bmj.com/


4 Zhang X, et al. J Immunother Cancer 2022;10:e003982. doi:10.1136/jitc-2021-003982

Open access 

difference in tumor incidence in the immunocompe-
tent mice compared with that in the control group, in 
which anti- TNFR2 antibody pretreatment resulted in 
a lower incidence and longer tumor occurrence time; 
however, this difference was not observed in nude mice 
(figure 2A,B).

To further validate the effects of TNFR2 on the in vivo 
growth and progression of pancreatic cancer, immuno-
competent C57BL/6 and immunodeficient nude mice 
were injected orthotopically with control or KPC- shTNFR2 
(Tnfr2 knockdown by short hairpin RNA (shRNA)) cells. 
The results revealed that knockdown of Tnfr2 in KPC cells 
suppressed tumor growth compared with the control in 
immunocompetent C57BL/6. Although the Tnfr2 knock-
down group had a certain degree of reduction relative 
to the WT group in the immunodeficient nude mice, 
there was a more significant difference between the 
two groups in the immunocompetent C57BL/6 mice 
(figure 2C- F). Therefore, we further investigated the 
difference in immune cells between the WT and Tnfr2 
knockdown tumors in the immunocompetent models 
using flow cytometry. The results showed that the number 
and function of CD8+ T cells increased significantly in 
the Tnfr2 knockdown tumors compared with those in 
the WT tumors, while the number of Tregs decreased 
in the Tnfr2 knockdown tumors (figure 2G- N). IHC 
analysis in these tumors for CD3, CD8, and granzyme B 
confirmed this result (online supplemental figure 3A,B). 
In addition, there was a marked decrease in neoplastic 
PD- L1 expression (CD326+CD45- PD- L1+) in the Tnfr2 
knockdown tumors (figure 2O). Similar results were also 
confirmed in the subcutaneous mouse model (online 
supplemental figure 4A- O). Meanwhile, we evaluated 
the proliferation and apoptosis of tumors in immuno-
deficient mice using IHC analysis of Ki- 67 and cleaved- 
caspase 3. The results showed that the proliferative ability 
of the tumors was inhibited, and the apoptotic area was 
markedly increased in the tumors in the immunode-
ficient mice (figure 2P,Q, online supplemental figure 
4P,Q). Thus, these results indicated that TNFR2 regulates 
the growth of tumors directly. To confirm this conclusion, 
we performed a proliferation assay in vitro, and a similar 
result was obtained (online supplemental figure 5A,B). 
Furthermore, we detected the expression of survival and 
apoptosis pathways under TNFR2- associated change in 
pancreatic tumor. As expected, the downregulation of 
TNFR2 in pancreatic cancer cells and anti- TNFR2 antibody 
decreased the levels of proteins in survival pathways, such 
as c- Myc, cyclin D and CDK2, and increased the levels of 
protein in apoptosis pathways, such as cleaved- caspase 3. 
The opposite result was observed in the TNF-α treatment 
group (online supplemental figure 5C). Moreover, to 
determine whether Tnfr2 knockdown in cells affected the 
survival time of tumor- bearing mice, the time to reach the 
endpoint of each mouse was tracked and recorded, and 
a survival curve was plotted in the orthotopic model. The 
survival of C57BL/6 mice in the Tnfr2 knockdown group 
increased significantly compared with that of the WT mice, 

while no significant difference was observed between the 
two groups of nude mice (figure 2R,S). In addition, a T 
cell killing assay was performed to test the effect of the 
TNFR2- associated change in pancreatic tumor PD- L1 
level on the CTL activity. As expected, the downregula-
tion of TNFR2 in pancreatic cancer cells and anti- TNFR2 
antibody in vitro made the tumor cells less resistant to 
lymphocytes by decreasing the numbers of inhibitory of T 
cells, accompanied by increasing the amount of secreted 
of IFN-γ and TNF-α in the T cell- mediated tumor cell- 
killing assay (online supplemental figure 6A- G). In addi-
tion, we found that tumor cells lacking TNFR2 are not 
more sensitive to cytokine- mediated death, such as that 
mediated by IFN-γ and TNF-α (online supplemental 
figure 6H). Although TNFR2 cannot regulate the expres-
sion of Fas in pancreatic cancer cells, an anti- FasL anti-
body could partially reverse the effect of the tumor cells’ 
decreased resistance to lymphocytes under Tnfr2 KD or 
when treated with anti- TNFR2 antibody (online supple-
mental figure 6I- K). These results indicated that Tnfr2 
KD and anti- TNFR2 antibody can decrease inhibitory of 
T cells by downregulating PD- L1 expression to increase 
the ability to kill tumor cells by Fas/FasL pathways and 
releasing IFN-γ, TNF-α and granzyme B. Moreover, the 
downregulation of TNFR2 in pancreatic cancer cells and 
anti- TNFR2 antibody directly inhibited the proliferation 
of tumor cells (online supplemental figure 6A,B and 
D,E). Thus, we confirmed the function of TNFR2 in regu-
lating pancreatic cancer immunogenicity and further 
confirmed that TNFR2 can regulate the growth of tumors 
directly.

Our results demonstrated that TNFR2 regulates the 
tumorigenesis, growth, and overall survival of pancreatic 
cancer mainly in an immune- dependent manner. Specif-
ically, TNFR2 promotes tumorigenesis and progression 
of pancreatic cancer via cancer immunosuppression with 
increased number of Tregs and decreased numbers of 
CD3+CD8+T cells. Moreover, TNFR2 could also promote 
the proliferation of tumors in pancreatic cancer directly.

In pancreatic cancer, TNFR2 positively regulates PD-L1
As shown in figure 2O, we found that the expression of 
neoplastic PD- L1 was significantly decreased in Tnfr2 
knockdown cells, suggesting that TNFR2 plays a vital role 
in cancer immunosuppression via immune checkpoint 
PD- L1. To test this hypothesis, we further explored the 
relationship between TNFR2 and PD- L1. Fluorescence 
double staining of TNFR2 (green) and PD- L1 (red) in 
patients’ PDAC tumors and GEMM KPC (LSL- KrasG12D/+; 
LSL- Trp53R172H/+; Pdx1- Cre) tumors was performed. We 
found that green fluorescence (TNFR2) and red fluo-
rescence (PD- L1) overlapped in most positions in PDAC 
(Pearson’s correlation coefficient (PCC)=0.560) and KPC 
tumors (PCC=0.540) (figure 3A- F). Furthermore, anal-
ysis in the PDAC tissue microarray further confirmed the 
relationship between TNFR2 and PD- L1 expression in 
pancreatic tissue samples (figure 3G,H).
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Figure 2 TNFR2 promotes tumorigenesis and the development of pancreatic cancer by suppressing cancer immunogenicity 
and partially accelerating tumor growth. (A and B) Pancreatic cancer cells (KPC), with or without pretreatment with anti- 
TNFR2 antibody (200 µg/2×106 cells, 24 hours), were inoculated subcutaneously and separately into the immunocompetent 
and immunodeficient mice (n=7). Tumor incidence was recorded at the indicated times. (C–F) The visual maps of tumors and 
tumor weight of the immunocompetent and immunodeficient mice are shown; n=9 mice per group. (G–N) Representative 
images and statistical results of tumor- infiltrating lymphocytes (CD8+ T cells, granzyme B+CD8+ T cells, TNF-α+IFN-γ+CD8+T 
cells and Tregs) are shown as indicated by flow cytometry. (O) Flow cytometry was used to evaluate the percentage of PD- 
L1+ tumor cells in tumor tissues. Results are presented as mean±SD from one representative experiment. *P<0.05, **p<0.01, 
***p<0.001 according to a two- tailed t- test. (P–Q) Representative images and statistical of the results of IHC staining of Ki- 
67 and cleaved- caspase- 3 of Tnfr2 knockdown tumors in immunodeficient nude mice. (R–S) Survival of immunocompetent 
and immunodeficient mice bearing TNFR2- depleted pancreatic cancer cells; n=9 mice per group. The statistical significance 
between wildtype (WT) and knockdown (TNFR2 KD) immunocompetent (R) and immunodeficient (S) mice was assessed using 
Kaplan- Meier survival curves with the log- rank test. IHC, immunohistochemistry; ns, not significant; TNFR2, tumor necrosis 
factor receptor 2; Tregs, regulatory T cells.
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Figure 3 TNFR2 correlated positively with PD- L1 in pancreatic cancer. (A–F) Representative immunofluorescence (IF) images 
and the statistical results of TNFR2 and PD- L1 in tissues from patients with PDAC (A–C) and GEMM- KPC (LSL- KrasG12D/+; 
LSL- Trp53R172H/+; Pdx1- Cre) tissues (D–F). All images are presented at 100× magnification. (G–H) Representative images and 
the statistical results of IHC (n=109) staining of TNFR2 and PD- L1 in a tissue microarray. (I–K) Western blotting analysis, flow 
cytometry, and IF staining of PD- L1 expression in pancreatic cancer cell lines after Tnfr2 knockdown. (L–N) Representative IF 
images and the statistical results of PD- L1 expression in pancreatic cancer cell lines after Tnfr2 knockdown. All images are 
presented at 200× magnification. (O–P) Western blotting and the statistical results of TNFR2 and PD- L1 expression in Tnfr2- KD 
xenograft tumor samples. (Q–R) Representative images and the statistical results of IHC staining of TNFR2 and PD- L1 in Tnfr2- 
KD xenograft tumor samples. All images are presented at 100× magnification. *P<0.05, **p<0.01, ***p<0.001 according to a 
two- tailed t- test. ns, not significant; PCC, Pearson’s correlation coefficient. IHC, immunohistochemistry; PD- L1, programmed 
cell death 1 ligand 1; PDAC, pancreatic ductal adenocarcinoma; TNFR2, tumor necrosis factor receptor 2.
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Next, we analyzed PD- L1 levels in KPC-Tnfr2 knock-
down cells using WB, flow cytometry, and IF. The results 
demonstrated that the PD- L1 levels in KPC-Tnfr2 knock-
down cells were reduced significantly (figure 3I- N). This 
result was confirmed in BxPC- 3-TNFR2 knockdown and 
SW1990-TNFR2 cell lines (online supplemental figure 
7A). Moreover, we analyzed the difference in PD- L1 levels 
in xenograft Tnfr2 KD tumor samples, compared with WT 
tumor samples in vivo using IHC and WB. As expected, 
the PD- L1 levels in the Tnfr2 KD tumor group were signifi-
cantly reduced, which was similar to the in vitro results 
(figure 3O- R). Taken together, these findings suggested 
that TNFR2 correlates positively with PD- L1 and could 
regulate the expression of PD- L1 in pancreatic cancer.

