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Laminin 2–mediating T cell exclusion attenuates 
response to anti–PD-1 therapy
Lei Li1,2,3*†, Jia-Ru Wei4*, Jun Dong1*, Qing-Guang Lin1*, Hong Tang5*, Yong-Xu Jia6*, 
Wanlin Tan1, Qing-Yun Chen1, Ting-Ting Zeng1, Shan Xing1, Yan-Ru Qin6, Ying-Hui Zhu1,  
Yan Li1, Xin-Yuan Guan1,2,3,6†

PD-1/PD-L1 blockade therapies provide notable clinical benefits for patients with advanced cancers, but the 
factors influencing the effectiveness of the treatment remain incompletely cataloged. Here, the up-regulation of 
laminin 2 (Ln-2) predicted the attenuated efficacy of anti–PD-1 drugs and was associated with unfavorable 
outcomes in patients with lung cancer or esophageal cancer. Furthermore, Ln-2 was transcriptionally activated 
by transforming growth factor–1 (TGF-1) secreted from cancer-associated fibroblasts via JNK/AP1 signaling, 
which blocked T cell infiltration into the tumor nests by altering the expression of T cell receptors. Coadministra-
tion of the TGF- receptor inhibitor galunisertib and chemotherapy drugs provoked vigorous antitumor activity 
of anti–PD-1 therapy in mouse tumor models. Therefore, Ln-2 may represent a useful biomarker to optimize 
clinical decisions and predict the response of cancer patients to treatment with anti–PD-1 drugs.

INTRODUCTION
Immune checkpoint blockade therapies have improved the surviv-
al outcomes of patients with advanced non–small cell lung cancer 
(NSCLC) (1) or esophageal squamous cell carcinoma (ESCC) (2). 
Programmed cell death protein 1 (PD-1) is an inducible receptor 
expressed on the surface of several immune cells, such as natural 
killer (NK) cells, T cells, B cells, monocytes, and dendritic cells. Pro-
grammed death-ligand 1 (PD-L1) is released by stromal and tumor 
cells (3, 4). The PD-1/PD-L1 immune checkpoint plays a key role in 
preventing autoimmunity and provides immune escape for tumor 
cells by inactivating cytotoxic immunocytes. Because tumor cells 
are able to evade antitumor immunity by exploiting these immune 
checkpoints, the administration of anti–PD-1 drugs, such as pem-
brolizumab and nivolumab, is now the standard therapy for patients 
with NSCLC (5, 6). However, most patients do not benefit from 
anti–PD-1 therapy in clinical practice. Therefore, useful clinical 
biomarkers are needed to predict the response of cancer patients to 
treatment with anti–PD-1 drugs, and the underlying mechanisms 
of resistance to anti–PD-1 therapy must be elucidated.

Now, patient selection is based on the expression of PD-1/PD-L1 
detected using immunohistochemical staining or the tumor muta-
tional burden tested by nucleic acid sequencing to increase the effi-
cacy of anti–PD-1 immunotherapy (7, 8). Despite their analytical 
and predictive limitations, PD-1/PD-L1 expression and the tumor 
mutational burden are currently the main biomarkers used to opti-
mize clinical decisions regarding treatment with immune check-
point inhibitors. The albumin-globulin ratio was recently identified 

as a predictive biomarker of the antitumor effect of anti–PD-1 ther-
apy on patients with NSCLC (9). In addition, de Vries et al. (10) 
distinguished responders and progressors by performing electronic 
nose analysis of the exhaled breath from patients with NSCLC who 
were treated with pembrolizumab or nivolumab. Signatures of T cell 
dysfunction and exclusion might more accurately predict the re-
sponse of patients with melanoma to treatment of anti–PD-1 or anti- 
CTLA4 drugs than other biomarkers, such as PD-1/PD-L1 levels 
and the tumor mutational burden (11). According to a recent study, 
the lack of response to anti–PD-L1 therapy (atezolizumab) by pa-
tients with urothelial cancer is associated with a signature of trans-
forming growth factor– (TGF-) signaling in cancer-associated 
fibroblasts (CAFs) (12). Moreover, increased TGF-1 level in the 
tumor microenvironment represents a primary mechanism of im-
mune evasion that promotes T cell exclusion and blocks acquisition 
of the T helper 1 (TH1) effector phenotype in colon cancer (13). 
In a mouse model, the therapeutic combination of anti–PD-L1 and 
anti–TGF-1 drugs reduced TGF- signaling in stromal cells, facil-
itated T cell penetration into the tumor parenchyma, and promoted 
tumor regression (12–14). On the basis of these findings, TGF- 
signaling provides cross-talk between tumor cells and stromal cells 
and is involved in the acquired ability to resist antitumor immuno-
therapy, but the mechanisms have not been clearly elucidated.

As a secreted pleiotropic cytokine, TGF-1 regulates cell growth, 
proliferation, differentiation, and apoptosis (15). In cancer, TGF-1 exerts 
a protumorigenic effect on promoting the epithelial-mesenchymal 
transition (EMT) of tumor cells, angiogenesis, and metastasis, which 
are associated with a poor prognosis in patients with many cancers 
(16–18). In addition, TGF-1 also plays a critical role in immune 
suppression within the tumor microenvironment by promoting the 
expansion of T regulatory (Treg) cells, inhibiting the proliferation 
and function of effector T cells, antigen-presenting dendritic cells, 
and NK cells, and regulating the complex behavior of macrophages 
and neutrophils, thus forming a negative immune regulatory network 
(18, 19). Recent studies have revealed roles for TGF-1 in tumor 
immune evasion and poor responses to cancer immunotherapy 
(20–22). A high level of TGF-1 in the tumor microenvironment pro-
motes T cell exclusion from the tumor parenchyma and attenuates 
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the susceptibility of tumors to anti–PD-1/PD-L1 therapies, but the 
underlying mechanisms require further investigation to improve the 
efficiency of antitumor immunotherapy (12, 13, 23).

In the present study, CAF-secreted TGF-1 substantially in-
creased the expression of laminin 2 (Ln-2; encoded by the LAMC2 
gene) in NSCLC and ESCC cells via c-Jun N-terminal kinase (JNK)/
activating protein 1 (AP1) signaling, which structured a protective 
barrier of tumor to block T cell penetration into tumor nests. Hence, 
aberrantly high expression of Ln-2 was significantly related to the 
attenuated response to anti–PD-1 blockade therapy, which was useful 
for predicting the unfavorable outcomes of patients with NSCLC or 
ESCC. Therapeutic coadministration of the TGF- receptor (TGFBR) 
inhibitor galunisertib (LY2157299) with anti–PD-1 and chemo-
therapy drugs suppressed tumor progression in tumor-bearing mice, 
suggesting that treatments targeting Ln-2 by reducing TGF-1 sig-
naling in the tumor microenvironment represent a promising thera-
peutic strategy for improving the effect of anti–PD-1 therapy.

