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Significance

 The mechanisms underlying 
acquired immunotherapy 
resistance (AIR) are less 
understood. In this study, we 
generated non–small cell lung 
cancer (NSCLC) mouse models of 
AIR and found that tumor 
cell–expressing collagens, which 
formed physical barriers against 
T cell infiltration and attack, as a 
major tumor cell–intrinsic 
mechanism contributing to AIR. 
Genetically or pharmaceutically 
targeting these barriers could 
resensitize tumors for 
immunotherapy.
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Immunotherapy has become the standard treatment for many types of cancers, but an 
increasing number of patients who initially respond to these treatments develop acquired 
immunotherapy resistance (AIR). Here, we recapitulated the entire process of immu-
notherapy from response to AIR in mice with non–small cell lung cancer (NSCLC). 
With implanted tumor organoids derived from these models and serial transplants, 
we demonstrated that tumor cell–intrinsic mechanisms contributed significantly to 
AIR. Single-cell RNA sequencing and electron microscope assays revealed that resist-
ant tumor cell–expressing collagens, including Col3a1 and Col6a1, formed multiple 
physical barriers surrounding tumor cells. Disruption of these barriers by collagenase 
or knockout of both Col3a1 and Col6a1 in tumor cells could sensitize the tumors of 
AIR. Mechanistically, the TGFβ pathway was upregulated upon immunotherapy, and 
treatment with TGFβ significantly increased the expression levels of both Col3a1 and 
Col6a1 in tumor cells. COL3A1 formed a castle-like barrier for a cluster of tumor 
cells and prevented T cell infiltration, while COL6A1 formed an armor-like barrier 
surrounding individual tumor cells to protect them against direct T cell attack. Our 
data reveal a tumor cell–intrinsic mechanism of AIR, mediated by collagen-containing 
physical barriers, which immediately suggests a clinical treatment option.

NSCLC | immunotherapy | acquired resistance | collagens | physical barrier

 Cancer treatment has entered the era of immunotherapy ( 1 ). The immune checkpoint 
inhibitor (ICI) treatment itself or combined with other treatments is routine for most 
patients with more than 20 different types of cancers, including non–small cell lung cancer 
(NSCLC) ( 2   – 4 ). Despite the enthusiasm for these new treatments, resistance is very 
common to ICIs ( 5 ,  6 ). It is reported that about 60 to 80% of patients had no or little 
response to ICI treatment, which is called primary resistance. Previously, it was believed 
that immunotherapy should achieve a durable response, even a lasting cure for those who 
had an initial response, or in other terms, acquired resistance might be rare for immuno-
therapy ( 7 ,  8 ). However, with the increasingly widespread use of ICI, there is accumulating 
evidence indicating that cases with acquired resistance to ICIs are explosively observed in 
clinic ( 4 ,  9 ). For example, more than 65% of advanced NSCLC patients who achieved 
initial response to PD-1 blockade relapsed in 4 y ( 9 ,  10 ). To understand the mechanisms 
underlying acquired resistance is urgently needed to improve the outcomes of these 
patients.

 The effect of immunotherapy can be affected by many factors, including both tumor 
cell–intrinsic and extrinsic features and the dynamic interactions of tumor cells and their 
microenvironment ( 5 ,  11     – 14 ). Evidence suggests that scarcity of potential tumor-suppressive 
immune cells, especially cytotoxic T cells, abundance of immunosuppressive Tregs, M2 
macrophages, myeloid-derived suppressor cells, erythroid differentiated myeloid cells and 
cancer-associated fibroblasts, and various their secreted factors contribute to primary 
resistance to immunotherapy. In some types of cancers, patients with specific driver muta-
tions, such as non–small cell lung cancer (NSCLC) with EGFR mutations, mutations in 
antigen-processing genes, MET amplification, and low tumor mutation burdens, have 
poor response to ICI treatment ( 15 ). Unfortunately, the mechanism of acquired resistance 
is significantly less studied. There are emerging data suggesting that patients who developed 
acquired resistance displayed diverse clinical and molecular features ( 4 ,  9 ). Loss of antigen 
presentation and activation of additional inhibitory checkpoints have been found in some D
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patients, but more features associated with acquired resistance of 
immunotherapy need to be characterized. Among them, it is crit-
ical to identify the causal factors leading to acquired resistance 
and thus the corresponding solution for these patients.

 In this study, we constructed a mouse model of NSCLC, the most 
common and lethal malignance for which ICI treatment has been 
incorporated into the first-line treatment paradigm, and recapitu-
lated the features of patients through the full course of ICI treatment 
from responding to relapse and resistance. Through combined mul-
tiomics analyses and pathohistological assays, we found that during 
the process of acquired resistance, tumor cells expressed high levels 
of collagens, which built armor-like physical barriers and protected 
themselves from T cell attack. Disruption of these barriers could 
sensitize the tumors with acquired resistance to ICI treatment. 