TNF-α upregulates PD-L1 expression through the TNFR2-p65 
NF-κB pathway
To determine how TNFR2 regulates the expression of 
PD- L1, we found that the mRNA level of Pdl1 was reduced 
in KPC-Tnfr2 knockdown cells, similar to the protein 
results, indicating that TNFR2 regulates PD- L1 expres-
sion at the transcriptional level (figure 4A). Anti- TNFR1 
or anti- TNFR2 blocking antibodies were used in vitro in 
KPC cells with the addition of TNF-α. The anti- TNFR1 
antibodies did not affect the level of the PD- L1 protein 
in TNF-α-treated KPC cells, whereas the addition of anti- 
TNFR2 antibodies abolished the TNF-α-induced upreg-
ulation of PD- L1 expression in pancreatic cancer cells 
(figure 4B). These results indicated that TNFR2, but not 
TNFR1 mediates, TNF-α-induced upregulation of PD- L1 
in pancreatic cancer cell. Combined with the previous 
conclusion, we can safely use TNF-α as a TNFR2 agonist 
for follow- up mechanism research to compensate for the 
lack of commercial TNFR2 agonists.

Next, to further validate the detailed mechanism of 
TNFR2 in PD- L1- mediated immunosuppression, we used 
the IκB kinase b inhibitor BAY 11–7082 and the NF-κB 
inhibitor JSH- 23 and found that inhibitors abolished 
TNF-α-induced PD- L1 expression (figure 4C). In addi-
tion, NF-κB increasingly bound a potential binding site 
in the CD274 promotor in TNF-α-treated PDAC cells, 
as determined using a chromatin immunoprecipitation 
assay, whereas NF-κB binding to the potential binding 
site in the CD274 promoter was reduced anti- TNFR2- 
treated pancreatic cancer cells and in KPC/Panc02-Tnfr2 
knockdown cells (figure 4D and online supplemental 
figure 7B). The nuclear translocation of p65 indicated 
NF-κB pathway activation. Thus, we isolated nuclear and 
membrane or cytoplasmic fractions from KPC cells and 
Panc02 cells at different time points during TNF-α and 
anti- TNFR2 treatment. The results showed that TNF-α-in-
duced nuclear translocation of p65 was first observed 
at 30 min after the start of treatment, whereas upregu-
lation of PD- L1 began after 2 hours of treatment with 
TNF-α. As expected, anti- TNFR2 treatment reduced the 
nuclear translocation of p65 and the expression of PD- L1 
(figure 4E,F, online supplemental figure 7C,D). Similarly, 
nuclear translocation of p65 and the expression of PD- L1 

were reduced in KPC/Panc02-Tnfr2 knockdown cells 
(figure 4G). Moreover, the result of immunofluorescent 
cytochemistry showed that nuclear translocation of p65 
decreased in KPC/Panc02-Tnfr2 knockdown cells and 
anti- TNFR2- treated pancreatic cancer cells (figure 4H- K). 
These data implied that TNF-α upregulates PD- L1 expres-
sion through the TNFR2- p65 NF-κB pathway.

Combination therapy comprising anti-TNFR2 and PD-L1 
antibodies eradicates tumors and increases overall survival in 
pancreatic cancer
As mentioned previously, TNFR2 can regulate the expres-
sion of PD- L1 in pancreatic cancer; therefore, we hypoth-
esized that TNFR2 blockade would improve PD- L1/
PD- 1 blockage immunotherapy. To test this hypothesis, 
we first used an orthotopic model to test the efficacy 
of the combined therapy comprising anti- TNFR2 and 
anti- PD- L1 antibodies (figure 5A). As expected, the 
antibody combination inhibited tumor growth signifi-
cantly compared with that in the control or single agent 
alone groups (figure 5B,C). Importantly, at the endpoint 
of the study, no significant changes in average mouse 
body weight, spleen weight, and lymph nodes size were 
observed (figure 5E,F), while all groups were within 
the normal range for liver and kidney function (online 
supplemental figure 8A- G). In addition, we further 
performed subcutaneous treatment to confirm the effi-
cacy of the combination therapy. Similarly, the combina-
tion therapy could eliminate tumors without any evident 
signs of toxicity (online supplemental figure 9A- D). 
Moreover, we analyzed the response rate to the combina-
tion therapy through three independently repeated treat-
ment experiments in the subcutaneous tumor model. 
The results showed that the response rate of the combina-
tion treatment group was significantly higher than that of 
the control and single- use groups (online supplemental 
figure 9E).

Next, we assessed the survival rate of mice treated with 
the antibody combination in the KPC orthotopic model. 
As expected, the antibody combination increased the 
survival of the mice significantly compared with that of 
the control group and treatment with either antibody 
alone. Notably, three mice in the combination group 
and one mouse in the anti- TNFR2 antibody group expe-
rienced tumor- free survival. These mice showed similar 
survival to healthy mice (online supplemental figure 
10A). In addition, to confirm this conclusion in a genetic 
model, we used an autochthonous model of mutation 
(LSL- KrasG12D/+, LSL- Trp53R172H/+, Pdx1- Cre driven 
spontaneous PDAC (GEMM- KPC model)). The survival 
of the mice treated with the antibody combination was 
prolonged significantly compared with the isotype 
control- treated animals. However, tumor- free survival 
was not observed among the GEMM- KPC mice, which 
reinforced the implication of the function of the TME 
in affecting the efficacy of antibody- mediated immuno-
therapy (online supplemental figure 10B). These data 
indicated that combination therapy with anti- TNFR2 and 
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Figure 4 TNFR2 regulates PD- L1 expression via NF-κB p65/PD- L1. (A) qRT- PCR examination of the expression of PDL1 in 
pancreatic cancer cell with TNFR2 KD. (B) Western blotting analysis of PD- L1 expression under anti- TNFR1 or anti- TNFR2 
blocking antibodies with and without TNF-α treatment. (C) Exogenous PD- L1 expression determined by western blotting 
analysis in KPC and Panc02 cells pretreated with NF-κB p65 inhibitors for 2 hours, followed by treatment with TNF-α for 
12 hours. (D) Chromatin immunoprecipitation (ChIP) assay analysis of NF-κB bound potential binding site in the CD274 
(PD- L1) promotor after TNF-α treatment in PDAC cells. (E–F) Nuclear translocation of p65 analyzed at the indicated time 
points using cell fractionation in KPC cells treated with TNF-α and anti- TNFR2 antibody. (G) Nuclear translocation of p65 
analyzed at the indicated time points using cell fractionation in KPC-tnfr2 KD and Panc02-tnfr2 KD cells. (H–K) Representative 
immunofluorescence (IF) images and the statistical results of nuclear translocation of p65 in TNFR2 KD and anti- TNFR2- treated 
pancreatic cancer cell. Scale bars: 25 µm at 100× magnification; 100 µm at 400× magnification. *P<0.05, **p<0.01, ***p<0.001 
according to a two- tailed t- test. ns, not significant; PD- L1, programmed cell death 1; PDAC, pancreatic ductal adenocarcinoma; 
TNFR2, tumor necrosis factor receptor 2.
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Figure 5 The anti- TNFR2 antibody and PD- L1 antagonist combination eradicates PDAC in orthotopic tumor- bearing mice. 
(A) Schedule of the anti- TNFR2 and anti- PD- L1 antibody combination therapy in the orthotopic model. (B) Representative 
images showing tumors harvested from mice bearing KPC cells treated with the anti- PD- L1 antibody, the anti- TNFR2 antibody, 
or their combination (n=5). (C and D) The statistical results of tumor weight and mouse body weight. (E and F) The statistical 
results of spleen weight and representative images after final treatments. (G–H) Flow cytometry analysis and statistical results 
for tumor- infiltrating lymphocytes. Data are displayed as the mean±SD of one representative experiment. *P<0.05, **p<0.01, 
***p<0.001 according to a two- tailed t- test. ns, not significant; PD- L1, programmed cell death 1 ligand 1; PDAC, pancreatic 
ductal adenocarcinoma; TNFR2, tumor necrosis factor receptor 2.
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anti- PD- L1 antibodies could increase the overall survival 
of patients with pancreatic cancer.

In the microenvironment of PDAC, the combination therapy 
activates CD8+ T cells, reduces Treg infiltration, and induces 
secondary prevention and strong antitumor immune memory
To further determine how pancreas tumor progression is 
inhibited by combined PD- L1 and TNFR2 blockade, we 
conducted a series of immunophenotypic experiments. 
In the orthotopic model, tumors were dissected from each 
mouse at the end of the study, dissociated and collected, 
and subsequently subjected to tumor- infiltrating lympho-
cyte isolation and phenotypic analysis using flow cytom-
etry. The results revealed a higher percentage of CD8+ 
T cells in the tumors of mice treated with the combina-
tion therapy compared with those treated with either 
monotherapy or those in the control group. Impor-
tantly, the combination therapy markedly increased the 
population of granzyme+perforin+CD8+ T cells, IFN-γ+ 
TNF-α+CD8+ T cells, Ki67 +CD8+ T cells, and CD4+ T 
cells in the tumor region (figure 5G,H, online supple-
mental figure 11A,B). Interestingly, TCF1+TIM3 CD8+T 
cells, which proliferated consistently in response to 
bead stimulus, and B cells were slightly in increased the 
combination group (online supplemental figure 11C- F). 
Moreover, the tumor- infiltrated, CD4+CD25+FOXP3+T 
cell population (Tregs) was also decreased significantly 
in the tumors of the mice treated with the combination 
therapy (online supplemental figure 11G,H). Then, IHC 
of immune cells were performed in subcutaneous model 
tumors. Similarly, the number of CD8+ T cells increased, 
while FOXP3+ cell numbers decreased significantly in 
the combination therapy- treated tumors (online supple-
mental figure 9F,G).