RESULTS
Cancer patients with high Ln-2 display a poor response 
to anti–PD-1 therapy
Increased TGF- signaling in the tumor microenvironment has been 
reported to attenuate the susceptibility of tumor cells to anti–PD-1/
PD-L1 therapies, but the mechanisms are unclear (13, 21, 22). RNA 
sequencing (RNA-seq) was applied to compare differentially ex-
pressed genes responsible for reduced susceptibility to the treatment 
in the human NSCLC cell line A549 and the ESCC cell line KYSE510 
treated with or without the human recombinant protein TGF-1 
in vitro (0.5 ng/ml, 24 hours) (fig. S1A and datasheet S1). The Gene 
Ontology enrichment analysis showed that TGF-1 signaling pri-
marily mediated extracellular matrix (ECM) remodeling (fig. S1B). 
The expressions of ECM components, such as laminins, integrins, 
and collagens, were prominently increased upon TGF-1 stimula-
tion (fig. S1C). Here, Ln-2, a member of the laminin family, was 
specifically up-regulated by the TGF-1 treatment in a concentration- 
dependent manner (fig. S1D). In addition, the up-regulation of 
Ln-2 induced by TGF-1 could be completely blocked by the TGF- 
receptor 1 (TGFBR1) inhibitor galunisertib in A549 and KYSE510 
cells (fig. S1E). Moreover, an analysis of The Cancer Genome Atlas 
(TCGA) database also revealed a positive correlation between the lev-
els of the Ln-2 and TGF-1 mRNAs in human NSCLC and esoph-
ageal carcinoma tissues (fig. S2A), as well as in many other cancers 
(fig. S2B).

Next, the correlation between Ln-2 expression and the response 
to anti–PD-1 therapy was investigated in clinical NSCLC and ESCC 
specimens. First, analyses of the Gene Expression Omnibus (GEO) 
public sequencing data indicated a lower level of the Ln-2 mRNA in 
anti–PD-1 responders than in progressors with melanoma (GSE79691 
and GSE78220) or urothelial cancer (GSE111636) (fig. S3A). In 
NSCLC or ESCC samples from patients treated with anti–PD-1 thera-
pies, immunohistochemistry (IHC) staining showed higher expression 
of the Ln-2 in tumor tissues from progressors than in tissues 
from responders, as evaluated using computed tomography imaging 
(Fig. 1A and fig. S3B). Conversely, IHC staining with an antibody 
against CD3 and TUNEL (terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling) staining re-
vealed higher proportions of T cells and apoptotic cells in the tumors 
from responders than in tumors from progressors treated with anti–

PD-1 therapy (Fig. 1, B and C, and fig. S3C). In addition, high ex-
pression of Ln-2 predicts a longer treatment duration in NSCLC or 
ESCC patients treated with anti–PD-1 drugs than those with low 
level of Ln-2 (fig. S3D). On the basis of these findings, the level of 
Ln-2 expression in tumor tissues might be a promising biomarker 
for predicting the response of patients with NSCLC or ESCC to 
anti–PD-1 therapy.

High Ln-2 predicts shorter survival of patients with  
NSCLC or ESCC
Next, the associations of Ln-2 expression with clinicopathological 
features, including patient outcomes, were explored in our cohorts 
of patients with NSCLC (n = 104) and ESCC (n = 260). First, IHC 
staining revealed significantly higher expression of Ln-2 in NSCLC 
tissues, including LUAD and LUSC, than in corresponding normal 
lung tissues (fig. S4, A and B). Patients with NSCLC were divided 
into the low Ln-2 group and high Ln-2 group based on the median 
value of IHC staining scores (Fig. 1D). A correlation analysis of the 
clinicopathological characteristics showed that high Ln-2 expression 
was significantly associated with tumor differentiation (P = 0.003), 
adjacent organ invasion (P = 0.047), and the tumor size (P < 0.001) 
(Fig. 1E and table S1). The Kaplan-Meier analysis revealed a signif-
icant correlation between high expression of Ln-2 and a shorter 
overall survival of patients with NSCLC (P = 0.033) (Fig. 1F). Moreover, 
the analysis of TCGA database also indicated high expression of the 
Ln-2 mRNA in LUAD and LUSC tissues, which was associated with 
poorer overall survival and progression-free survival of patients with 
NSCLC (fig. S4, C and D).

In addition, IHC staining showed high levels of the Ln-2 pro-
tein in ESCC tissues, and all normal esophageal epithelial cells were 
Ln-2–negative, consistent with the analysis of TCGA dataset at the 
mRNA level (fig. S4, E to G). Survival analyses based on the results 
of IHC staining suggested that ESCC patients with high Ln-2 ex-
pression had a shorter overall survival than patients with low Ln-2 
expression (P  =  0.017) (fig. S4H). Multivariate Cox proportional 
regression analyses further revealed that Ln-2 expression was an 
independent prognostic factor for the overall survival of patients 
with NSCLC (table S2) or ESCC (table S3). Together, high Ln-2 
promotes NSCLC and ESCC progression.

CAF-derived TGF-1 up-regulates Ln-2 expression
Although TGF-1 markedly increases the expression of Ln-2  in 
NSCLC and ESCC cells, the primary source of TGF-1 in the tumor 
microenvironment remains unknown. An analysis of the GEO 
database showed that depletion of –smooth muscle actin–positive 
(-SMA+) myofibroblasts decreased the expression of Ln-2 in a pan-
creatic ductal adenocarcinoma transgenic mouse model (GSE52812) 
(Fig. 2A, left). Conversely, coculture with primary CAFs signifi-
cantly up-regulated the expression of Ln-2 in basal breast cancer 
cells (GSE41678) (Fig.  2A, right). IHC and immunofluorescence 
(IF) staining showed that Ln-2 was specifically expressed in the 
periphery of tumor nests, and Ln-2+ tumor cells were adjacent to 
CAFs (-SMA+) in human NSCLC and ESCC tissues (figs. S5 and 
S6A). IHC staining of A549- or KYSE510-derived xenografted tu-
mors also indicated near coexpression of -SMA and Ln-2 (fig. S6B), 
implying that CAFs might up-regulate Ln-2 expression via para-
crine TGF-1 signaling.

A549 and KYSE510 cells were cocultured with primary CAFs or 
CAF-conditioned media in vitro to verify this hypothesis. IF staining 
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showed the remarkable up-regulation of Ln-2 expression in tumor 
cells cocultured with CAFs (Fig.  2B). Western blotting indicated 
that treatment with CAF-derived conditioned media increased 
Ln-2 expression in A549 and KYSE510 cells compared with condi-
tioned media from normal fibroblasts (NFs) (Fig. 2C). Fundamen-
tally, TGF-1 was mainly secreted by CAFs, but not NFs or tumor 
cells (Fig. 2, D and E). In addition, IF staining and Western blotting 
showed the increase in the level of Ln-2 in tumor cells induced by 
CAF coculture or CAF-derived conditioned media, which could be 
blocked by galunisertib and a TGF-1–neutralizing antibody (anti–
TGF-1) (Fig. 2, F and G, and fig. S6C). These findings suggested 

that Ln-2 expression was specifically increased by CAF-derived 
TGF-1 via paracrine signaling in NSCLC and ESCC.