Results

Generating a Mouse Model of Lung Cancer with Acquired 
Immunotherapy Resistance (AIR). Animal models recapitulating 
the features of patients and feasible to be genetically engineered 
would be critical for investigating the molecular mechanisms of 
acquired resistance to immunotherapy. Therefore, we decided 
to create an “Organoid-initiated Precision Model” (OPCM) of 
NSCLC with a similar strategy which we have successfully applied 
for several other types of cancers (16–19). Briefly, epithelial 
organoids were cultured from the lung tissue of CGAS-Cas9-
EGFP mice and then introduced with sgTrp53; KrasG12D; Myc-
luciferase (TKM). Once orthotopically transplanted into the lungs 
of the recipient mice, these implanted organoids developed into a 
single lesion in the lung, as indicated by the Myc-linked luciferase 
living image, micro-CT, and biopsy (Fig. 1 A–E and SI Appendix, 
Fig. S1A). Histopathological and transcriptome analyses indicated 
a diagnosis of NSCLC highly similar to human disease (20) (Fig. 1 
F and G, SI Appendix, Fig. S1 B–E, and Datasets S1 and S2).

 Then, these TKM mice were treated with vehicle or anti-PD1 
antibody ( Fig. 1A  ). These mice responded well to the treatment at 
the beginning, indicated by the significantly reduced biolumines-
cence signals. However, unfortunately, similar to many patients, 
most of the anti-PD1 antibody-treated mice relapsed after several 
rounds of treatments and eventually succumbed to the disease 
( Fig. 1 H –J  ). To validate the similarity of our mouse model to 
patients, we performed transcriptome analyses of sensitive and resist-
ant tumors from mice and compared them with those of patients. 
The results showed that the up-regulated and down-regulated gene 
signatures in NSCLC patients with immunotherapy resistance were 
significantly positive and negative, respectively, in our mouse model 
of AIR ( 21 ) (SI Appendix, Fig. S1F﻿  and Datasets S3  and S4 ). 
Further, the resistance gene signature identified in our mouse model 
could predict the prognosis of NSCLC patients for ICI treatment 
in multiple cohorts (SI Appendix, Fig. S1G﻿  and Datasets S5  and 
﻿S6 ). Thus, our mouse model of AIR faithfully represented the treat-
ment course and molecular features of patients. To investigate 
whether the acquired resistance was tumor cell intrinsic or extrinsic, 
the implanted tumor organoids from the vehicle-treated (sensitive, 
Sen) and anti-PD1 antibody-treated (resistant, Res) tumors were 
transplanted into the secondary recipients, followed with further 
anti-PD1 antibody treatment ( Fig. 1K  ). While the sensitive tumors 
were significantly repressed by the treatment, the resistant tumors 
kept growing ( Fig. 1 L  and M  ). Further, we cocultured the ovalbu-
min (OVA)-sensitive and OVA-resistant tumor organoids with 
activated cytotoxic OT-1 T cells and found that the survival rate of 
resistant tumor cells was significantly higher than the sensitive ones 
(SI Appendix, Fig. S2 A  and B ). These data strongly suggested that 
the AIR was mostly contributed by tumor-cell intrinsic 

mechanisms. Consistently, there were significantly fewer T cells 
infiltrated in the secondary transplanted resistant tumors, with or 
without anti-PD1 antibody treatment, compared to the sensitive 
tumors ( 22 ,  23 ) (SI Appendix, Fig. S2 C –F ). To further confirm the 
effect of resistant tumors on T cell infiltration, sensitive and resistant 
implanted tumor organoids with OVA were subcutaneously trans-
planted into nude mice, followed by tail vein injection of OT-1 
CD8+  T cells. Significantly fewer T cells were identified in the 
OVA-resistant tumors than in the sensitive tumors (SI Appendix, 
Fig. S2 G –I ). Thus, the resistant tumor cells could prevent the infil-
tration and killing of cytotoxic T cells through a tumor cell–intrinsic 
mechanism independent of antigens.  