To gain a more comprehensive understanding of the 
tumor immune landscape that was affected by the treat-
ment, tumors were dissected from treated syngeneic 
KPC tumor- bearing mice, and their tumor- infiltrating 
lymphocytes were isolated and subjected to cytometry 
by time of flight (CyTOF) analysis (figure 6A). Twelve 
samples in the orthotopic model were analyzed, and 
29 clusters were identified using 41 immune markers 
(figure 6B). Based on typically expressed markers, 
certain known cell types were identified among the clus-
ters (figure 6C,D). In general, the immune landscape of 
PDAC after combination therapy was altered significantly 
compared with that of the control group (figure 6E and 
online supplemental figure 12). Notably, the numbers 
of PD- L1 + macrophages and CD206+ (M2- polarized) 
macrophages (tumor- associated macrophages (TAMs)), 
all of which are immunosuppressive cells, were reduced 
significantly (figure 6F), as confirmed by flow cytometry 
(online supplemental figure 11I), while cluster 2 (PD- L-
1negCD206low) macrophages increased remarkably in the 
combination group compared with those in the control 
and single- use groups (figure 6F). Moreover, markers of 
Tregs (CD25 and FOXP3) were downregulated in the 
combination therapy group. These results demonstrated 

that the combination therapy induced a decrease in the 
expression levels of all immune suppressive markers (PD- 
L1, PD- 1, LAG3, and TIM- 3) (figure 6G,H). However, the 
differences in the frequencies of CD4+ T cells and CD8+ 
T cells in the antibody- treated samples are not statisti-
cally significant because of individual differences within 
one each group (figure 6I). Thus, we performed T cell 
reclustering analysis in the combination therapy group. 
Interestingly, analysis of tumor- infiltrating lymphocytes in 
the T cell reclustering analysis revealed that the number 
of CD4+ T cells and CD8+ T cells were increased signifi-
cantly in the combination group compared with those 
in the control and single- use groups (online supple-
mental figure 12E). In addition, relative to CD45+ cell 
clustering analysis, analysis of other tumor- infiltrating 
lymphocytes in the combination therapy group in the T 
cell reclustering analysis revealed similar results (online 
supplemental figure 12). Taken together, immune land-
scape analysis revealed that combined PD- L1 and TNFR2 
blockade changes the immune- privileged TME of PDAC 
into an immunotherapy- favorable TME marked by 
decreased numbers of immune suppressive Tregs and 
TAMs, and increased numbers of CD4+ T cells and CD8+ 
T cells that might be involved in immunological memory.

To determine whether immunological memory is 
induced by combination therapy with anti- TNFR2 
and anti- PD- L1 antibodies, tumor- free mice from the 
initial subcutaneous model produced by removal of the 
subcutaneous tumors were challenged by implantation 
of syngeneic PDAC cells from either the same cell line 
as the first implantation or a different cell line, using 
age- matched wild- type mice as controls. No additional 
therapy was provided to the rechallenged mice (online 
supplemental figure 13A- D). Palpation confirmed tumor 
disappearance at more than 100 days after the implanta-
tion of the first tumor. By contrast, in the age- matched 
control group, all the mice grew tumors. Some of the 
mice in the combination therapy group remained tumor 
free, compared with the control and age- matched control 
groups. Specifically, in the KPC rechallenge model, initial 
subcutaneous implantation of KPC cells, followed by 
combination immunotherapy- treated cells resulted in a 
higher incidence of a complete response (CR) to treat-
ment (CR; tumors that were less than 60 mm3 and showed 
continued regression until study end) after secondary 
implantation with KPC cells, compared with the control 
and age- matched control groups (online supplemental 
figure 13E,H). Notably, rechallenge with KPC cells could 
not establish a tumor mass in mice previously cured of 
KPC (two of seven mice in the KPC model). Panc02 
rechallenge in the model confirmed this result (online 
supplemental figure 13F). In the Panc02- KPC rechal-
lenge model, initial and secondary implantation with a 
different cell line yielded similar results (online supple-
mental figure 13G). Thus, KPC tumor- derived T cells 
could produce T cell cross- reactivity to shared antigens 
of pancreatic tumors from Panc02 cells. Altogether, 
these results suggested that in multiple tumor models, 
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Figure 6 CyTOF analysis of tumor- infiltrating lymphocytes after anti- TNFR2 or anti- PD- L1 antibody therapy. (A) A scheme 
showing the experiments and CyTOF analysis of anti- TNFR2 or anti- PD- L1 combination therapy. (B) We identified 29 clusters, 
as shown in a tSNE plot. (C) tSNE plots were color coded for the expression of marker genes for the seven main immune cell 
types. (D) Forty- one immune markers were differentially expressed in the 29 cell clusters, as shown by a heatmap. According 
to typically expressed markers, certain clusters contained known cell types. (E) Plots of tSNE showing the distinct immune 
landscape of tumors in the different treatment groups. (F) Proportions of three immune cell types in the four treatment groups. 
(G) tSNE plots showing color- coded expression of marker genes for PD- L1, CD8+ T cells and Treg cells in the four treatment 
groups. The main types of immune cells are marked using red boxes. (H) Marker genes expression for PD- L1, CD8+ T cells and 
Treg cells in the four treatment groups. The data were derived from CyTOF analysis. (I) Proportions of CD4+ T cells and CD8+ 
T cells in the four treatment groups. Data are displayed as the mean±SD of one representative experiment. *P<0.05, **p<0.01, 
***p<0.001 according to a two- tailed t- test. ns, not significant. CyTOF, cytometry by time of flight; PD- L1, programmed cell 
death 1 ligand 1; TNFR2, tumor necrosis factor receptor 2.
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combined treatment with anti- TNFR2 and anti- PD- L1 
resulted in both immediate antitumor activity and long- 
term immune memory. Thus, T cells induced by previous 
combination therapy could eliminate rechallenge tumors 
via rapid immunological recall.

The antitumor immune response induced by the combination 
therapy is mainly dependent on CD8+ T cells, partially 
dependent CD4+ T cells, and independent of natural killer (NK) 
cells
We depleted CD8+ T cells, CD4+ T cells, or NK cells 
before inoculation with KPC tumor cells and combined 
antibody treatment to determine which immune cell 
types are critical for the effects of the combination 
therapy (figure 7A). At the study endpoint, flow cytom-
etry was used to confirm immune cell depletion using 
splenocytes from the mice (figure 7B- G). The efficacy 
of the anti- TNFR2 and anti- PD- L1 treatment was mostly 
abrogated by the administration of CD8- depleting anti-
bodies in mice with KPC tumors, while the depletion of 
CD4 and NK partially inhibited the antitumor response 
to the combined treatment, suggesting that CD4+ T cells 
and NK cells play a more limited role than that of CD8+ T 
cells. These treatments and depletion antibodies caused 
no toxicity; that is, we observed no weight loss in any of 
the treated animals (figure 7). These results revealed 
that the antitumor immune response derived from the 
combination therapy is mainly dependent on CD8+ T 
cells, partially dependent CD4+ T cells, but independent 
of natural killer cells.

Collectively, our results demonstrated that TNFR2 
promotes tumorigenesis and progression of pancre-
atic cancer via dual effect: suppressing cancer immu-
nogenicity via the TNFR2- NFκB p65- PDL1 pathway 
and partially accelerating tumor growth via the TNFR2- 
NFκB- survial pathways (c- Myc, cyclin D and CDK2). 
Combining anti- TNFR2 and anti- PD- L1 antibodies erad-
icated tumors, prolonged overall survival in pancreatic 
cancer, and induced strong antitumor immune memory 
and secondary prevention by reducing the infiltration of 
Tregs and TAMs and CD8+ T cell activation in the PDAC 
microenvironment (figure 7L).

DISCUSSION
Although PD- 1/PD- L1 immune checkpoint blockade 
leads to a CR of immunogenic tumors and has demon-
strated clinical success, there are still challenges to iden-
tify a strategy to treat non- immunogenic tumors. These 
challenges might be associated closely with the strong 
immunosuppression induced by infiltrating immune 
cells, such as in pancreatic cancer.29 Therefore, the relief 
of tumor immunosuppression is very important for the 
immunotherapy of pancreatic cancer.

TNFR2 is a cell- surface receptor that regulates cell 
survival and proliferation; however, more recent research 
has concentrated on TNFR2’s role in regulating tumor 
immunosuppression.16 17 19 Correspondingly, targeting 

this receptor has emerged recently as a potential next- 
generation approach to cancer therapy. Anti- TNFR2 
agonistic antibodies can enhance the activity of effector 
T cells, or destabilize inhibitory Tregs by blocking TNF/
TNFR2 signaling.30 31

In the present study, the results demonstrated that the 
tumoricidal activity of a single immunotherapy antibody 
is insufficient; however, the anti- TNFR2 and anti- PD- L1 
antibody combination showed unexpected curative 
effects, completely eliminating the disease and allowing 
long- term survival in multiple pancreatic tumor models.