TGF-1 activates Ln-2 expression via JNK/AP1 signaling
We next investigated the mechanism of TGF-1–mediated Ln-2 
up-regulation in tumor cells. First, we analyzed the transcription 
factor binding sites in the promoter region of the Ln-2 gene and 
found three AP1 (mainly c-Jun and c-Fos) binding sites upstream 
(−92 to −15 nucleotides) of the transcription start site (Fig.  3A). 
Therefore, chromatin immunoprecipitation coupled with quantitative 
polymerase chain reaction (ChIP-qPCR) was used to investigate the 

Fig. 1. High Ln-2 expression predicts a diminished response of patients with NSCLC to anti–PD-1 therapy. (A) Representative images of computed tomography 
scans and IHC staining in patients with NSCLC treated with anti–PD-1 (nivolumab) therapy showed significantly higher Ln-2 expression in tumor tissues from progressors 
(n = 36) than in tumor tissues from responders (n = 35). In the left panel, NSCLC tumors are indicated by red dotted lines. H, heart; A, aorta; T, tumor; S, stroma. Scale bar, 
100 m. (B) IHC staining with an antibody against CD3 to detect T cells in NSCLC tissues. Blue arrows indicate CD3+ cells in the tumor. Scale bar, 100 m. (C) Apoptotic cells 
in NSCLC tissues from progressors and responders were detected using TUNEL staining. Blue arrows indicate the TUNEL+ cells. Scale bar, 100 m. (D) Representative im-
ages of IHC staining for low or high Ln-2 expression in NSCLC tissues. Scale bar, 200 m. (E) The correlation analysis revealed a positive correlation between high Ln-2 
expression and the tumor size in patients with NSCLC (total n = 104). (F) Survival curves indicated that high expression of Ln-2 (n = 46) predicted shorter survival of pa-
tients with NSCLC compared with patients with low expression of Ln-2 (n = 58). The data presented in (A) and (E) were analyzed using Pearson’s chi-square (Fisher’s exact) 
test, statistical analyses of the data presented in (B) and (C) were performed using unpaired two-tailed t test with Welch’s correction, and the data presented in (F) were 
analyzed with the log-rank (Mantel-Cox) test. In all panels, ***P < 0.001.
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interaction of activated AP1 [phosphorylated-c-Jun (p-c-Jun) or 
phosphorylated-c-Fos (p-c-Fos)] and the potential binding sites 
in A549 and KYSE510 cells treated with TGF-1 (0.5 ng/ml) or 
galunisertib (10 M). TGF-1 stimulation significantly increased the 
binding of p-c-Jun and p-c-Fos to the promoter of Ln-2, which was 
effectively inhibited by the galunisertib treatment (Fig. 3B). A lucif-
erase reporter assay also confirmed that Ln-2 expression was tran-

scriptionally up-regulated by TGF-1 through the activation of 
AP1 in A549 and KYSE510 cells, and these changes were blocked by 
galunisertib (Fig. 3C).

As AP1 regulates the transcription of the target genes of TGF-/
JNK signaling (24, 25), the levels of phosphorylated stress-activated 
protein kinase (SAPK)/JNK (p-SAPK/JNK), p-c-Jun, and p-c-Fos 
were analyzed using Western blotting after tumor cells were treated 

Fig. 2. CAF-derived TGF-1 up-regulates Ln-2 expression in tumor cells. (A) Left: On the basis of an analysis of the GEO database, the depletion of CAFs decreased 
the expression of Ln-2 in a mouse pancreatic ductal adenocarcinoma model (GSE52812, n = 3). Right: Coculture with primary CAFs significantly up-regulated the expres-
sion of Ln-2 in basal breast cancer cells (GSE41678, n = 4). The statistical analysis was performed using the unpaired two-tailed t test with Welch’s correction. Data are 
presented as means ± SD. *P < 0.05 and ***P < 0.001. (B) The expression of Ln-2 (green) in A549 and KYSE510 cells was determined using double IF staining after cocul-
ture with or without CAFs (-SMA+, red) in vitro. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). Scale bar, 50 m. (C) Western blotting showed 
that treatment with CAF-conditioned media (CAF M) significantly increased Ln-2 levels compared with treatment with paired NF-conditioned media (NF M; n = 2). 
(D) Levels of the TGF-1 protein in CAF M and NF M were analyzed by Western blotting after concentration using an Amicon Ultra centrifugal filter (3 kDa, #UFC200324, 
Millipore) (n = 2). Total proteins were stained with Coomassie Brilliant Blue R-250. (E) Western blot showing the levels of the Ln-2 protein in A549 cells, KYSE510 cells, and 
three primary CAF lines. (F) IF staining showed that the increase in Ln-2 expression observed in A549 and KYSE510 cells after coculture with CAFs was blocked by galunisertib 
(10 M, #S2230, Selleck). Scale bar, 50 m. (G) Western blotting confirmed that galunisertib and the TGF-1–neutralizing antibody (anti–TGF-1; 1 g/ml, #521707, 
BioLegend) inhibited the increase in the Ln-2 levels induced by treatment with CAF-conditioned media. In (C), (E), and (G), -tubulin was analyzed as a loading control.
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with different concentrations of TGF-1 protein. The changes in 
the levels of Ln-2 were consistent with the levels of p-SAPK/JNK, 
p-c-Jun, and p-c-Fos in A549 or KYSE510 cells (Fig. 3D). Galunisertib 
and anti–TGF-1 treatments completely inhibited the up-regulation 

of Ln-2 and the activation of JNK/AP1 signaling induced by TGF- 
1 stimulation or CAF-conditioned medium treatment (Fig.  3, E 
and F, and fig. S7A). Silencing TGFBR1 with two small interfering 
RNAs (siRNAs) blocked the up-regulation of Ln-2 and AP1 activation 

Fig. 3. Ln-2 expression is transcriptionally activated by TGF-1 via JNK/AP1 signaling. (A) AP1 (including c-Jun/c-Fos) transcriptional binding sites in the Ln-2 gene 
promoter. (B) ChIP-qPCR analysis showing that TGF-1 stimulation promoted the binding of phosphorylated c-Jun (p-c-Jun) and phosphorylated c-Fos (p-c-Fos) to the 
Ln-2 gene promoter, and these changes were inhibited by galunisertib (10 M). (C) Luciferase reporter assay showed that TGF-1 transcriptionally up-regulated Ln-2 
expression by activating AP1 in A549 and KYSE510 cells. (D) The levels of phosphorylated SAPK/JNK (p-SAPK/JNK), p-c-Jun, and p-c-Fos in tumor cells treated with different 
concentrations of TGF-1 were analyzed using Western blotting. (E) Western blotting confirmed that the activation of JNK/AP1 signaling by TGF-1 (0.5 ng/ml) stimulation 
was inhibited by galunisertib (10 M). (F) CAF-conditioned media activated JNK/AP1 signaling in A549 and KYSE510 cells, which was also be blocked by galunisertib 
(10 M). (G) Coexpressions of Ln-2 (red) with p-c-Jun (green) or p-c-Fos (green) in xenografted tumors derived from A549 cells were shown by double IF staining. 
Cell nuclei were stained with DAPI (gray). The white long and short arrows indicate the high and low expression of Ln-2, respectively. Scale bar, 50 m. (H) The intensity 
of IF staining for p-c-Jun, p-c-Fos, and Ln-2 in tumor (cell number n = 200) was analyzed with ImageJ software, and a linear regression analysis was performed to test their 
correlations. In (B) and (C), statistical analyses were performed using unpaired two-tailed t tests with Welch’s correction. Data are presented as means ± SD. *P < 0.05, **P < 0.01, 
and ***P < 0.001. ns, no significant difference. In (D) to (F), -tubulin was tested as a loading control.
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in tumor cells induced by CAF-derived conditioned media (fig. 
S7B). In addition, IF staining also showed consistently high levels of 
Ln-2, p-c-Jun, and p-c-Fos in A549 cells treated with TGF-1 or 
CAF-conditioned media in the presence or absence of galunisertib 
(fig. S7C). Coexpression of Ln-2 with p-c-Jun or p-c-Fos in xeno-
grafted tumors derived from A549 and KYSE510 cells was also con-
firmed using double IF staining (Fig.  3,  G  and  H, and fig. S7D). 
Thus, JNK/AP1 signaling was responsible for the TGF-1–mediated 
up-regulation of Ln-2 in NSCLC and ESCC cells.