Self-Built Collagen Layers Are Associated with Tumor Cell–
Intrinsic AIR. We next went further to identify the differences 
between the sensitive and resistant tumors. Hematoxylin and Eosin 
(H/E) staining showed that the resistant tumors lost the typical 
morphology of alveolar-like structures and acquired mesenchymal-
like characteristics, indicated by composing of spindle cells arranged 
in poorly defined fascicles (Fig. 2A). Tumor organoids derived from 
the resistant tumors also displayed different morphology from 
those of sensitive ones (Fig. 2 B and C). To decipher the molecular 
characteristics of tumors with AIR, we performed multiomics 
analyses. Single-cell RNA sequencing (scRNA-seq) revealed dramatic 
changes in the cellular components of the resistant tumors compared 
to those of the sensitive ones. Most notable were the increased 
percentages of tumor cells and decreased percentages of T cells, 
which were further confirmed by spatial transcriptomics analyses 
and consistent with the above histopathological assays (Fig. 2D, 
SI Appendix, Fig. S3 A–C, and Datasets S7 and S8). Additionally, 
the T cells in the resistant tumors expressed significantly lower levels 
of markers of the early activation T cells and the effector memory T 
cells, both of which might be critical for ICI treatment (SI Appendix, 
Fig. S3D and Dataset S9). Pathway enrichment analysis of tumor 
cells revealed that genes highly expressed in resistant tumor cells were 
enriched in immunosuppression related pathways such as the TGFβ 
signaling pathway and Myc target pathways (24, 25) (Fig.  2E). 
Interestingly, we found that both RNA-seq and proteomics analysis 
of the sensitive and resistant implanted tumor organoids showed 
collagens and collagen-assemble-related genes were highly expressed 
in the tumor cells with AIR (Fig. 2F and Datasets S4 and S10). 
Consistently, collagen fibril structure and extracellular matrix 
(ECM) formation–related pathways were significantly positively 
enriched in the resistant tumors in mice and also in NSCLC 
patients refractory to ICI treatment (SI Appendix, Fig.  S4A and 
Datasets S11 and S12). Among these collagen genes, Col3a1 and 
Col6a1 were most differently expressed in the resistant tumors 
(SI Appendix, Fig. S4B). qRT-PCR and western blotting confirmed 
the upregulation of Col3a1 and Col6a1 in the resistant tumor cells 
(SI Appendix, Fig. S4 C and D). The spatial transcriptomics data 
also showed that Col3a1 and Col6a1 were evenly distributed in the 
resistant tumor cells (SI Appendix, Fig. S4 E and F). And scRNA-
seq analyses revealed that Col3a1 and Col6a1 were absent in the 
sensitive tumor cells but highly expressed in all the resistant tumor 
cells to levels similar to that in cancer-associated fibroblasts (CAFs) 
(Fig. 2G and SI Appendix, Fig. S4G).

 To elucidate how these collagens upregulated in tumor cells with 
AIR, we found that the TGFβ pathway was significantly positively 
enriched in resistant tumors, and both Tgfb1, Tgfbr1, Smad2, 
Smad4  were upregulated in the resistant tumor cells compared to 
the sensitive ones ( Fig. 2 E  and H   and SI Appendix, Fig. S4 H  and 
I ). We further explored the potential mechanism how the TGFβ 
pathway was upregulated in tumor cells. We observed the upreg-
ulation of the TNFα signaling pathway in the tumor cells along D
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the resistance trajectory ( Fig. 2E  ) and also noticed that the expres-
sions of Tnfrsf1a  and TNF  were significantly increased in the resist-
ant tumor cells and macrophages, respectively, compared to the 
sensitive ones (SI Appendix, Fig. S4 J  and K ). We proposed that 
macrophage-derived TNFα detected by resistant tumor cells 

expressing high levels of TNF receptor triggers Tgfb1  expression 
in tumor cells. And the autocrine Tgfb1 could further upregulate 
the expressions of collagens. To investigate this further, we assessed 
the role of the TGFβ pathway in collagen regulation, sensitive 
tumor cells were incubated with varying concentrations of 

Fig. 1.   Mimicking AIR of lung cancer in mice. (A) Schematic of the organoid-based strategy for generating an immunotherapy-resistant NSCLC mouse model. 
(B) Representative bioluminescence images of control (Left) and recipient mice (Right) transplanted with sgTrp53; KrasG12D; and Myc (TKM) premalignant lung 
organoids at 25 d after transplantation (n = 6 mice). (C) Representative micro-CT image of TKM-recipient mice (n = 6 mice). (D) The survival curve of C57BL/6 mice 
orthotopically transplanted with TKM implanted organoids (n = 6 mice). (E) Representative bright-field image of the lungs of TKM-recipient mice (n = 6 mice). 
(Scale bar, 5 mm.) (F) Representative H/E staining images of TKM tumors (n = 6 mice). (Scale bar, 50 µm.) (G) Representative TTF1 IHC staining images of TKM 
tumors (n = 6 mice). (Scale bar, 50 µm.) (H) Representative bioluminescence images of TKM mice treated with vehicle (veh, Upper) or anti-PD1 antibody (anti-PD1, 
Bottom) once per week (n = 8 mice for veh and n = 9 mice for anti-PD1). (I) The waterfall plots showing the relative luminescence intensity of day 7 related to day 
0 of TKM mice treated with vehicle or anti-PD1 treatment (n = 8 mice for veh and n = 9 mice for anti-PD1). (J) Curves showing the relative luminescence intensity 
related to day 0 of TKM mice treated with vehicle or anti-PD1 once per week. (K) Schematic of the second transplant of sensitive or resistant tumor cells and 
ICI treatment. (L) Representative bioluminescence images of sensitive (Sen) or resistant (Res) tumors treated with vehicle or anti-PD1 (n = 4 mice). (M) Curves 
showing the relative luminescence intensity related to day 0 of sensitive and resistant tumors after anti-PD1 treatment (n = 4 mice per group).
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Fig. 2.   The features of NSCLC with tumor cell–intrinsic resistance to immunotherapy. (A) Representative H/E staining images of Sen and Res tumors (n = 4 mice). 
(Scale bar, 50 µm.) (B) Representative bright-field and fluorescent images of implanted organoids generated from Sen and Res tumors (n = 4 mice). (Scale bar, 
50 µm.) (C) The bar graphs showing the percentages of solid organoids in Sen and Res implanted tumor organoids (n = 5 independent sections). Data presented 
as mean ± SD. (D) Open t-distributed stochastic neighbor embedding (openTSNE) analysis of scRNA-seq data from Sen and Res tumors treated with Veh or anti-
PD1. Dots represent individual cells, and colors represent different cell subtypes. (E) The heatmap displays HALLMARK-related gene set enrichment variation 
scores across the trajectory from sensitive to resistant tumor. (F) Heatmaps showing the collagen and collagen-assembly related genes highly expressed in 
resistant implanted organoids at RNA and proteomic levels. (G) OpenTSNE plots of expression distributions of Col3a1 and Col6a1 in Sen and Res tumors. (H) Tgfb1 
expression levels of tumor cells in sensitive and resistant tumors treated with Veh or anti-PD1. Wilcoxon signed-rank test. (I) The relative mRNA levels of Col3a1 
and Col6a1 of resistant implanted tumor organoids with TGF-beta1 (n = 3 technical replicates). (J) The relative mRNA levels of Col3a1 and Col6a1 of resistant 
(Res) implanted tumor organoids with sgScr, sgTgfbr1-1, or sgTgfbr1-2 (n = 3 technical replicates). Data presented as mean ± SD. P values were calculated using 
two-tailed Student’s t test (C, I, and J). ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.D
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TGF-beta1. qPCR and immunofluorescence stainings (IF) demon-
strated that both the RNA and protein levels of COL3A1 and 
COL6A1 were significantly upregulated following TGF-beta1 
stimulation ( Fig. 2I   and SI Appendix, Fig. S4 L –N ). Consistently, 
﻿Tgfbr1  knockout in resistant tumor cells significantly decreased 
the expression of Col3a1  and Col6a1  ( Fig. 2J  ). These findings sug-
gest that the TGFβ pathway may be a key regulator of collagen 
formation in tumor cells with AIR.