Subsequent studies should investigate further how 
TNFR2 blockade enhances the efficacy of immuno-
therapy in pancreatic cancer. In that regard, TNFR2 
blockade might have the effect of killing two birds with 
one stone: directly killing tumor cells and enhancing 
antitumor immune responses. We found that Tnfr2 KD 
or the use of anti- TNFR2 antibodies could inhibit cancer 
cell proliferation directly, and induced the apoptosis of 
tumor cells in pancreatic cancer. Similar results have 
been demonstrated in other cancers.20 32 33 In terms of 
enhancing antitumor immune responses, we performed 
comprehensive tumor immune microenvironment anal-
ysis of tumor samples from mice treatment models using 
flow cytometry and CyTOF. The results revealed that 
the combination therapy increased the number of infil-
trating effector cells into the tumor area and upregulated 
the tumor- killing function of CD8+ T cells while signifi-
cantly decreasing the number of Tregs, CD206+macro-
phages (TAMs), PD- L1+macrophages, and the CD8+ 
T cell expression of immune checkpoints (eg, TIM- 3, 
LAG3, and PD- 1), which promoted immune suppressive 
effects in pancreatic cancer. Notedly, this was the first 
study to demonstrate the changes in macrophages under 
anti- TNFR2 antibody treatment. TNF-α, which promotes 
tumor growth and proliferation, is mainly secreted by 
macrophages.34 35 TNFR2 is one of two TNF-α receptors 
that transduce TNF biological activity.36 More details 
about TNFα-TNFR2- macrophages should be obtained in 
future research. Furthermore, combination therapy led 
to short- term antitumor activity and induced long- term 
immune memory in pancreatic cancer mouse models. 
In addition, the efficacy of the combination therapy to 
inhibit tumor progression mainly depended on CD8+ T 
cells, depended partly on CD4+ T cells, and was indepen-
dent of NK cells in the mouse models. In terms of the 
molecular mechanisms of molecular this combination 
therapy, we found that TNFR2 levels correlated posi-
tively with PD- L1 levels, and TNFR2 could regulate PD- L1 
expression in pancreatic cancer in vitro and in vivo. In 
addition, Lim’s study showed that TNF-α is a major factor 
that triggers cancer cell immunosuppression in response 
to T cell surveillance by stabilizing PD- L1 via the p65/
CSN5 signaling axis.37 Thus, we also explored the role 
of the NF-κB p65 pathway in TNFR2- regulated PD- L1 
in pancreatic cancer. Surprisingly, TNF-α induced the 
expression of PD- L1 through TNFR2 but not TNFR1, 
and we found that NF-κB -binding sites in the PD- L1 
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Figure 7 The antitumor response to combined anti- PD- L1 and anti- TNFR2 blockade depends on CD8+ T cells. (A) Tumor 
implantation and injection of antibodies schedule for immune cell (CD4+T cells, CD8+ T cells, and NK cells) depletion in mice 
receiving combination treatment. (B–G) Representative flow cytometry and quantification of NK, CD8, and CD4 staining of 
splenocytes to confirm immune cell depletion. (H) Representative images showing tumors harvested from mice bearing KPC 
cells treated with combination therapy after immune cell depletion (n=5). (I–J) The statistical results of tumor weight and mouse 
body weight. (K) Tumor growth curve of mice treated with combination therapy and antibodies for immune cell depletion. 
(L) Proposed model of the function of TNFR2 and the detailed mechanisms by which the TNFR2/NF-κB p65- PD- L1 pathway 
that contributes to escape from T cell immune surveillance and the TNFR2/NF-κB p65- mediated tumor growth pathway. NK, 
natural killer; PD- L1, programmed cell death 1 ligand 1; TNFR2, tumor necrosis factor receptor 2.
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promoter region at which p65 binding is regulated by 
TNF-α-TNFR2 signaling axis. Thus, the mechanisms by 
which TNFR2 blockade enhances the efficacy of immu-
notherapy in pancreatic cancer are as follows: (1) direct 
inhibition of cancer cell proliferation via inhibiting NFκB 
p65/survial pathways (c- Myc, cyclin D and CDK2); and 
(2) relief of tumor immunosuppression by downregu-
lating the expression of PD- L1 via the NF-κB p65/PD- L1 
pathway and reducing the number of Tregs and TAMs to 
reinvigorate exhausted T cells.

Finally, the expression of TNFR2 in tumor tissues and 
soluble TNFR2 in serum was associated positively with 
poor prognosis (online supplemental table 1). Thus, 
TNFR2 could be used as an important prognostic indi-
cator for patients with pancreatic cancer.

Conclusions
In conclusion, the results of the present study revealed 
that anti- TNFR2 and anti- PD- L1 combination therapy 
boosted tumor eradication by inhibiting the growth of 
tumors, relieving tumor immunosuppression, and gener-
ating robust memory recall. The present study proposed 
an immunotherapy regimen that is effective against 
pancreatic cancer.
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SUPPLEMENTAL MATERIALS AND METHODS 

Cell cultures 

KPC cells from the genetically engineered mouse model (GEMM-KPC) 

(LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx1-Cre) mice were used in the animal 

experiments, which were kindly donated by the laboratory of Prof. Raghu Kalluri 

(MD Anderson Cancer Center, Houston, TX, USA). KPC cells were grown in 

modified McCoy's 5A Medium (Thermo Fisher Scientific, Waltham, MA, USA) with 

10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% 

penicillin-streptomycin (Genom, Hangzhou, China). The Panc02, BxPC-3, and 

SW1990 cell lines were obtained from the American Type Culture Collection 

(Manassas, VA, USA), which were cultured in high-glucose Dulbecco’s modified 

Eagle’s medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 10% 

fetal bovine serum and 1% penicillin-streptomycin. All cell lines were incubated at 

37 °C in a humidified chamber containing 5% CO2. The presence of mycoplasma 

contamination was routinely evaluated in all cells using PCR.  

 

Cell transfection and generation of stable Tnfr2 knockdown cells 

KPC, PancO2, SW1990 and BxPC-3 cells were stably transfected with mouse Tnfr2 

knockdown or negative control lentivirus (Oobio, Shanghai, China). After incubation 

for 24 h, the medium was replaced with fresh medium and the transfected cells were 

selected by treatment with 10 μg/ml puromycin (InvivoGen, San Diego, CA, USA) 

for one week. The efficiency of transfection was determined using western blotting 

and RT-PCR to evaluate protein and mRNA expression after cell collection. 

 

Immunoblotting 

For immunoblotting, radioimmunoprecipitation assay (RIPA) buffer (P0013B 

Beyotime Biotechnology, Shanghai, China) containing phenylmethanesulfonyl 

fluoride (ST505 Beyotime Biotechnology) was used to lyse cells for 30 min on ice, 

followed by centrifugation at 12000  g for 15 min. The supernatant was collected 
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containing the soluble proteins. The protein concentration was measured using the 

bicinchoninic acid (BCA) reagent (P0012 Beyotime Biotechnology). The lysates were 

heated at 100 °C in NuPAGE LDS Sample Buffer (4) (Thermo Fisher Scientific, 

Waltham, MA, USA) for 3–5 min, separated using sodium dodecylsulfate 

polyacrylamide gel electrophoresis before being transferred electrophoretically to a 

polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). 5% skim milk in 

TBST was used to block the membranes, which were the overnight at 4 °C with 

primary antibodies. After washing with TBST, the membrane was incubated at 4 °C 

for 3 h with species-specific secondary antibodies. The signals from the 

immunoreactive proteins were detected using an EzWay DAB Western Blot Kit 

(KOMA BIOTECH, Seoul, Korea) and the correspondent bands were visualized using 

ChemiScopeTouch (Clinx Science Instruments, Shanghai, China). The internal 

controls comprised of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 

α-tubulin. Abcam (Cambridge, MA, USA) proved the primary antibodies recognizing 

TNFR2 (1:1000 dilution, catalog ab109322), GAPDH (1:1000 dilution, catalog 

ab8245), α-tubulin (1:2000 dilution, catalog 11224-1-AP), and PD-L1 (1:1000 

dilution, catalog 66248-1-Ig) antibodies were purchased from Proteintech (Rosemont, 

IL, USA). The intensity of immunoblotting bands was measured using Image J 1.8.0 

(National Institutes of Health, Bethesda, MD, USA). 

 

Immunohistochemical analysis (IHC) 

IHC for CD3, CD8, Foxp3, Ki-67, cleaved-caspase-3, TNFR2, and PD-L1 was 

performed on mouse tumors harvested at the end of the experiment, stored in 10% 

neutral buffered formalin, and embedded in paraffin. Four μm-thick sections were cut 

and placed onto super frost+glass slides, baked for 60–90 min at 68 C, and then 

deparaffinized. The antigen was retrieved using Sodium Citrate Antigen Retrieval 

Solution (Solarbio Life Science, Beijing, China) and the sections were boiled for 10 

min, followed by incubation for 25-30 min at room temperature. 3% BSA was used to 

block the samples for 30 min at room temperature. Each tissue sample was treated 

with primary antibodies, as indicated, and incubated overnight at 4 C, followed by 
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incubation with a biotin-conjugated secondary antibody for 50 min at room 

temperature. The target protein was visualized using a diaminobenzidine (DAB) 

Chromogen Kit (BDB2004; Biocare Medical; Pacheco, CA, USA), where the brown 

color characterized the targeted molecule. Slides were counterstained with diluted 

hematoxylin for 3–5 min. Representative images per tumor were captured using 

ImageScope software (Leica Biosystems, Wetzlar, Germany). Paraffin-embedded 

PDAC tissue array slides from 156 patient samples were obtained from the 

Department of Hepatobiliary and Pancreatic Surgery, the First Affiliated Hospital, 

Zhejiang University School of Medicine and incubated with antibodies against 

TNFR2 and PD-L1 (ab205921, Abcam). Immunohistochemical staining of the tissue 

array was performed by the Wuhan Servicebio technology (Wuhan, China). The 

immunohistochemical results were quantified by processing the images using 3D 

HISTECH quant center 2.1 software (3DHISTECH Kft, Budapest, Hungary). 

 

Double immunofluorescence (IF) 

KPC-Tnfr2 knockdown and KPC-WT cells were cultured to about 70–80% 

confluency in 12-well plates, fixed at room temperature for 15 min using 4% 

paraformaldehyde, permeabilized for 15 min using 0.1% Triton X-100, and blocked 

for 30 min using 2% bovine serum albumin (BSA). After incubation with the primary 

anti-PD-L1 antibody (1:100 dilution, 14-5983-82, Thermo Fisher Scientific, Waltham, 

MA, USA and anti-TNFR2 antibody (1:100 dilution, catalog ab109322, Abcam) at 

4 °C overnight, the cells were washed three times with phosphate-buffered saline 

(PBS), and incubated with a mixture of Alexa Fluor555-conjugated anti-mouse IgG 

(4408, 1:400 dilution, Cell Signaling Technology, Danvers, MA, USA) and Alexa 

Fluor488-conjugated anti-rabbit IgG (4412, 1:400 dilution, Cell Signaling Technology) 

at room temperature for 1 h. Then, 0.02 μg/mL Hoechst (Servicebio) was used to stain 

nuclei for 2 min. After three washes with PBS, A confocal laser scanning microscope 

TCS SP8 CARS (Leica) was used to image the cells. PDAC and KPC tissues sections 

from patients were deparaffinized and treated with 10 mM citrate buffer (pH 6.0) at 

95–100 °C for 15 min. The slides were washed three times with PBS, treated for 10 
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min with 0.1% Triton X-100, and then blocked for 30 min using 10% bovine serum 

albumin (BSA) in PBS. Anti-TNFR2 antibody (1:100 dilution, catalog ab109322, 

Abcam) and anti-PD-L1 antibody (1:100 dilution, 14-5983-82, Thermo Fisher 

Scientific) were mixed and incubated with the slides overnight at 4 °C. Following 

washing, a mixture of two secondary antibodies were incubated with the slides at 

room temperature for 1 h, followed by Hoechst staining. Confocal laser scanning 

microscopy was used to image the cells. 