Ln-2 blocks T cell infiltration into tumor nest
Infiltration of immunocytes into tumors is necessary for the cross-
talk between tumor cells and immunocytes, contributing to antigen 
recognition and tumor destruction. A correlation analysis of gene 
expression in TCGA dataset did not reveal significant correlations 
between the expression of Ln-2 and other immune-related mark-
ers, such as PD-1, PD-L1, CD3, or CD8, in NSCLC and esophageal 
carcinoma tissues (fig. S8). Double IF staining for Ln-2 and CD3, 
CD4, or CD8 was performed on human NSCLC and ESCC sections 
to further analyze the correlation between Ln-2 expression and the 
distribution of T cells in tumors. Fewer infiltrating T cells were de-
tected in tumor nests with high levels of Ln-2 expression than in 
tissues with low Ln-2 expression (P < 0.001; Fig. 4A and fig. S9A). 
The TGF-1 treatment increased the intracellular and extracellular 
Ln-2 levels in NSCLC and ESCC cells (fig. S9, B to D). On the basis 
of this evidence, secreted Ln-2 may block the penetration of T cells 
into the tumor nests by constructing a protective barrier to prevent 
the attack of immunocytes, which may subsequently attenuate the 
effectiveness of anti–PD-1 therapy.

In vitro chemotaxis assays were performed using tumor cell–
derived conditioned media after coculture with NFs or CAFs to in-
vestigate the regulatory effect of Ln-2 on T cell infiltration (Fig. 4B). 
Conditioned media from tumor cells cocultured with CAFs inhibited 
T cell chemotaxis, which could be eliminated by galunisertib or 
anti–TGF-1 treatment (Fig. 4C), as well as Ln-2 silencing in tumor 
cells (fig. S10, A to C). The activated recombinant Ln-2 protein, 
but not other laminins, directly reduced the chemotaxis of T cells 
(fig. S10, D to F). In addition, CIBERSORT and TIMER web tools 
were used to analyze the correlations of Ln-2 or TGF-1 expression 
levels with immune cell infiltration in NSCLC and ESCA tissues 
from TCGA datasets. Both Ln-2 and TGF-1 expression levels 
were negatively correlated with the number of infiltrating lympho-
cytes (fig. S11). Moreover, the CIBERSORT analysis indicated a sig-
nificant positive correlation between Ln-2 and TGF-1 levels in 22 
immune cells from ESCA and LUSC (fig. S11A).

Next, we performed RNA-seq to analyze the master genes ex-
pressed in T cells that were affected by Ln-2 (2 g/ml, 24 hours) 
(Fig. 4D and datasheet S2). The analysis of differentially expressed 
genes indicated that Ln-2 significantly altered the expression of 
T cell receptor (TCR) mRNAs in human peripheral blood T cells 
(Fig. 4E). Notably, all these differentially expressed TCR genes were 
located in the TCR  chain rather than the  chain (Fig. 4F). Real- 
time quantitative PCR (qRT-PCR) confirmed the regulatory effect 
of Ln-2 on TCR genes in more T cell samples after treatment with 
the Ln-2 protein or conditioned media from coculture of tumor 
cells and CAFs (Fig. 4G). Flow cytometry indicated that T cell acti-
vation induced by tumor cell–derived conditioned media was in-
hibited by Ln-2 treatment (fig. S12). Therefore, Ln-2 inhibited 
T cell chemotaxis by altering the transcription of TCR genes.

Combination therapies inhibit tumor progression in mice
C57BL/6 mice were subcutaneously inoculated with the mouse Lewis 
lung cancer cell line LLC or primary ESCC cell line MEC2 after Ln-2 
silencing to explore the therapeutic potential of targeting Ln-2. 
Knockdown of Ln-2 suppressed tumor growth and promoted 
T cell infiltration into tumor nests (Fig. 5, A and B). As galunisertib 
and anti–TGF-1 were very effective in preventing the up-regulation 
of Ln-2 induced by CAFs, a mouse monoclonal antibody against 
PD-1 [anti–PD-1; 5 mg/kg, intraperitoneally (i.p.)] in combination 
with galunisertib [100 mg/kg, intragastrically (i.g.)] or anti–TGF-1 
(5 mg/kg, i.p.) was administered to C57BL/6 mice bearing tumors. 
Carboxymethylcellulose sodium (CMC-Na, 1%, 100 l, i.g.), the ve-
hicle for galunisertib, and immunoglobulin G2a (IgG2a) isotype con-
trol antibody (5 mg/kg, i.p.) were also administered as controls (fig. 
S13A). The combination treatment of galunisertib or anti–TGF-1 
with anti–PD-1 inhibited tumor growth in vivo (fig. S13B). However, 
the depletion of CD8+ T cells with a mouse monoclonal neutralizing 
antibody against CD8a (10 mg/kg, i.p.) attenuated the antitumor 
effects of the combination treatment with galunisertib and anti–
PD-1 (fig. S13, C and D).

PD-1/PD-L1 blocking drugs are clinically administered in com-
bination with chemotherapy to patients with NSCLC and ESCC 
(2, 26), and thus, galunisertib (100 mg/kg, i.g.) and the anti–PD-1 
drug (5 mg/kg, i.p.) were administered in combination with the 
chemotherapeutic drugs paclitaxel (6 mg/kg, i.p.) and carboplatin 
(6 mg/kg, i.p.) to tumor-bearing mice (Fig. 5C). The combination of 
carboplatin and paclitaxel significantly increased the antitumor 
activity of galunisertib and anti–PD-1 treatments (Fig. 5D). In addi-
tion, galunisertib alone or in combinations decreased Ln-2 expres-
sion in tumor cells and promoted T cell penetration into tumor nests 
(Fig. 5, E and F, and fig. S13, E and F). Together, these data revealed 
an effective treatment for patients with NSCLC or ESCC by blocking 
TGF- and PD-1/PD-L1 signaling pathways in combination with 
chemotherapy.

DISCUSSION
The administration of PD-1/PD-L1 immune checkpoint blockers is 
now a promising therapy for advanced cancers (6, 27). However, 
because of the limitations of PD-1/PD-L1 expression and the tumor 
mutational burden in predicting the therapeutic response, an un-
met need in cancer treatment is to identify useful biomarkers that 
will accurately predict the response of patients with cancer to anti–
PD-1/PD-L1 therapy. Signatures of T cell dysfunction and exclusion 
have been reported to predict the antitumor immunotherapy response, 
suggesting the vital role of T cell function during immunotherapy (11). 
In the present study, CAF-derived TGF-1 signaling resulted in T cell 
exclusion by increasing the expression of Ln-2 in NSCLC and ESCC 
cells, which structured a protective barrier for tumors, blocked im-
mune cell penetration into the tumor parenchyma, and attenuated 
the response to anti–PD-1 therapy. This finding reveals a previously 
unidentified mechanism of T cell dysfunction that is regulated by the 
cross-talk between CAFs and tumor cells during antitumor therapy.