 We next confirmed the expression pattern of COL3A1 and 
COL6A1 in sensitive and resistant tumors. IF staining data 
showed that COL3A1 and COL6A1 were exclusively expressed 
by CAFs but not tumor cells in the sensitive tumors. In contrast, 
in the resistant tumors, COL3A1 and COL6A1 were mostly 
expressed by tumor cells ( Fig. 3A  ). Second harmonic generation 
(SHG) microscopy revealed that collagen fibrils were enriched in 
the whole area in the resistant tumors but rare and limited to 
stromal regions in the sensitive tumors ( Fig. 3B  ). To directly view 
the fibrils in the resistant tumors, we performed transmission elec-
tron microscope (TEM) and scanning electron microscope (SEM). 
The TEM assay showed that collagen fibrils formed an intact layer 

outside of each resistant tumor cell but invisible for the sensitive 
tumor cells ( Fig. 3C  ). The SEM assay also revealed visualized col-
lagen fibrils entirely covering all the resistant tumor cells, which 
were completely absent on the sensitive tumor cells ( Fig. 3D  ). 
Thus, we revealed the physical barriers formed by tumor cell–
expressing collagens for tumor cells with AIR.          

Disruption of Collagen Layers Reduces AIR. Given the potential 
roles of these collagen-forming physical barriers in AIR, we explored 
whether the disruption of these barriers can overcome the resistance. 
We treated the resistant tumors in C57BL/6 mice with collagenase 
I, which could specifically digest collagens, together with anti-PD1 
antibody (Fig. 4A). Collagenase treatment significantly decreased the 
growth of the resistant tumors (Fig. 4B and SI Appendix, Fig. S5A). 
The histological assay showed that there was a significantly increased 
area of necroptotic cells in the collagenase-treated tumors than the 
vehicle-treated ones (SI Appendix, Fig. S5B). Multiple IHC staining 
showed that the levels of COL3A1 and COL6A1 were reduced by 
collagenase treatment (Fig. 4C). Consistently, the collagen fibrils were 
significantly removed in the treated tumors, demonstrated by the 