 

Human tissues, serum, and clinical information 

Human pancreatic adenocarcinoma cancer tissue and adjacent normal tissues 

specimens were obtained from the Department of Hepatobiliary and Pancreatic 

Surgery, the First Affiliated Hospital, School of Medicine, Zhejiang University. 

Paraffin-embedded PDAC tissue array slides comprising 156 samples from patients 

were created by the Wuhan Servicebio technology using PDAC tissue specimens from 

the First Affiliated Hospital, School of Medicine, Zhejiang University. Blood samples 

were collected from patients with PDAC before surgery, separated from serum, and 

stored at −80 °C. Baseline clinical data, including sex, age, cancer antigen levels 

(CA19-9, CA125), tumor size, tumor grade, and clinical tumor-node-metastasis 

(TNM) staging, were collected retrospectively. Regular follow-up was performed and 

the survival time of the patients was generally defined as the duration between 

surgery for curative resection and death. The protocol was approved by the 

Institutional Review Board at First Affiliated Hospital, School of Medicine, Zhejiang 

University, and written informed consent was obtained from all patients at the time of 

the enrollment. 

 

Mice 

Male 6–8-week-old C57BL/6 mice and nude mice were purchased from the Model 

Animal Research Center of Nanjing University and housed in specific pathogen-free 

conditions in cages of up to five animals. C57BL/6 and KPC mice were maintained 

under a 12-hour dark/12-hour light cycle with food and water provided ad libitum.  
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Animal Study 

KPC cells (2 × 105 in 100 μL of serum-free McCoy's 5A), with or without 

pretreatment with anti-TNFR2 antibodies for 24 h, were separately and injected 

subcutaneously into the right flank of 6–8-week-old male C57BL/6 mice and nude 

mice (n = 9). Tumor incidence was recorded. KPC-Tnfr2 knockdown (KD) cells and 

KPC-wild-type (WT) cells (1 × 106 in 100 μL of serum-free McCoy's 5A), were 

injected subcutaneously and separately into the right flanks of 6–8-week-old male 

C57BL/6 mice and nude mice (n = 7). Tumor growth was measured every other day 

using calipers. Three weeks after tumor implantation, the mice were sacrificed, and 

the tumor weight was determined. The tumors in the C57BL/6 mice were divided into 

three parts. One third was lysed to obtain a single cell suspension of tumor cells that 

were used for fluorescence activated cell sorting (FACS) analysis. One third was snap 

frozen in liquid nitrogen for further PCR and immunoblotting analysis. The remaining 

third was fixed in 10% neutral buffered formalin, paraffin embedded, and sectioned 

for further immunohistochemistry (IHC) pathological analysis. Tumors in the nude 

mice were harvested and used for PCR, immunoblotting, and pathological analysis. 

The tumor volume was calculated by measuring the longest diameter and the 

perpendicular short diameter. The formula to calculate the tumor volume was as 

follows: 1/2 × length × width2. As regards the survival experiments, KPC-Tnfr2 KD 

cells and KPC-WT cells, both at a density of 1 × 106 in of 15 μL of medium, were 

mixed with 10 μL of Matrigel, and injected into the pancreas using a sterile insulin 

needle. The time of death of each mouse was tracked and recorded and a survival 

curve was plotted. 

 

Tumor and spleen digestion and flow cytometry analysis 

Tumor cells and immune cells from tumors and spleens were isolated for flow 

cytometry analysis. Tumor sample tissues were mechanically dissociated into small 

pieces using scissors and scalpels, placed in DMEM containing 2% FBS + 

collagenase IV (1 mg/mL) (17104019, Thermo Fisher Scientific) + DNase (10 μg/mL) 
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(D5025, Sigma-Aldrich, St. Louis, MO, USA) + Dispase (0.6 mg/mL) (17105041, 

Gibco) + CaCl2 (3 mM) (21115, Sigma-Aldrich) and incubated at 37 °C under 

shaking at 220 rpm for 30 to 50 min. Digestion was stopped by the addition of 

DMEM containing 10% FBS. Dissociated tissues were filtered through 70 μm Cell 

Strainers (CLS431751-50EA, Sigma-Aldrich) and washed in phosphate-buffered 

saline (PBS). Single-cells were divided into two parts. Three quarters of the cells were 

resuspended in 36% Percoll solution (GE Healthcare, Chicago, IL, USA) containing 4% 

10  PBS and 60% serum-free DMEM and subjected to density gradient 

centrifugation to remove non-immune cells. The cells were stimulated with a 

Leukocyte Activation Cocktail (550583, BD biosciences, San Jose, CA, USA), and 

incubated at 37 °C for 4–6 h according to the manufacturer’s instructions before being 

stained using a LIVE/DEAD Fixable Violet Dead Cell Staining Kit (ThermoFisher 

Scientific) on ice for 30 min in the dark. Next, the cells were washed with PBS, 

blocked using TruStain FcX™ (BioLegend, San Diego, CA, USA; anti-mouse 

CD16/32) antibody and stained for cell surface CD45, CD3, CD4, CD8, T cell 

immunoglobulin mucin 3 (TIM3), and CD25 expression on ice for 30 min in the dark 

in PBS plus 2% FBS. The cells were washed again with PBS, subjected to fixation 

and permeabilization using eBioscience™ FOXP3/Transcription Factor Staining 

Buffer Set (00-5523-00, ThermoFisher). In addition, the cells were stained for 

intracellular Granzyme B, Perforin, tumor necrosis factor alpha (TNF-α), interferon 

gamma (IFN-γ), transcription factor 1 (TCF1), and FOXP3 in permeabilization 

solution. For one quarter of the tumor cells, live and dead cells were stained and 

separated using LIVE/DEAD Fixable Violet Dead Cell Staining Kit and blocked 

using TruStain FcX™. Next, cells were stained for CD326 (EpCAM) to identify 

tumor cells and for PD-L1. Spleens were mechanically ground with a grinding rod 

and washed in PBS. Then, red blood cells were removed using 1 lysis buffer 

(555899, BD biosciences). In addition, single live and dead immune cells were 

stained and separated using the LIVE/DEAD Fixable Violet Dead Cell Staining Kit 

and blocked using TruStain FcX™. Next, cells were stained for CD45, CD3, CD4, 

and CD8 for CD4+ T cells and CD8+ T cells, and stained with CD49b and NK1.1 for 
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NK cells. All samples were analyzed using flow cytometry on a Beckman CytoFLEX 

LX (Becton Dickinson, Franklin Lakes, NJ, USA) and the flow cytometry data were 

analyzed by FlowJo software (Becton Dickinson).  

 

Mouse model with antibody treatment 

For the combination therapy in vivo experiments using a subcutaneous model, KPC 

cells (5 × 105 in 50 μL of serum-free McCoy's 5A) were injected subcutaneously into 

the right flank of 6 to 8-week-old male C57BL/6 mice. When the tumors reached 

100–200 mm3, treatment started. Mice bearing tumors were divided randomly into 

four groups using a computer-based random order generator: Untreated Control, 

treatment with anti-TNFR2 antibodies alone (200 μg each), treatment with 

anti-PD-L1 antibodies alone (200 μg each), and treatment with the antibody 

combination (n = 7) three times every week for 2 weeks. The mice received 

InVivoMAb anti-mouse PD-L1 (Bio X Cell, West Lebanon, NH, USA), InVivoMAb 

anti-mouse TNFR2 (TR75-54.7) (Bio X Cell), and IgG isotype control (Bio X Cell) 

via intraperitoneal injection. Before each administration, tumor growth was measured 

using calipers, and the tumor size was recorded. The tumors were measured between 

08.30 am and 12.30 pm and the measuring order was randomized daily, with each 

animal tested at a different time each test day. For each animal, three different 

investigators were involved as follows: A first investigator prepared the treatment 

antibody with the number not labeled. A second investigator administered the 

treatment based on the randomization table, and a third investigator measured the 

tumor size using calipers.  After the experiment, the tumor was harvested and 

divided into three parts as above. For the combination therapy in vivo experiments 

using an orthotopic model, a small left side abdominal incision near the spleen was 

made, and the pancreas was found and identified in front of the right side of the 

spleen. KPC cells at a density of 5 × 105 in 15 μL of serum-free McCoy’s 5A mixed 

with 10 μL of Matrigel were injected into the pancreas using a sterile insulin needle. 

The treatment started when the tumors reached 100–200 mm3, as detected by in vivo 

imaging. Tumor-bearing mice were randomly divided into four groups and treated 
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with an intraperitoneal injection of anti-TNFR2 antibodies (100 μg each) and 

anti-PD-L1 (200 μg each), either alone or in combination (n = 5) three times every 

week for 2 weeks, plus an untreated control. After the experiment, the tumors were 

harvested and divided into three parts as above. The animals were excluded if the 

animal died prematurely. For the survival experiments of the orthotopic model, the 

KPC cells were injected as mentioned above. The treatment started when the tumors 

reached 100–200 mm3, as detected by in vivo imaging. Tumor-bearing mice were 

randomly divided into four groups and treated with an intraperitoneal injection of 

anti-TNFR2 antibodies (100 μg each) and anti-PD-L1 antibodies (200 μg each), either 

alone or in combination (n = 7) three times every week until mice were near death and 

met prespecified early removal criteria approved by the IACUC. The time of death of 

each mouse was tracked and recorded, and a survival curve was plotted. For the 

survival experiments of the GEMM-KPC model, the schedule of treatment was the 

same as that of the orthotopic model. There were no exclusions of any animals in each 

experimental group. 