Laminin is a major constituent of the ECM that contains , , 
and  chains. This protein is located outside of cells and plays an 
important role in cell attachment. Ln-2 is a subunit of laminin 332 
(Ln-332) that consists of 3, 3, and 2 chains, is an essential compo-
nent of epithelial basement membranes, and regulates cell motility and 
adhesion (28). As part of the specialized hepatocellular carcinoma 



Li et al., Sci. Adv. 2021; 7 : eabc8346     3 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 14

(HCC) cancer stem cell niche, Ln-332 leads to chemoresistance and 
quiescence in HCC by maintaining cell stemness (29). In addition, 
Ln-332 also plays a prominent role in the lymph node metastasis of 
papillary thyroid carcinoma (30). However, a recent study found 

that Ln-2 was frequently expressed as a monomer in the invasion 
front of HCC tissues without simultaneous expression of 3 and 3 
chains (31). Overexpression of Ln-2 promotes tumor cell prolifera-
tion, migration, and invasion, and thus, it may be applied to predict 

Fig. 4. High Ln-2 is responsible for T cell exclusion. (A) Double IF staining for Ln-2 (green) and CD3 (T cells, red) in NSCLC and ESCC tissues. Cell nuclei were counter-
stained with DAPI (blue). The boundary of tumor and stroma was marked with white dotted lines. Scale bar, 100 m. The proportions of these T cells in tumor nests were 
counted in tumor tissues with high or low expression of Ln-2. (B) Schematic of the T cell chemotaxis assay. (C) Representative images of migratory T cells (green) labeled 
with CFSE. Scale bar, 20 m. The number of migratory T cells was counted in the right panel. (D) RNA-seq was conducted to explore the gene expression in T cells regu-
lated by Ln-2. (E) Heat map showing that Ln-2 significantly regulated the expression of T cell receptor (TCR) family genes. −, downregulation; +, upregulation. (F) These 
TCR genes were located in the TCR  chain (TRA). (G) Quantitative real-time PCR (qRT-PCR) confirmed the regulation of TCR gene expression by Ln-2 and conditioned 
media from A549 cells alone or cocultured with CAFs. In (A) and (C), statistical analyses were performed using the unpaired two-tailed t test with Welch’s correction. Data 
are presented as means ± SEM; ***P < 0.001. ns, no significant difference.
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the poor prognosis of patients with colorectal cancer and ESCC 
(32, 33). On the basis of these findings, the monomeric Ln-2 chain 
alone has also physiological activity in regulating cancer progres-
sion. In the present study, RNA-seq showed that among the laminin 
family genes, only Ln-2 was significantly up-regulated in NSCLC 
and ESCC cells treated with TGF-1. In vitro chemotaxis assays re-
vealed the reduced migration of T cells after supplementation of the 
monomeric Ln-2 chain, which suggested the key role of the Ln-2 in 
regulating T cell exclusion from the tumor nests.

T cell chemotaxis and migration are essential for immune re-
sponses. The T cell response is regulated by the ability of cells to 
precisely arrive at sites of inflammation. For instance, chemokine 
gradients trigger T cell chemotaxis, and TCR activation induces a 
migration stop signal in T cells for antigen recognition (34,  35). 
Therefore, the activation of TCR is an important mechanism regu-
lating T cell migration. In the present study, the RNA-seq analysis 

revealed that Ln-2 impaired T cell infiltration by specifically regu-
lating the expression of the TCR  locus, suggesting that another 
regulatory mechanism of T cell migration is the control of the levels 
of TCR genes. High TCR reads are associated with increased T cell 
infiltration into the tumor nests, which indicated a shorter survival 
for patients with lower-grade glioma (36). Highly productive TCR  
recombination reads, but not the TCR  locus, in renal cell carcino-
ma correlate with the level of T cell exhaustion in the tumor micro-
environment (37). Our qRT-PCR analysis showed that most TCR 
genes in the  locus were down-regulated by the Ln-2 treatment. 
Ln-2 inhibits the activation of T cells induced by tumor cell–derived 
conditioned media. Therefore, activation and expression of TCR 
regulated by Ln-2 are involved in T cell migration, but the mecha-
nisms require further study.

TGF- plays an essential role in the regulation of immune re-
sponses and immune tolerance. Galunisertib, which was investigated 

Fig. 5. Combination treatments promote tumor regression in mouse models. (A) The mouse Lewis lung cancer cell line LLC (2 × 105 cells per mouse) or primary ESCC 
cell line MEC2 (4 × 106 cells per mouse) in which Ln-2 was silenced by a short hairpin RNA was subcutaneously (s.c.) transplanted into C57BL/6 mice (n = 5 mice per 
group), and tumor volumes were measured weekly for 4 weeks. (B) Double IF staining with antibodies against Ln-2 (green) and CD3 (red) was performed on transplanted 
tumors, and the proportions of CD3+ T cells in the tumor and stroma were summarized in the right panel. Scale bar, 100 m. (C) Combination therapies, including 
galunisertib (Gal; 100 mg/kg, i.g.), anti–PD-1 (5 mg/kg, i.p.), and chemotherapeutic drugs, paclitaxel (PTX; 6 mg/kg, i.p.) and carboplatin (CBP; 6 mg/kg, i.p.), were adminis-
tered to tumor-bearing mice every other day for five treatments. (D) Tumor volumes were measured every week for 8 weeks. (E) The expression of the Ln-2 mRNA in 
tumors from mice subjected to different treatments was analyzed using qRT-PCR. (F) The proportions of tumor- and stroma-infiltrating CD3+ T cells were summarized on 
the basis of the results of double IF staining. In (A), (D), and (E), statistical analyses were performed using unpaired two-tailed t tests with Welch’s correction, and the data 
presented in (B) and (F) were analyzed with Pearson’s chi-square (Fisher’s exact) tests. In all panels, data are presented as means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001; 
ns, no significant difference.
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in a phase 2 trial as a treatment for HCC (38), is a small-molecule 
cancer drug that specifically inhibits TGFBR signaling. Targeting 
the TGF- pathway with galunisertib as a monotherapy or in com-
bination with immune checkpoint blockade therapies promotes 
antitumor immunity. The combination of galunisertib with an anti–
PD-L1 drug has been applied to treat colon cancer and has achieved 
an improved therapeutic effect (14). Galunisertib blocks TGF-1–
mediated suppression of naïve T cell proliferation and enhances the 
function of T cell and NK cell (39). On the other hand, the antitumor 
activity of galunisertib in a colon carcinoma model was associated 
with a modest increase in T cell infiltration in the tumor parenchy-
ma (14). Consistent with the findings of these studies, galunisertib 
treatment in a mouse model promoted T cell penetration into tu-
mor by breaking the barriers of tumor cells constructed by Ln-2 in 
our study. Moreover, we also confirmed that the therapeutic coad-
ministration of galunisertib, an anti–PD-1 drug, and chemotherapy 
drugs prominently suppressed tumor growth, which suggested a more 
efficient therapeutic schedule for patients with NSCLC or ESCC. 
However, TGFBR1 blockade has been shown to affect multiple 