Fig. 3.   Self-built collagen layers are 
associated with tumor cell–intrinsic 
AIR. (A) Representative COL3A1 
and COL6A1 staining images of Sen 
and Res tumors (n = 4 mice). (Scale 
bar, 50 μm.) (B) Representative SHG 
microscopy images of Sen and Res 
tumors (representative of n = 4 mice). 
(Scale bar, 50 μm.) (C) Representative 
TEM images of Sen and Res tumors 
(representative of n = 4 mice). (Scale bar, 
2 μm.) (D) Representative SEM images 
of Sen and Res tumors (representative 
of n = 4 mice). [Scale bars, 10 μm (Left), 
2 μm (Right).]D
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Fig. 4.   Disruption of collagen layers reduces AIR. (A) Schematic of resistant tumors treated with anti-PD1 + vehicle or anti-PD1 + collagenase. (B) Curves showing 
the tumor volume fold changes related to day 0 of resistant tumors treated with anti-PD1 + vehicle or anti-PD1 + collagenase (n = 5 mice). Data presented 
as mean ± SEM. (C) Representative COL3A1 and COL6A1 staining images of resistant tumors treated with anti-PD1 + vehicle or anti-PD1 + collagenase (n = 3 
mice per group). (Scale bar, 50 µm.) (D) Representative TEM images of resistant tumors treated with anti-PD1 + vehicle or anti-PD1 + collagenase (n = 3 mice 
per group). (Scale bar, 2 µm.) (E) Collagen width analysis of resistant tumors treated with anti-PD1 + vehicle or anti-PD1 + collagenase (independent sections of  
n = 3 mice). Data presented as mean ± SD. (F) Quantification of CD8+ T cell numbers of resistant tumors treated with anti-PD1 + vehicle or anti-PD1 + collagenase 
(independent sections of n = 3 mice). Data presented as mean ± SD. (G) Schematic of the treatment of anti-PD1 in tumor cells with Col3a1 or Col6a1 single knockout 
or double knockout. (H) The survival curve of C57BL/6 mice orthotopically transplanted with resistant implanted tumor organoids with sgScr, sgCol3a1-1/2, or 
sgCol6a1-1/2 treated with anti-PD1 (n = 4-5 mice). (I) Survival curve of C57BL/6 mice orthotopically transplanted with resistant implanted tumor organoids with 
sgScr, sgCol3a1+Col6a1-1 (dKO-1), or sgCol3a1+Col6a1-2 (dKO-2) resistant implanted tumor organoids treated with anti-PD1 (n = 5-6 mice). (J) Representative 
images of TEM (Left) and SEM (Right) of nude mice subcutaneously transplanted with resistant implanted tumor organoids with sgScr, dKO-1, or dKO-2. (Scale 
bar, 5 μm.) (K) Representative bright-field & fluorescent images of the lungs of a recipient orthotopically transplanted with resistant implanted tumor organoids 
with sgScr, dKO-1, or dKO-2 (representative of n = 5 mice). (Scale bar, 5 mm.) (L) H/E staining images (representative of n = 5 mice) of the lungs of a recipient 
orthotopically transplanted with resistant implanted tumor organoids with sgScr, dKO-1, or dKO-2. (Scale bar, 1 mm.) (M) Curves showing the tumor volumes of 
C57BL/6 that subcutaneously transplanted with resistant implanted tumor organoids with sgScr, dKO-1, or dKO-2 (n = 5 mice). Data presented as mean ± SD. 
(N) Curve showing the tumor volumes of nude mice that subcutaneously transplanted with resistant implanted tumor organoids with sgScr, dKO-1, or dKO-2  
(n = 5 mice). Data presented as mean ± SD. P values were calculated using two-tailed Student’s t test (B, E, F, M, and N). ****P < 0.0001; ***P < 0.001; **P < 0.01; 
*P < 0.05; ns, not significant.D
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TEM assay (Fig. 4 D and E). Since collagenase could not penetrate the 
intact cells, these results confirmed that these collagens and the fibrils 
formed by them were mostly in the ECM of the resistant tumor cells. 
In addition, we found that there were significantly more infiltration 
of T cells in the collagenase-treated tumors than in the vehicle-treated 
ones, which indicated that collagens may form physical barriers in 
AIR to prevent T cell infiltration (Fig. 4F and SI Appendix, Fig. S5C). 
To further explore the functional roles of these collagen-forming 
physical barriers in immunotherapy resistance, we disrupted the 
upregulated collagen genes Col3a1, Col6a1, Col6a2, Col6a3, Col11a1, 
and Col12a1 together in the resistant tumor cells by CRISPR/Cas9 
and tested their sensitivity to anti-PD1 (SI Appendix, Fig. S5D). The 
data showed that loss of these collagen genes significantly extended the 
survival of the recipient mice, indicating their function in promoting 
resistance to immunotherapy (SI Appendix, Fig. S5E). Among all 
collagens, we checked the function of the most upregulated genes 
Col3a1, Col6a1 individually and in combination in AIR (Fig. 4G). 
Disruption of Col3a1 or Col6a1 in the resistant tumor cells had 
a minimal effect on the growth of the resistant tumor organoids 
in vitro (SI Appendix, Fig. S5 F and G). Also, single knockout of 
these collagens had minimal effects on the response of the AIR tumors 
to anti-PD1 antibody treatment in vivo (Fig. 4H and SI Appendix, 
Fig.  S5 H and I). H/E stainings showed that Col3a1 or Col6a1 
disruption itself partially reversed the pathology of tumors with AIR 
(SI Appendix, Fig. S5J). On the contrary, double-knockout Col3a1 
and Col6a1 (dKO) significantly extended the survival of mice with 
resistant tumors upon anti-PD1 antibody treatment, compared to 
those with sgScr tumors (Fig. 4I). TEM assays revealed that dKO 
completely removed the collagen fibrils on the surface of the resistant 
tumor cells, which suggested that COLl3A1 and COL6A1 were 
the major components of collagen fibrils (Fig.  4J). Consistently, 
the biopsy showed that dKO tumors were significantly smaller than 
the control tumors (Fig.  4 K and L). H/E staining showed that 
dKO also reversed the histological feature of the resistant tumors 
(SI Appendix, Fig. S5K). We next implanted either the control or dKO 
tumors into both immunocompetent and immunodeficient mice. 
ICI treatment significantly repressed the growth of dKO tumors than 
control ones in immunocompetent mice. However, it had a minimal 
significant effect on the growth of either dKO or control tumors 
in immunodeficient mice (Fig.  4 M and N). To further validate 
whether Col3a1 and Col6a1 were the most important collagens 
responsible for AIR, we treated the dKO OVA-expressing resistant 
tumor cells with vehicle or collagenase and then cocultured them 
with OT-1 T cells (SI Appendix, Fig. S5L). The results showed that 
collagenase treatment did not have an additional effect on the survival 
of these tumor cells, compared to the dKO tumor cells treated with 
vehicle (SI Appendix, Fig. S5 M and N). Further, we performed an 
in vivo experiment to compare the efficacy of anti-PD1 antibody 
treatment on dKO tumors with or without collagenase treatment 
combination (SI Appendix, Fig. S5O). Consistent with the in vitro 
killing experiment, there was no significant difference between dKO 
+ vehicle and dKO + collagenase (SI Appendix, Fig. S5P). Histology 
analyses showed that both dKO tumors treated with and without 
collagenase had similar massive necrosis, suggesting response to anti-
PD1 treatment (SI Appendix, Fig. S5Q). Taken together, these data 
suggest that Col3a1 and Col6a1 are the major collagens responsible 
for AIR and that disruption of collagen layers may reverse AIR in a 
manner dependent on T cell function.