 

Mass cytometry (CyTOF) analysis of immune cells 

Briefly, DNAase, collagenase IV, and hyaluronidase (Sigma-Aldrich) were used to 

dissociate tumor tissue into single cells. Percoll density gradient media 

(Sigma-Aldrich) was used to enrich immune cells, and ACK Lysing Buffer 

(Sigma-Aldrich) was used to remove red blood cells. Samples were stained and 

blocked for 30 min using an in-house developed panel of mixed surface antibodies 

(Supplementary Table 3), followed by overnight fixation. The cells were then 

permeabilized and incubated with a mixture of intracellular antibodies. The cells were 

washed, and a CyTOF system (Helios, Fluidigm, San Francisco, CA, USA) was used 

to detect the signals. Immune cell types were identified using nonlinear 

dimensionality reduction [t-distributed stochastic neighbor embedding (tSNE)], and 

then subjected to density clustering. 

 

In vivo antibody depletion of immune cell subsets 
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CD8+ T cells were depleted using 200 μg of anti-CD8 monoclonal antibodies (mAbs) 

clone 53-6.7 (Bio X Cell, InVivoPlus grade) by intraperitoneal injection (i.p.) three 

days before subcutaneous inoculation with KPC tumor cells. CD4+ T cells were 

depleted using 200 μg of anti-CD4 clone GK1.5 (Bio X Cell, InVivoPlus grade) by i.p. 

three days before subcutaneous inoculation with KPC tumor cells. NK cells were 

depleted using 50 μL of polyclonal anti-Asialo GM1 (Ultra-LEAF grade, BioLegend) 

by tail intravenous injection three days before KPC tumor cell inoculation. Depletion 

antibodies were given every three days throughout the study. 

 

T cell-mediated tumor cell killing assay 

CD8+ T cells were isolated from the mouse spleen using a CD8+ T cell isolation kit, 

an LS Column, and a MidiMACS™ Separator. Isolated CD8+ T cells were stained 

fluorescently using CD8- Phycoerythrin (PE) and CD3-fluorescein isothiocyanate 

(FITC) and then analyzed using flow cytometry to confirm their phenotype. The 

isolated CD8+ tumor infiltrating lymphocytes (TILs) were activated using Dynabeads 

Mouse T-Activator CD3/CD28 (catalog 11456D, Thermo Fisher Scientific) for 3 days 

according to the manufacturer’s protocol. T cells were activated with IL-2 (10 ng/mL) 

in the whole experiment. Tumor cells were allowed to adhere to the plate overnight 

and were incubated for 48 h with activated CD8+ T cells both with and without 

anti-TNFR2 antibody (100 μg/mL). KPC-Tnfr2 KD cells and KPC-WT cells were 

incubated overnight and allowed to adhere to the culture plates, and then treated with 

isolated activated CD8+ T cells and incubated for 48 h. The ratio between tumor cells 

and CD8+ T cells was 1:8. T cells and cell debris were removed by PBS washing. The 

remaining living cancer cells were fixed with 4% paraformaldehyde, stained with 0.5% 

crystal violet, and quantified using a spectrophotometer at OD 570 nm. 
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Cell suppression assays 

For CFSE suppression assays, CD8+ T cells were collected from T cell-mediated 

tumor cell killing assay, and suppression of cell division was assessed by FACS 

analysis of CD8 counts versus CFSE. 

 

Statistics 

SPSS (version 20, IBM Corp., Armonk, NY, USA) and GraphPad Prism software 

program (GraphPad Inc., La Jolla, CA, USA; version 7.0) were used to perform the 

statistical analyses. Data from at least three biological replications are presented as 

mean ± SD. To compare the differences between two groups, we used Mann-Whitney 

U or two-sided Student’s t-tests as appropriate. To compare the differences among 

three or more groups, we used one way analysis of variance (ANOVA). To analyze 

the correlation between variables, we used Spearman’s rank correlation. The overall 

difference in the data at the endpoint was assessed using Student’s t-tests to evaluate 

the tumor growth. The Kaplan–Meier method and the Gehan–Breslow–Wilcoxon test 

were used to analyze the difference in survival curves. A P value < 0.05 was 

considered statistically significant. 

 

SUPPLEMENTAL FIGURE LEGENDS 

Supplementary Figure 1. Expression profiles of TNFR2 among multiple cancer 

types. 

(A) Expression profile of TNFR2 in pancreatic cancer was detected in paired tumor 

and normal pancreatic tissues using IF staining (N: Normal pancreatic tissue; T: 

Pancreatic tumor tissue). Scale bars, 75 μm. (B) The expression profiles of TNFR2 in 

multiple cancer types from the TCGA database. 

 

Supplementary Figure 2. TNFR2 is a prognostic factor of immune “hot” PDAC. 

(A-C) Overall survival (OS) of patients with all pancreatic cancers (A), those enriched 
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with CD8+ T-cells (B), and those with decreased with CD8+ T-cells (C) with high or 

low expression of TNFR2 from the TCGA database.  

 

Supplementary Figure 3. Analysis of markers of tumor-infiltrating lymphocytes 

in Tnfr2 knockdown tumors. 

(A-B) Representative images and statistical results of IHC staining of TNFR2, CD3, 

CD8 and Granzyme B of Tnfr2 knockdown tumors in immunocompetent mice. 

 

Supplementary Figure 4. TNFR2 promote tumorigenesis and development of 

pancreatic cancer by suppressing cancer immunogenicity in subcutaneous mice 

model. 

(A-F) The visual maps of tumors, tumor growth curve and tumor weight of the 

immunocompetent and immunodeficient mice is shown; n = 7 mice per group. (G-N) 

Representative images and statistical results of tumor-infiltrating lymphocytes (CD8+ 

T cells, granzyme B+ CD8+T cells, Perforin+CD8+T cells and Tregs) are shown as 

indicated by flow cytometry. (O) Flow cytometry was used to evaluate the percentage 

of PD-L1+ tumor cells in tumor tissues. Results are presented as mean ± SD from one 

representative experiment. ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001 

according to a two-tailed t-test. (P-Q) Representative images and statistical results of 

IHC staining of Ki-67 and cleaved-caspase-3 of Tnfr2 knockdown tumors in 

immunodeficient nude mice. 

 

Supplementary Figure 5. TNFR2 directly regulates the growth of pancreatic 

cancer by TNFR2-NF-κB p65 pathway. 

(A-B) Effects of Tnfr2 knockdown and anti-TNFR2 antibodies on the proliferation of 
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KPC cells using the CCK-8 assay. (C) Western blotting analysis of the proteins 

expression about survival pathways independent of T cells under TNF-α treatment, 

anti-TNFR2 blocking antibodies and KPC-Tnfr2 KD. 

 

Supplementary Figure 6. TNFR2 inhibits the T cell-mediated pancreatic cancer 

cell-killing effect in vitro. 

(A-F) Representative images and statistical result of a T cell-mediated cancer 

cell-killing assay. KPC cells with TNFR2 knockdown cocultured with activated T cell 

for 48 h and subjected to crystal violet staining. The ratio of tumor cells to T cells was 

1:8. Representative images of live cells are shown (A) and were further quantified (B). 

The relative suppression index of CD8+T cells, stained with CFSE were further 

quantified (C). KPC cells pretreated with the anti-TNFR2 antibody for 24 h were 

cocultured with activated T cells for 48 h and subjected to crystal violet staining. The 

ratio of tumor cells to T cells was 1:8. The representative images of live cells are 

shown (D) and were further quantified (E). The relative suppression index of CD8+T 

cells, stained with CFSE were further quantified (F). Results are presented as mean ± 

SD from one representative experiment. *P < 0.05, **P < 0.01, ***P < 0.001 by 

two-tailed t-test; ns: not significant. (G) qRT-PCR examination of the expression of 

IFN-γ and TNF-α in CD8+T cells cultured with KPC WT and KPT-Tnfr2 KD. (H) 

The tumor growth assay of KPC treated with IFN-γ and TNF-α under TNFR2 KD. (I) 

Western blotting analysis of Fas expression under TNF-α treatment, anti-TNFR2 

blocking antibodies and KPC-Tnfr2 KD. (J-K) Statistical result of a T cell-mediated 

cancer cell-killing assay. KPC-Tnfr2 KD cocultured with activated T cell pretreated 

with anti-FasL antibody for 48 h and subjected to crystal violet staining (J). KPC cells 

pretreated with the anti-TNFR2 antibody for 24 h were cocultured with activated T 
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cells pretreated with anti-FasL antibody for 48 h and subjected to crystal violet 

staining (K). 

 

Supplementary Figure 7. TNFR2 positively regulates PD-L1 in PDAC tumor 

cells via NF-κB p65/PD-L1. 

(A) Western blotting analysis of PD-L1 expression in pancreatic cancer cell lines after 

TNFR2 knockdown. (B) Chromatin immunoprecipitation (ChIP) assay analysis of 

NF-κB bound potential binding site in the CD274 promotor in TNFR2 KD pancreatic 

cancer cells. (C-D) Nuclear translocation of p65 analyzed at the indicated time points 

using cell fractionation in Panc02 cells treated with TNF-α and anti-TNFR2 antibody.  

 

Supplementary Figure 8. Comparison of anti-TNFR2 or anti-PD-L1 antibodies’ 

toxicity profiles after long-term exposure in C57/BL6 mice. 

(A-G) The anti-TNFR2 antibody and anti-PD-L1 antibody combination therapy’s 

toxicity profile was compared using liver and kidney function tests.  

Data from one representative experiment are depicted as the mean ± SD. ns: not 

significant. *P < 0.05, **P < 0.01, ***P < 0.001 by a two-tailed t-test.  

 

Supplementary Figure 9. PD-L1 antagonist combined with anti-TNFR2 

antibodies eliminates PDAC in a subcutaneous model. 

(A-B) Representative images and tumor growth curve of tumors harvested from mice 

bearing KPC cells treated with anti-TNFR2 antibody, anti-PD-L1 antibody, or their 

combination (n = 7). (C-D) Mouse weight and tumor body weight. (E) Response rates 

from three independent experiments. Response was defined as more than 90% 

reduction in tumor weight as compared with control tumors. (F-G) Representative 
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images and statistical results for CD8, Foxp3, Ki-67, and cleaved-caspase-3 in the 

subcutaneous model tumor with combination therapy. Data from one representative 

experiment are depicted as the mean ± SD. ns: not significant. *P < 0.05, **P < 0.01, 

***P < 0.001 by a two-tailed t-test.  

 

Supplementary Figure 10. Overall survival of mice bearing tumor with 

anti-TNFR2 or anti-PD-L1 combination therapy. 