immune-related pathways and the EMT of tumor cells (40). TGFBR1 
is widely expressed in multiple cells, suggesting potential off-target 
effects of galunisertib and unavoidable side effects on patients 
with cancer. Our in vitro and in vivo studies revealed similar effects 
of galunisertib and anti–TGF-1 on T cell infiltration. Therefore, 
treatments directly targeting TGF-1 itself with anti–TGF-1 to inhibit 
Ln-2 expression in combination with immune checkpoint inhibi-
tors and chemotherapy may be a promising therapeutic strategy for 
patients with NSCLC or ESCC. In addition, aberrantly high expres-
sion of the Ln-2 protein determined using IHC staining was sig-
nificantly related to the attenuated efficacy of anti–PD-1 blockade 
therapy and predicted the unfavorable outcomes of patients with 
NSCLC and ESCC in the present study. Serum monomeric Ln-2 
levels measured with a chemiluminescent immunoassay represent a 
promising biomarker for the early detection of HCC among patients 
with chronic liver diseases (31). Thus, tumor cell–derived Ln-2 is 
potentially released into the bloodstream, and it might also serve as 
a noninvasive marker to screen patients who would be sensitive to 
anti–PD-1/PD-L1 therapies.

Fig. 6. Breaking the Ln-2–constructed shield provokes vigorous antitumor immunity. For progressors with NSCLC or ESCC, CAFs up-regulate the expression of Ln-2 in 
adjacent tumor cells via paracrine TGF-1/JNK/AP1 signaling, which constructs a hermetic shield of tumor cells, impeding T cell penetration into the tumor nests and re-
sisting antitumor immunotherapy. Administration of the inhibitor of TGFBR galunisertib completely inhibits the expression of Ln-2, which promotes T cell infiltration 
from the stroma into the tumor. Administration of galunisertib in combination with chemotherapeutic drugs enhances immunocytotoxicity and improves the response 
to anti–PD-1 therapy, which may be a promising therapeutic strategy for improving the outcomes of patients with NSCLC and ESCC.
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Consistent with the results of previous studies (41, 42), our im-
munostaining results showed that Ln-2+ cells were located at the 
periphery and invasion front of tumor clusters. Moreover, high Ln-2 
expression was associated with poor differentiation and adjacent 
tissue invasion in patients with NSCLC and ESCC. Several other 
studies have also reported a role for Ln-2 in the invasion and me-
tastasis of tumor cells from different types of carcinoma, such as 
NSCLC, HCC, and thyroid cancer (43, 44). Therefore, Ln-2 likely 
promotes the metastasis of tumor cells, in addition to the regulatory 
effect of Ln-2 on antitumor immunity. For instance, Ln-2 promotes 
ESCC cell metastasis by interacting with integrin 4 to activate focal 
adhesion kinase (FAK)–phosphatidylinositol 3-kinase (PI3K)/Akt 
signaling (33). Elevated Ln-2 levels induce the EMT and promote 
the migration and invasion of lung adenocarcinoma cells by activat-
ing the integrin 1 receptor (45). Combination therapeutic strategy 
with galunisertib, anti–PD-1, and chemotherapeutic drugs may be 
administered to patients with early NSCLC or ESCC to prevent can-
cer metastasis. The activation of 2, 4, 1, and 2 integrins is also 
involved in T cell migration (46–48). Ln-332 interacts with integrin 
64 to regulate T cell activation (49). Therefore, the multiple activ-
ities of Ln-2 during cancer progression may be explained by the 
different expression levels of integrin receptors on the surface of 
T cells and tumor cells.

Together, CAF-secreted TGF-1 specifically increased the ex-
pression of Ln-2  in adjacent tumor cells via JNK/AP1 signaling, 
which structured a protective barrier for tumors to restrict T cell in-
filtration into tumor nests. The administration of galunisertib to 
block TGF- signaling in combination with chemotherapy increases 
the response to anti–PD-1 therapy, causing progressors to become 
responders and suggesting that this approach represents a promising 
therapeutic strategy for improving the efficacy of antitumor immuno-
therapy (Fig. 6). Meanwhile, increased Ln-2 level was significantly 
related to the attenuated response to anti–PD-1 blockade therapy 
and predicted the unfavorable outcomes of patients with NSCLC 
or ESCC. Hence, Ln-2 expression may be useful for distinguish-
ing progressors and responders before immune checkpoint therapy 
is administered.

MATERIALS AND METHODS
Clinical samples and cell lines
All clinical specimens, including paraffin-embedded sections, biopsy 
tissues, blood samples, and prognostic data, were collected from the 
Sun Yat-sen University Cancer Center (Guangzhou, China). All re-
cruited patients and donors provided written informed consent be-
fore samples were collected, and the study protocol was approved by 
the Committees for Ethical Review of Research at Sun Yat-sen 
University (Guangzhou, China). NSCLC tumor and nontumor spec-
imens that were surgically removed and embedded in paraffin blocks 
were obtained from the Department of Thoracic Oncology at 
Sun Yat-sen University Cancer Center between January 2002 and 
December 2004. Cancer tissue sections collected from patients with 
NSCLC or ESCC before PD-1 blockade therapies were obtained from 
the Sun Yat-sen University Cancer Center, the Affiliated Cancer 
Hospital of Zhengzhou University, and the First Affiliated Hospital 
of Zhengzhou University (table S4). Computed tomography imaging 
was performed to evaluate the response of anti–PD-1 immunotherapy.

The human NSCLC cell lines A549, HCC827, and SK-MES-1; 
ESCC cell lines KYSE510, KYSE140, and KYSE180; and mouse Lewis 

lung cancer cell LLC were purchased from the Typical Culture 
Preservation Commission Cell Bank, Chinese Academy of Sciences 
(Shanghai, China). Mouse primary ESCC cell line MEC2 was ob-
tained from L. Fu (Shenzhen University, Shenzhen, China). All cell 
lines were cultured with high-glucose Dulbecco’s Modified Eagle’s 
Medium (DMEM; Thermo Fisher Scientific) supplemented with 
10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% penicillin/
streptomycin (Corning) and routinely cultured at 37°C in a humidi-
fied chamber containing 5% CO2.

Isolation of fibroblasts
Primary NFs or CAFs from patients with NSCLC or ESCC were iso-
lated as described previously (50). Briefly, fresh tissues were washed 
three times with phosphate-buffered saline (PBS) after tumor resection 
and cut into pieces with surgical scissors in sterile 1.5-ml centrifuge 
tubes. Tissue digestion was performed using Liberase (0.2 mg/ml; 
#5401119001, Roche) on a rotary shaker at 37°C for 30 min. Enzy-
matic digestion was stopped with normal culture medium (DMEM + 
10% FBS), and cell suspension was filtered using a sterile cell strainer 
(40 m; Corning) to remove tissue pieces that were not completely 
digested. The single-cell suspension was centrifuged at 1500 rpm 
for 5 min at 4°C. After three washes with pure DMEM, the cell pellet 
was resuspended in 3 ml of normal culture medium supplemented 
with Primocin (100 g/ml; #ant-pm-1, InvivoGen) to prevent 
contamination. Primary cells were cultured at 37°C in a humidified 
chamber containing 5% CO2. In general, the adhesion time and 
trypsin digestion time for fibroblasts are much shorter than the 
times required for other cells. Therefore, the nonadherent cells 
were removed to obtain relatively pure fibroblasts after culture for 
30 min at 37°C, and fibroblasts were further purified using short- 
term digestion with trypsin (approximately 30 s). The digested cells 
were cultured for fibroblast reisolation. Last, immunostaining with a 
fibronectin antibody (1:200 dilution; #26836, Cell Signaling Technol-
ogy) was performed to confirm the purity of the isolated fibroblasts.