Col3a1 and Col6a1 Prevent T Cell Infiltration and Killing, 
Respectively. To understand the mechanisms leading to the different 
results between single knockouts of either Col3a1 or Col6a1 and 
the double knockout of Col3a1 and Col6a1, we further examined 
the roles of Col3a1 and Col6a1 in AIR. Interestingly, using multiple 

IHC staining, we found that COL3A1 formed a castle-like structure 
surrounding clusters of several tumor cells and COL6A1 created an 
armor-like structure around each tumor cell (Fig. 5A). We proposed 
that these collagen layers might function as physical barriers against 
attack by immune cells, especially cytotoxic T cells. Intriguingly, 
multiple IHC staining revealed that tumors with Col3a1 loss had 
significantly increased infiltrated T cells, while those with Col6a1 
deficiency were similar to the control tumors (Fig. 5B and SI Appendix, 
Fig. S6 A–C). These data suggest that the castle-like barrier, formed 
by COL3A1, is essential for restraining T cell infiltration.

 To test their roles in direct T cell killing, we cocultured 
OVA-expressing resistant tumor cells with or without collagen 
knockout with activated CD8+  OT-1 T cells. The results demon-
strated that sgCol6a1  tumor cells had significantly less survival rate 
than those with sgScr  while Col3a1  deficiency did not affect the 
cytotoxic killing by T cells in vitro, dKO further sensitized the OT-1 
T cell killing of OVA-resistant tumor cells in vitro. These observa-
tions suggested that the armor-like barrier, consisting of COL6A1, 
could protect the tumor cells from T cell killing ( Fig. 5 C –E  ). 
Furthermore, dKO significantly increased T cell infiltration in both 
C57BL/6 recipient mice and nude mice transplanted with 
OVA-resistant tumors and OT-1 T cells ( Fig. 5 F  and G   and 
﻿SI Appendix, Fig. S6 D –G ). And taken together, multiple 
collagen-forming physical barriers contributed to AIR by preventing 
T cell infiltration and killing. The gene signature associated with 
immunotherapy resistance in NSCLC patients was significantly 
upregulated in the resistant tumor cells compared to the sensitive 
ones, but significantly downregulated by dKO (SI Appendix, Fig. S7 
﻿A –C ). Consistent with the proposed physical barriers of Col3a1  and 
﻿Col6a1  against T cell infiltration and killing, there were significantly 
increased early activated and effector/memory CD8+  T cells in the 
dKO tumors (SI Appendix, Fig. S7D﻿ ). And the cytotoxic T cells in 
the dKO tumors also expressed higher expression levels of Gzmb  
and Gzmk , the key effector genes for T cell killing, compared to 
those in the control tumors (SI Appendix, Fig. S7E﻿ ).  

Collagen Layers Are Associated with AIR in Patients. In the 
end, we validated the clinical relevance of the collagen-formed 
physical barrier mechanism of AIR in patients. Multiple collagen 
genes, including COL3A1 and COL6A1, were highly expressed in 
NSCLC patients who were resistant to ICI expressed, compared 
to the responsive ones (10, 21) (Fig. 6A, SI Appendix, Fig. S8A, 
and Dataset  S13). And multiomics pathway analyses showed 
that the collagen pathways were not only significantly enriched 
in mouse tumors with AIR but also in patients who were resistant 
to ICI at all the epigenetic, transcriptomic, and proteomic levels 
(SI Appendix, Fig. S8B). In NSCLC patients, the expression levels 
of COL3A1 and COL6A1 were significantly positively associated 
with the immunotherapy resistance gene signature in patients 
(SI Appendix, Fig. S8C). Importantly, the high levels of COL3A1 
and COL6A1 were significantly associated with poor prognosis of 
NSCLC patients treated with immunotherapy in multiple cohorts 
(21, 26–28) (Fig. 6B and Dataset S5, S6 and S14).