(A) Survival curve of orthotopic tumor implantation mice. KPC-orthotopic mice were 

treated with anti-TNFR2 antibody (100 μg/each), anti-PD-L1 antibody (200 μg/each), 

or their combination (n = 7) until the mice were at the point of death and met the 

prespecified early removal criteria approved by the IACUC. Kaplan-Meier survival 

curves constructed using the log-rank test for significance between the isotype control 

and anti-TNFR2/PD-L1 antibodies, anti-TNFR2 antibody and combination, 

anti-PD-L1 and combination groups, respectively. 

(B) Tumor-bearing GEMM mice survival curve. When the solid tumor was palpable, 

the treatments were commenced. GEMM-KPC mice were treated with anti-TNFR2 

antibody (100 μg /each), anti-PD-L1 antibody (200 μg/each), or their combination (n 

= 5) until the mice were at the point of death and met the prespecified early removal 

criteria approved by the IACUC. Kaplan-Meier survival curves constructed using the 

log-rank test for significance between the isotype control and anti-TNFR2/PD-L1 

antibodies. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant. 

 

Supplementary Figure 11. Flow cytometry analysis of tumor-infiltrating 

lymphocytes of anti-TNFR2 or anti-PD-L1 combination therapy in orthotopic 

tumor-bearing mice. 
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(A-H) Representative images and statistical results of flow cytometry analysis for 

CD4+T cells, TCF1+TIM3-CD8+T cells, B cells and Tregs. (I) The statistical results 

of flow cytometry analysis for CD206+macrophages and PD-L1+macrophages. Data 

are displayed as the mean ± the standard deviation (SD) of one representative 

experiment. ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001 according to a 

two-tailed t-test. 

 

Supplementary Figure 12. CyTOF analysis of tumor-infiltrating lymphocytes 

using antibodies recognizing TNFR2 and PD-L1 in T cell re-clustering analysis 

(A) Forty one differentially expressed immune markers in 16 cell clusters from the T 

cell re-clustering analysis displayed using a heatmap. Using typically expressed 

markers, known cell types were identified as certain clusters. (B) tSNE plot of 16 

identified clusters. (C-D) tSNE plots showing distinct immune landscape of tumors in 

different treatment groups. (E) In the four treatments group, the tSNE plots are 

color-coded for marker gene expression for CD8+T cells and Treg cells. (F-G) 

Expression of marker genes for CD4+T cells and CD8+T cells in the four treatment 

groups. Data were derived from CyTOF. Data from one representative experiment are 

depicted as the mean ± SD. ns: not significant. *P < 0.05, **P < 0.01, ***P < 0.001 

by a two-tailed t-test.  

 

Supplementary Figure 13. Tumor rechallenge and immune memory after 

anti-TNFR2 and anti-PD-L1 immunotherapy 

(A-C) Tumor rechallenge schedule and immune memory in the KPC and PancO2 

models. (D) Timings of the implantation of de novo PDAC cell lines into 

age-matched C57BL/6 mice. (E-G) Tumor growth curve of mice in individual groups 

is shown. Initial PDAC cells were implanted subcutaneously, followed by 
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immunotherapy. The mice given immunotherapy comprising the combination of 

anti-TNFR2 and anti-PD-L1 antibodies were rechallenged by implantation of a 

second round of syngeneic PDAC cells from either the same cell line as the first 

implantation or a different cell line. (H) Representative images showing tumors 

harvested from mice bearing rechallenged-KPC after initial KPC implantation with 

combination therapy. 
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Combination cancer immunotherapy targeting TNFR2 and PD-1/PD-L1 signaling

reduces immunosuppressive effects in the microenvironment of pancreatic tumors
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In Brief

TNFR2 regulate the expression of PD-L1 expression at the transcription level via the p65 NF-κB pathway. 

Anti-TNFR2 and anti-PD-L1 combination therapy eradicated tumors by inhibiting their growth, relieving

tumor immunosuppression, and generating robust memory recall.
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Supplementary Table 1. Clinicopathological relevance of TNFR2 in patients with 

PDAC 

Variable TMA TNFR2 Serum TNFR2 

Low (H-score < 40) High (H-score  40) P value Low (< 357.6 pg/mL) High ( 357.6 pg/mL) P value 

Gender   0.013   0.140 

   male, n (%) 17 (38.6) 21 (67.7)  13 (48.1) 24 (66.7)  

   female, n (%) 27 (61.4) 10 (32.3)  14 (51.9) 12 (33.3)  

Age, years   0.197   0.440 

   > 60, n (%) 33 (75.0) 27 (87.1)  19 (86.4) 21 (77.8)  

≤ 60, n (%) 11 (25.0) 4 (12.9)  3 (13.6) 6 (22.2)  

BMI, kg/m2   0.344   0.000 

   < 18.5, n (%) 5 (13.2) 4 (13.3)  1 (4.8) 61 (22.2)  

   18.5–23.9, n (%) 18 (47.4) 19 (63.3)  19 (90.4) 6 (22.2)  

   > 23.9, n (%) 15 (39.4) 7 (23.3)  1 (4.8) 15 (55.6)  

TNM stage   0.000   0.048 

I, n (%) 25 (58.1) 4 (12.9)  11 (17.3) 5 (29.7)  

II, n (%) 14 (32.6) 22 (71.0)  9 (50.7) 15 (39.2)  

III-IV, n (%) 4 (9.3) 5 (16.1)  2 (32.0) 7 (31.1)  

Vascular invasion   0.561   0.482 

YES, n (%) 24 (54.5) 19 (61.3)  12 (54.5) 12 (44.4)  

NO, n (%) 20 (45.5) 12 (38.7)  10 (45.5) 15 (55.6)  

Nerve invasion   0.573   0.966 

YES, n (%) 30 (63.2) 23 (77.9)  5 (22.7) 6 (22.2)  

NO, n (%) 14 (36.8) 8 (22.1)  17 (77.3) 21 (77.8)  

Serum CA12-5, U/mL   0.902   0.738 

≥ 35, n (%) 10 (23.8) 7 (22.6)  17 (77.3) 19 (73.1)  

< 35, n (%) 32 (76.2) 24 (77.4)  5 (22.7) 7 (26.9)  

Serum CA19-9, U/mL   0.726   0.348 

≥ 37, n (%) 34 (77.3) 25 (80.6)  20 (90.9) 22 (81.5)  

< 37, n (%) 10 (22.7) 6 (19.4)  2 (9.1) 5 (18.5)  

Serum CEA, U/mL   0.263   0.567 

≥ 5, n (%) 19 (45.2) 10 (32.3)  14 (63.6) 15 (55.6)  

< 5, n (%) 23 (54.8) 21 (67.7)  8 (36.4) 12 (44.4)  

Tumor differentiation   0.757   0.289 

well, n (%) 2 (4.8) 2 (6.7)  1 (4.8) 0 (0.0)  

moderate, n (%) 24 (57.1) 19 (63.3)  11 (52.3) 19 (70.4)  

poor, n (%) 16 (38.1) 9 (30.0)  9 (42.9) 8 (29.6)  

Recurrence   0.698   0.395 

YES, n (%) 18 (54.5) 12 (60.0)  10 (55.6) 7 (41.2)  

NO, n (%) 15 (45.5) 8 (40.0)  8 (44.4) 10 (58.8)  
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Supplementary Table 2: Table of key resources 

Reagent or resource Source Identifier 

Antibodies 

Anti-TNFR2 antibody Abcam ab109322 

Anti-PD-L1 antibody Thermo Fisher Scientific 24171-1-AP 

Anti-PD-L1 antibody Cell Signaling Technology 13684 

Anti-PD-L1 antibody Abcam ab213480 

Anti-PD-L1 antibody Abcam ab205921 

Anti-PD-L1 antibody Proteintech Group 66248-1-Ig 

Anti-CD8a antibody Cell Signaling Technology 98941 

Anti-NF-κB p65 antibody Cell Signaling Technology 6956T 

Anti-Phospho-IKKα/β Cell Signaling Technology 2697T 

Anti-Phospho-IκBα Cell Signaling Technology 2859T 

Anti-Ki-67 antibody  Cell Signaling Technology 10020 

Anti-Cleaved Caspase-3 Cell Signaling Technology 9664 

Anti-Foxp3 antibody Thermo Fisher Scientific 14-5773-82 

GAPDH antibody Beyotime AF5009 

Anti-Lamin B1 antibody Abcam ab229025 

Anti-beta Actin antibody Abcam ab8226 

Anti-Cyclin D1 antibody Abcam ab134175 

Anti-c-Myc antibody Abcam ab32072 

Anti-Cdk2 antibody Abcam ab32147 

Anti-Fas antibody Abcam ab133619 

mouse IgG Isotype Control Santa Cruz sc-2025 

rabbit IgG Isotype Control Cell Signaling Technology 8726S 

HRP Goat Anti-Rabbit IgG Beyotime A0208 

HRP Goat Anti-mouse IgG Beyotime A0216 

Goat Anti-Rabbit IgG antibody GeneTex GTX77061 

Goat Anti-Mouse IgG antibody GeneTex GTX26708 

Anti-rabbit IgG (H+L), 

F(ab')2 Fragment (Alexa 

Fluor® 488 Conjugate)  

Cell Signaling Technology 4412 

Anti-mouse IgG (H+L), 

F(ab')2 Fragment (Alexa 

Fluor® 555 Conjugate)  