Coculture of fibroblasts and cancer cells and preparation 
of conditioned media
For coculture with direct contact between cells, cancer cells (1 × 104 
cells per well) were preseeded in a six-well plate containing a glass 
coverslip and cultured with normal culture medium at 37°C in a 
humidified chamber containing 5% CO2. After 2 days, the culture 
medium was replaced with fresh medium containing primary fibro-
blasts (1  ×  104 cells per well). Double IF staining with antibodies 
against -SMA and Ln-2 was performed to analyze the regulation 
of Ln-2 expression after 24 hours of coculture. Transwell (pore size, 
3 m; #3415, Corning) was used for noncontact coculture of tumor 
cells and fibroblasts. Cancer cells (1 × 104 cells per well) were seeded 
in 24-well plates, and fibroblasts (1 × 104 cells per well) were layered 
in the upper Transwell chamber. After 24 hours of coculture, condi-
tioned medium was concentrated using an Amicon Ultra centrifugal 
filter (3 kDa; #UFC900396, Millipore) by centrifugation at 4000g for 
10 min at room temperature. The retentate was collected for further 
experiments.

Isolation of T cells from peripheral blood and  
chemotaxis assay
First, peripheral blood mononuclear cells (PBMCs) from healthy donors 
were isolated by density gradient centrifugation using Ficoll-Paque 
PLUS (#17-1440-02, GE Healthcare) according to the manufacturer’s 
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specifications. T cells were separated from PBMCs using immuno-
magnetic beads coated with an antibody against CD3 (#130-111-551, 
Miltenyi Biotec). Then, separated T cells were labeled with car-
boxyfluorescein diacetate succinimidyl ester (CFSE; 1 M; #A001, 
GeneCopoeia) at 37°C for 20 min. Horizontal -Slide Chemotaxis 
chambers (#80326, Ibidi) with or without Matrigel (#356230, Corn-
ing Incorporated) were used to investigate the chemotaxis and 
migration of CFSE-labeled T cells. Matrigel was supplemented with 
activated or heat-inactivated Ln-2 (#MBS2030234, MyBioSource). 
Tumor cell suspension (1 × 103) in DMEM with 10% FBS was pre-
seeded on the right slide of -Slide Chemotaxis chambers. For the 
migration assay without Matrigel, conditioned media from cocul-
ture systems of tumor cells with NFs, CAFs, or CAFs treated with 
galunisertib (10 M, #S2230, Selleck) or anti–TGF-1 (1 g/ml, 
#521707, BioLegend) were added to the right slide of chemotaxis 
chambers. Purified T cells (1 × 103) suspended in RPMI 1640 medium 
(Thermo Fisher Scientific) with 10% FBS were layered in the left 
slide of -Slide Chemotaxis chambers. The number of migratory T cells 
was imaged with a fluorescence microscope (OLYMPUS, Japan) af-
ter 24 hours of culture at 37°C in a humidified chamber containing 
5% CO2.

shRNA- or siRNA-mediated knockdown
Ln-2 short hairpin RNA (shRNA) construct (human #sc-35782-SH; 
mouse #sc-35783-SH, Santa Cruz Biotechnology, Heidelberg, 
Germany) and control plasmids were cotransfected together with 
lentivirus packaging vectors (#LT002, GeneCopoeia, Rockville, MD) 
into 293FT cells (Invitrogen) using the HilyMax transfection reagent 
(#H357, Dojindo, Japan) according to the manufacturer’s instruc-
tions. Lentivirus particles were harvested for the transfection of tumor 
cells 72 hours after packaging with Polybrene supplement (10 g/ml; 
#H9268, Sigma-Aldrich, Burlington, MA) for improving transfec-
tion efficiency. Ln-2–silenced tumor cells were selected with puro-
mycin treatment (2 g/ml, #P8833, Sigma, Burlington, MA). For 
siRNA-mediated knockdown, A549 and KYSE510 cells were plated 
in six-well plates and transfected with siRNA targeting TGFBR1 
(siTGFBR1-1: 5′-GGGUCUGUGACUACAACAUTT-3′; siTGFBR1-2: 
5′-GACUGGCAGUAAGACAUGATT-3′) using HilyMax transfec-
tion reagent (#H357, Dojindo, Japan) according to the manufacturer’s 
instructions. Twenty-four hours after transfection, mRNA from tumor 
cells was harvested, and the knockdown of Ln-2 or TGFBR1 in tumor 
cells was confirmed by qRT-PCR.

IF staining
IF staining was performed as described previously (51, 52). After 
blocking, the slides were incubated with the primary antibodies to 
Ln-2 (#ab210959, Abcam; dilution ratio, 1:500), pan-cytokeratin 
(#ab7753, Abcam; dilution ratio, 1:400), -SMA (#19245, Cell Sig-
naling Technology; dilution ratio, 1:200), CD3 (#ab1669, Abcam; 
dilution ratio, 1:150 dilution), CD4 (#ab183685, Abcam; dilution 
ratio, 1:200 dilution), CD8 (#ab217344, Abcam; dilution ratio, 1:200 
dilution), EpCAM (#36746, Cell Signaling Technology; dilution 
ratio, 1:100), p-c-Jun (Ser73) (#3270, Cell Signaling Technology; di-
lution ratio, 1:800), and p-c-Fos (Ser32) (#5348, Cell Signaling Tech-
nology; dilution ratio, 1:200) at 4°C overnight in a moist chamber. 
After thorough washing, the slides were then incubated with Alexa 
Fluor 594– or 488–conjugated secondary antibodies (Invitrogen). 
Last, all slides were mounted with antifade reagent with 4′,6- 
diamidino-2-phenylindole (DAPI; #S36938, Thermo Fisher Scientific). 

Images were captured with an OLYMPUS FV2000 fluorescence 
microscope.

IHC staining and results analysis
IHC staining was performed according to a standard streptavidin- 
biotin-peroxidase complex method. Briefly, slides with paraffin sec-
tions were deparaffinized by xylene, rehydrated with graded ethanol 
(100, 95, 75, and 50%), and rinsed with deionized water. Hydrogen 
peroxide (3%) was used to block the endogenous peroxidase activity 
for 10 min at room temperature. For antigen retrieval, tissue slides 
were high pressure–treated and boiled in EDTA Antigen Retrieval 
Solution (pH 8.0; Dako) for 5 min. Nonspecific binding was blocked 
with 5% bovine serum albumin for 30 min at 37°C. The slides were 
incubated with Ln-2 (#ab210959, Abcam; 1:500 dilution) or CD3 
(#ab1669, Abcam; 1:150 dilution) antibodies at 4°C overnight in a 
humidified chamber. Immunoreactivity was detected using EnVision 
Detection Systems (#K5007, Dako).