 Then, we collected samples of 12 NSCLC patients without ICI 
treatment and 15 ones with acquired resistance to anti-PD1 anti-
body treatment. Multiple IHC stainings showed that 6 patients 
were COL3A1 and COL6A1 double positive in the tumor cells, 
and 1 and 3 were COL3A1 or COL6A, respectively, single positive 
in the acquired resistant group. In contrast, in the naïve group, 
only 2 were COL3A1 positive, and none of them was double pos-
itive ( Fig. 6 C  and D   and Dataset S15 ). Furthermore, the T cell 
infiltration was also higher in collagenhigh  ones than that in colla-
genlow  samples ( Fig. 6E  ). In the recently published MSKCC cohort 
of NSCLC patients with acquired resistance to anti-PD1 antibody D
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treatment, we identified 4 pairs of samples that were collected from 
the same tissues of the same individuals before treatment and after 
acquired resistance ( 10 ). 3 out of 4 patients had increased expres-
sions of both COL3A1  and COL6A1  ( Fig. 6F  ). We found that gene 
signatures upregulated or downregulated in mouse tumors with 
acquired resistance were significantly positively and negatively, 
respectively, in the patients acquired resistant to anti-PD1 antibody 
treatment at all the levels of chromatin accessibility, transcriptome, 
and proteomics ( Fig. 6 G –I   and Dataset S16 ).

 Further, we tested the correlation of these collagen genes with 
immunotherapy resistance in other types of cancers ( 27   – 29 ). The 
results showed that melanoma patients, treated with ICI, with 
high levels of COL3A1  or COL6A1,  had shorter overall survival 
(OS) than those with low levels in both cohorts of GSE78220 
and PRJEB23709 (SI Appendix, Fig. S8 D  and E  and Datasets 
S17  and S18 ). Similar results were observed in bladder cancer 
(SI Appendix, Fig. S8F﻿  and Dataset S19 ). High expressions of 
﻿COL3A1  also predicted poor prognosis in head and neck 

Fig. 5.   Col3a1 and Col6a1 prevent T cell infiltration and killing, respectively. (A) Representative COL3A1 and COL6A1 staining images of resistant tumors (n = 4 
mice). (Scale bar, 10 μm.) (B) The bar graphs show the numbers of CD8+ infiltrating T cells in C57BL/6 mice orthotopically transplanted with resistant implanted 
tumor organoids with sgScr, sgCol3a1-1/2, sgCol6a1-1/2 treated with vehicle (Left) or anti-PD1 (Right) (independent sections of n = 3 mice). Data presented as 
mean ± SD. (C) Schematic of the resistant-OVA tumor cells with sgScr, sgCol3a1, sgCol6a1, or dKO cocultured with OT-1 T-cells. (D) Representative fluorescence 
images of resistant-OVA tumor cells with sgScr, sgCol3a1, sgCol6a1, or dKO cocultured with OT-1 T-cells at 0 and 48 h. (Scale bar, 50 μm.) (E) Relative survival 
percents of resistant-OVA tumor cells with sgScr, sgCol3a1, sgCol6a1, or dKO cocultured with OT-1 T-cells. Data presented as mean ± SD. (F) Representative 
multiple IHC staining images of COL3A1, COL6A1, CD3, and CD8 in mice orthotopically transplanted resistant implanted tumor organoids with sgScr, dKO-1, or 
dKO-2 (representative of n = 3 mice) treated with veh (Top) and anti-PD1 (Bottom). (Scale bar, 50 μm.) (G) Bar graphs showing the numbers of CD8+ infiltrating 
T cells in C57BL/6 mice orthotopically transplanted with resistant implanted tumor organoids with sgScr, dKO-1, or dKO-2 treated with veh (Up) and anti-PD1 
(Down) (independent sections of n = 3 mice). Data presented as mean ± SD. P values were calculated using two-tailed Student’s t test (B, E, and G). ****P < 0.0001; 
***P < 0.001; **P < 0.01; *P < 0.05. ns, not significant.
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Fig. 6.   Collagen layers are associated with AIR in patients. (A) Volcano plot showing differentially expressed genes between immunotherapy nonresponsive 
and responsive NSCLC patients, with a focus on collagen genes. (B) Progression-free survival or OS of NSCLC patients under immunotherapy stratified by 
COL3A1+COL6A1. The P-value was calculated by the log-rank test. (C) Representative COL3A1, COL6A1, CD8, PanCK multiple IHC staining images in tumors of 
naïve (Pt.2) and resistant (Pt.13, Pt.15, and Pt.23) patients. (Scale bars, 50, 20 μm.) (D) The columns showing the percentages of tumors expressing COL3A1, 
COL6A1, COL3A1, and COL6A1 in naïve and res patients. (E) Dot plots illustrating the CD8+ T cell numbers in tumor areas with low or high Collagen expression. 
Each line indicated one patient. Two-sided Student’s t test. (F) Dot plots illustrating the expression levels of COL3A1 and COL6A1 in naïve and resistant tumors 
in NSCLC patients from the GSE248249 cohort. Each line indicated one patient. (G–I) Gene set enrichment analysis showing enrichment of NSCLC patients with 
AIR (GSE248249) up- and down-regulated signature genes in mouse resistant tumors at Assay for Transposase-Accessible Chromatin (ATAC) levels (G), RNA 
levels (H), and Proteomics levels (I). NES, normalized enrichment score. (J) Working model for acquired resistance to immunotherapy by cancer cells’ self-built 
physical barriers.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
O