Cell Signaling Technology 4409 

PE Rat anti-Mouse Foxp3 BD biosciences 560408 

BV421 Mouse Anti-TCF-7/TCF-

1 

BD biosciences 566692 

BUV395 Rat Anti-Mouse CD19 BD biosciences 563557 

PE-CF594 Rat Anti-CD11b BD biosciences 562287 

FITC anti-mouse Ki-67 Antibody Biolegend 652410 

BV421 Hamster Anti-Mouse 

CD120b  

Biolegend 564088 

FITC anti-mouse CD3 Antibody Biolegend 100203 

APC/Cy7 anti-mouse CD3 

antibody 

Biolegend 100329 

Brilliant Violet 785 anti-mouse 

CD45 antibody 

Biolegend 103111 
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PE/Cy7 anti-mouse CD8a 

antibody 

Biolegend 100722 

APC/Cyanine7 anti-mouse CD4 

Antibody 

Biolegend 100414 

Alexa Fluor® 700 anti-mouse 

CD25 Antibody 

Biolegend 102024 

PE anti-mouse NK-1.1 Antibody Biolegend 108708 

FITC anti-mouse IFN-γ antibody Biolegend 505806 

APC anti-mouse CD49b (pan-NK 

cells) Antibody 

Biolegend 108909 

PerCP/Cyanine5.5 anti-

human/mouse Granzyme B 

Recombinant Antibody 

Biolegend 372212 

PE anti-mouse Perforin antibody Biolegend 154306 

APC anti-mouse TNF-α antibody Biolegend 506308 

PE anti-mouse CD274 antibody Biolegend 124308 

FITC anti-mouse CD326 (Ep-

CAM) antibody 

Biolegend 118208 

APC-anti-mouse CD366 (Tim-3) 

antibody 

Biolegend 119706 

PE/Cyanine7 anti-mouse F4/80 

Antibody 

Biolegend 123114 

APC anti-mouse CD206 (MMR) 

Antibody 

Biolegend 141708 

Brilliant Violet 421 anti-human 

CD274 antibody 

Biolegend 329714 

PE Rat IgG2b, κ Isotype Ctrl 
Antibody 

Biolegend 400607 

Brilliant Violet 421 Mouse 

IgG2b, κ Isotype Ctrl antibody 

Biolegend 400342 

Trustain fcX anti-mouse 

CD16/CD32 

Biolegend 101320 

Human TruStain FcX Biolegend 422302 

Ultra-LEAF™ Purified anti-
Asialo-GM1 Antibody 

Biolegend 146002 

Ultra-LEAF™ Purified anti-
mouse CD120a (TNF R Type 

I/p55) Antibody 

Biolegend 112906 

Ultra-LEAF™ Purified anti-

mouse CD120b (TNF R Type 

II/p75) Antibody 

Biolegend 113305  

CD3 Monoclonal Antibody 

(17A2), Functional Grade 

eBioscience 16-0032-82 

CD28 Monoclonal Antibody 

(37.51), Functional Grade 

eBioscience 16-0281-82 

InVivoMAb anti-mouse PD-L1 BioXcell BE0101 

InVivoMAb rat IgG2b isotype 

control 

BioXcell BE0090 

InVivoMAb anti-mouse TNFR2 BioXcell BE0247 

InVivoMAb anti-mouse CD8a BioXcell BP0061 
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InVivoMAb anti-mouse CD4 BioXcell BE0003 

InVivoMAb anti-mouse FasL BioXcell BE0319 

Biological samples 

Human PDAC tissue microarrays The First Affiliated 

Hospital, School of 

Medicine, Zhejiang 

University 

N/A 

Paraffin sections from patients 

with PDAC 

The First Affiliated 

Hospital, School of 

Medicine, Zhejiang 

University 

N/A 

Human PDAC serum samples The First Affiliated 

Hospital, School of 

Medicine, Zhejiang 

University 

N/A 

KPC/KTC paraffin sections This paper N/A 

Chemicals, peptides, and recombinant proteins 

BAY 11-7082 Selleck S2913  

JSH-23 Selleck S7351 

Recombinant Murine TNF-α Peprotech 315-01A 

Recombinant Murine IFN-γ Peprotech 315-05 

Recombinant Murine IL-2 Peprotech 212-12 

Leukocyte Activation Cocktail BD biosciences 550583 

Percoll solution GE healthcare 17-0891-01 

Dynabeads Mouse T-Activator 

CD3/CD28 

Thermo Fisher Scientific 11452D 

Collagenase IV Thermo Fisher Scientific 17104019 

Dispase Gibco 17105041 

DNase Sigma-Aldrich D5025 

Calcium chloride solution Sigma-Aldrich 21115 

Puromycin Invivogen ant-pr-1 

Hoechst Solarbio  C0021 

Protease Inhibitor Cocktail Bimake B14001 

Phosphatase Inhibitor Cocktail Bimake B15001 

Critical commercial assays 

Fixation/Permeabilization 

Solution Kit 

BD biosciences 555028 

Fixable Viability Stain 780  BD biosciences 565388 

DAB Chromogen Kit Biocare BDB2004 

CFSE Cell Division Tracker Kit Biolegend 423801 

LIVE/DEAD™ Fixable Violet 
Dead Cell Stain Kit, for 405 nm 

excitation 

Thermo Fisher Scientific L34963 

Nuclear and Cytoplasmic 

Extraction Reagent 

Thermo Fisher Scientific 78833 

eBioscience™ Foxp3 / 
Transcription Factor Staining 

Buffer Set 

Invitrogen 00-5523-00 
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Human sTNF RII/TNFRSF1B 

Quantikine ELISA Kit  

R&D DRT200 

CD8a+ T Cell Isolation Kit, 

mouse 

miltenyibiotec 130-104-075 

Deposited data 

CyTOF analysis This paper N/A 

Experimental models: cell lines 

KPC KrasG12D;Trp53R172H;Pd

x1-Cre (KPC) mice 

N/A 

Panc02 ATCC CRL-2553 

SW1990 ATCC CRL-2172 

BxPC-3 ATCC CRL-1687 

Experimental models: organisms/strains 

C57BL/6 Model animal research 

center of Nanjing University 

N/A 

Nude mice Model animal research 

center of Nanjing University 

N/A 

GEMM-KPC Laboratory of Prof. Raghu 

Kalluri (MD Anderson 

Cancer Center, Houston, 

TX, USA) 

N/A 

Recombinant DNA 

Human TNFR2 knockdown 

lentivirus 

Shanghai OBiO Technology N/A 

Mouse Tnfr2 knockdown 

lentivirus 

Shanghai OBiO Technology N/A 

Software and algorithms 

GraphPad Prism 7.0 GraphPad Software, Inc N/A 

FlowJo 10.0 BD Life Sciences N/A 

Image J 1.8.0 National Institutes of Health N/A 
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Supplementary Table 3: List of Antibodies in CyTOF 

 

List Label marker clone Company 

1 89Y CD45 30-F11 Biolegend 

2 115ln CD3e 145-2C11 Biolegend 

3 141Pr CD103 2E7 Biolegend 

4 142Nd MHC II M5/114.15.2 Biolegend 

5 143Nd CD45R_B220 RA3-6B2 Biolegend 

6 144Nd CX3CR1 SA011F11 Biolegend 

7 145Nd CD161c_NK1.1 PK136 Biolegend 

8 146Nd CD27 LG.3A10 Biolegend 

9 147Sm Ly6G 1A8 Biolegend 

10 148Nd Ly6C HK1.4 Biolegend 

11 149Sm CD38 90 Biolegend 

12 150Nd CD25_IL-2R 3C7 Biolegend 

13 151Eu CD62L MEL14 Biolegend 

14 152Sm CD11c N418 Biolegend 

15 153Eu CD44 IM7 Biolegend 

16 154Sm Ki67 SolA15 eBioscience 

17 155Gd CD223_LAG3 C9B7W Biolegend 

18 156Gd CD317_BST2 44E9R RD 

19 157Gd FceRIα MAR-1 Biolegend 

20 158Gd CD19 6D5 Biolegend 

21 159Tb F4_80 C1:A3-1 BioRAD 

22 160Gd CD274_PD_L1 10F.9G2 Biolegend 

23 161Dy CD279_PD1 29F.1A12 Biolegend 

24 162Dy CD183_CXCR3 CXCR3-173 Biolegend 

25 163Dy CD185_CXCR5 L138D7 Biolegend 

26 164Dy CD86 GL-1 Biolegend 

27 165Ho T_bet 4B10 Biolegend 

28 166Er TCRgd GL3 Biolegend 

29 167Er CD206_MMR C068C2 Biolegend 

30 168Er FoxP3 FJK-16s eBioscience 

31 169Tm CD69 H1.2F3 Biolegend 

32 170Er iNOS_NOS2 CXNFT eBioscience 

33 171Yb CD80 16-10A1 Biolegend 

34 172Yb CD127_IL7Ra A7R34 Biolegend 

35 173Yb Granzyme B GB11 Biolegend 

36 174Yb CD196_CCR6 29-2L17 Biolegend 

37 175Lu TCRb H57-597 Biolegend 

38 175Lu Siglec F E50-2440 BD 

39 176Yb CD366_Tim3 RMT 3-23 Biolegend 

40 197Au CD4 RM4-5 Biolegend 

41 198pt CD8 53-6.7 Biolegend 

42 209Bi CD11b M1/70 PLT 

 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003982:e003982. 10 2022;J Immunother Cancer, et al. Zhang X


	Combination cancer immunotherapy targeting TNFR2 and PD-1/PD-L1 signaling reduces immunosuppressive effects in the microenvironment of pancreatic tumors
	Abstract
	Background
	Methods
	Results
	TNFR2 is highly expressed and is a prognostic factor of CD8+ T cell-enriched pancreatic cancer
	TNFR2 promotes tumorigenesis and progression of pancreatic cancer mainly by suppressing cancer immunogenicity and partially accelerating tumor growth
	In pancreatic cancer, TNFR2 positively regulates PD-L1
	TNF-α upregulates PD-L1 expression through the TNFR2-p65 NF-κB pathway
	Combination therapy comprising anti-TNFR2 and PD-L1 antibodies eradicates tumors and increases overall survival in pancreatic cancer
	In the microenvironment of PDAC, the combination therapy activates CD8+ T cells, reduces Treg infiltration, and induces secondary prevention and strong antitumor immune memory
	The antitumor immune response induced by the combination therapy is mainly dependent on CD8+ T cells, partially dependent CD4+ T cells, and independent of natural killer (NK) cells

	Discussion
	Conclusions

	References

	/content/jitc/supplemental/jitc-2021-003982/DC1/2/jitc-2021-003982supp002_data_supplement.pdf
	Figure S1
	Figure S2
	Figure S3
	Figure S4
	Figure S5
	Figure S6
	Figure S7
	Figure S8
	Figure S9
	Figure S10
	Figure S11
	Figure S12
	Figure S13
	Figure S14