An immunoreactivity score system was applied in the analysis of 
Ln-2 IHC staining. The percentage of Ln-2+ cells was scored as 
follows: 0, <5%; 1, 5 to 25%; 2, 25 to 50%; 3, 50 to 75%; 4, 75 to 100%. 
The intensity of Ln-2+ staining was scored as follows: 0, negative; 
1, weak; 2, moderate; 3, strong (fig. S4A). The total score was deter-
mined by the following formula: staining index = positive percent-
age × intensity. The median immunoreactivity score was used as the 
cut-point to define cases with high or low expression of Ln-2. To 
analyze the proportion of CD3+, CD4+, and CD8+ cells in tumor, 
five fields in the representative area for each tumor were imaged 
considering the tumor heterogeneity. Hematoxylin and eosin stain-
ing was performed on serial sections that have been performed with 
IHC staining to evaluate the boundary of tumor and stroma. The 
number of staining positive cells in tumor was calculated using the 
counting tool of Photoshop software.

TUNEL staining assay
Apoptotic cells in tissue sides were detected by the In Situ Cell 
Death Detection Kit (#11-684-817-910, Roche) according to the 
standard instructions (53). Results of staining were analyzed with 
an OLYMPUS FV2000 fluorescence microscope. The proportion of 
TUNEL+ cells in tumor nests was calculated as described for CD3 
staining.

Western blotting analysis
Proteins were harvested and lysed with 1× radioimmunoprecipita-
tion assay buffer (#9806, Cell Signaling Technology) supplemented 
with protease inhibitor (#04693132001, Roche) and phosphatase 
inhibitor (#4906837001, Roche). Western blot analysis was performed 
according to the standard procedure (54, 55) with primary antibodies 
(table S5). -Tubulin was also used as a loading control.

Quantitative real-time polymerase chain reaction
Total RNA from NSCLC cell A549 and ESCC cell KYSE510 treated 
with TGF-1 (0.5 ng/ml, 24 hours) or dimethyl sulfoxide control was 
extracted using the TRIzol Reagent (#15596018, Thermo Fisher Sci-
entific), and reverse transcription was performed using the PrimeScript 
Reverse Transcription Kit (#RR047A, Takara). Complementary DNA 
was subjected to qPCR using FastStart Universal SYBR Green Master 
(#04913850001, Roche), and the assay was analyzed with a Roche 
LightCycler 480 detector. ACTB was used as an internal control. The 
primer sequences of TCR family genes and ACTB were listed in table 
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S6. The relative expression values of target genes (2−Ct) were nor-
malized to the endogenous ACTB reference (Ct).

ChIP-qPCR assay
The ChIP-qPCR assay was performed according to a standard pro-
cedure using the Simple ChIP Enzymatic ChIP Kit (#9003, Cell Sig-
naling Technology) with normal rabbit IgG (#2729, Cell Signaling 
Technology) and primary antibodies against p-c-Fos (Ser32) (#5348, 
Cell Signaling Technology) or p-c-Jun (Ser73) (#3270, Cell Signal-
ing Technology). qPCR primers (forward: 5′-GCTGGGTCCTCCT-
TATTCAC-3′; reverse: 5′-TCGGTTGGTGGTTCTCACTC-3′) were 
designed against the Ln-2 promoter (LAMC2, gene ID: 3918), which 
contains three binding sites for the transcription factors c-Jun and 
c-Fos. The qPCR results were analyzed using Roche Light Cycler 
480 software. Alternatively, ChIP efficiency was manually calculated 
using the Percent Input Method and the following equation: (i) In-
put Dilution Factor = (fraction of the input chromatin saved)−1; (ii) 
Ct [normalized ChIP]  = (Ct [ChIP] – (Ct [Input] − Log2 (Input 
Dilution Factor))); (iii) % Input = 2 (−Ct [normalized ChIP]).

Luciferase reporter assay
The putative Ln-2 promoter (LAMC2, gene ID: 3918) that contains 
the binding sites for the transcription factors c-Jun/c-Fos was in-
serted upstream of Gaussia Luciferase (GLuc) coding sequences in 
the pEZX-PG04 basic reporter plasmid (GeneCopoeia, MD, USA). 
Human c-Jun and c-Fos coding sequences were cloned into the 
pEZ-M02 plasmid (GeneCopoeia, MD, USA). A549 and KYSE510 
cells were seeded in 96-well plates (2 × 103 cells per well) and then 
cotransfected with pEZ-c-Jun/c-Fos plasmids and the pEZX-promoter 
reporter plasmid using Lipofectamine 3000 (#L3000001, Thermo Fisher 
Scientific). GLuc activity was determined using the Dual-Luciferase 
Assay System (#E1910, Promega, Madison, WI) according to the tech-
nical manual at 48 hours after transfection.

In vivo tumor cell transplantation assay and drug treatments
All animal experiments were approved by the Animal Ethics Com-
mittee at Sun Yat-sen University Cancer Center. Five-week-old female 
C57BL/6 mice with an intact immune system were purchased from 
the Guangdong Medical Laboratory Animal Center (Foshan, China). 
The mouse Lewis lung cancer cell line LLC (2 × 105 cells per mouse) 
or primary ESCC cell line MEC2 (4 × 106 cells per mouse) was re-
suspended in 100 l of PBS and injected subcutaneously into the 
right dorsal flanks of mice. The length (L) and width (W) of tumors 
were measured every week using calipers for indicated weeks, and 
tumor volumes were calculated as volume (mm3) = L × W2 × 0.5. If 
the length of the tumor was larger than 10 mm, the mice were sacri-
ficed by cervical vertebra dislocation after anesthesia.

For drug treatments, the TGFBRI inhibitor galunisertib (#S2230, 
Selleck; dose, 100 mg/kg) was administered by gavage after dissolution 
in 1% CMC-Na as the drug vehicle. InVivoMab anti-mouse PD-1 
(CD279, #BE0146, Bio X Cell; dose, 5 mg/kg) was used to block 
PD-1 through an intraperitoneal injection, and InVivoMab rat 
IgG2a (#BE0089, Bio X Cell; dose, 5 mg/kg) was also administered as 
an isotype control. The chemotherapeutic drugs paclitaxel (#S1150, 
Selleck; dose, 6 mg/kg, i.p.) and carboplatin (#S1215, Selleck; 6 mg/kg, 
i.p.) were intraperitoneally injected in combination with galunisertib 
and mouse monoclonal antibody anti–PD-1 treatments. Mouse 
anti–TGF-1 (#521707, BioLegend; dose, 5 mg/kg, i.p.) in combination 
with anti–PD-1 (dose, 5 mg/kg, i.p.) was also performed in tumor-bearing 

mice. Drug therapies were administered every other day for five 
treatments. Meanwhile, mouse body weights were measured to 
monitor serious adverse effects.

Statistical analysis
IBM SPSS Statistics 25.0 software (Chicago, IL) was used to analyze 
all data. Pearson’s 2 test was used to analyze the categorical vari-
ables, and unpaired two-tailed t test with Welch’s correction was 
used to analyze continuous variables. The prognostic value was cal-
culated using the Kaplan-Meier method, and the P value was calcu-
lated with the log-rank test. The results were considered statistically 
significant if P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/6/eabc8346/DC1
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