R
N

E
L

L
 U

N
IV

E
R

SI
T

Y
; E

-R
E

SO
U

R
C

E
S 

A
N

D
 S

E
R

IA
L

S 
M

A
N

A
G

E
M

E
N

T
 o

n 
Ju

ne
 1

1,
 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

15
7.

13
9.

16
5.

96
.



10 of 11   https://doi.org/10.1073/pnas.2500019122� pnas.org

squamous cell carcinoma, though COL6A1  was not detected 
(SI Appendix, Fig. S8G﻿  and Dataset S20 ). These data suggested 
that the physical barriers formed by collagens might be a general 
mechanism underlying immunotherapy resistance. Collectively, 
we found that tumor cells with acquired resistance to immuno-
therapy expressed high levels of COL3A1 and COL6A1, which 
formed two physical barriers, a castle-like barrier around a cluster 
of several tumor cells to prevent T cell infiltration and an 
armor-like barrier around each individual tumor cell to protect 
from T cell attack, respectively ( Fig. 6J  ).   

Discussion

 Physical barriers play critical roles in both physiological and patho-
logical conditions ( 29 ,  30 ). In cancers, physical barriers, generally 
recognized as the nonmalignant cells, mostly the stromal cells, 
and their ECM, have profound effects on various aspects of tumor 
( 31       – 35 ). CAFs and their secreted ECM, together with many other 
components in the tumor microenvironment, could form physical 
barriers surrounding the tumor cells, as we observed in immuno-
therapy sensitive NSCLC, which have been proposed to stimulate 
the immune response for tumor surveillance. However, tumor 
progression is associated with ECM remodeling, causing a restric-
tion of immune cell infiltrations and drug delivery in tumors 
( 36     – 39 ). Indeed, the features of physical barriers have been applied 
for clinical diagnosis, such as the broken stromal layers indicating 
metastatic tumors and the abundance of the stromal layers being 
associated with poor prognosis ( 31 ,  40   – 42 ). One of the well-
appreciated examples is pancreatic ductal adenocarcinoma 
(PDAC), in which the fibroblastic stroma can constitute as much 
as 90% of the whole tumor mass and tightly encompass the tumor 
cells ( 43 ). And consistently, PDAC is notorious for its immune-
suppressive TME as refractory to various treatments, including 
immunotherapy. Here, we describe the physical barriers built by 
tumor cells themselves. We find that distinct from naïve ones, 
tumor cells with acquired resistance of immunotherapy express 
high levels of ECM genes, including COL3A1 and COL6A1, 
which are generally marker genes of CAFs. These ECM proteins 
form multiple collagen fibril layers of physical barriers, including 
the COL3A1-containing castle-like barrier for a cluster of several 
tumor cells and the COL6A1-containing armor-like barrier for 
each tumor cell. The castle-like barrier, similar to the stromal 
barrier, can block the infiltration of the T cells, while the armor-
like barrier can directly protect tumor cells from T cell attack ( 44 , 
 45 ). Thus, these tumor cell self-built physical barriers, together 
with other barriers, add additional complexity to the malignant 
features and significantly contribute to acquired resistance to 
immunotherapy. Recently, it was proposed that cancer cells could 
form a second membrane outside of their plasma membrane ( 46 ). 
It would be interesting to test whether these physical barriers and 
similar ones would be produced by tumor cells themselves in other 
conditions and their potential functions in tumor progression and 
response to treatments.

 These tumor cell–producing physical barriers consist of 
COL3A1 and COL6A1-containing collagen fibrils ( 44 ,  47         – 52 ). 
There is accumulating evidence suggesting that different collagens 
could promote tumor progression through distinct mechanisms. 
In PDAC, tumor cell–expressing Col1a1 homotrimers promote 
tumor growth and tumor microbiome-associated immune sup-
pression through the α3β1 integrin signaling ( 53 ). Depletion of 
DDR1, a collagen receptor, disrupts collagen fiber alignment and 
increases the intratumor T cell penetration ( 36 ). Collagen III can 
regulate tumor cell dormancy through the DDR1-STA1 signaling 
( 47 ). In this study, we propose that COL3A1 and COL6A1, 

expressed by tumor cells themselves, contribute to the castle-like 
and armor-like physical barriers, respectively, and provide AIR. It 
has been shown that collagen can induce CD8+  T cell exhaustion 
through the LAIR1–SHP-1 axis ( 54 ) and COL6A1 can induce T 
cell autophagic flux via remodeling fibrillar collagen for CD8+  T 
cell deficiency ( 44 ). And consistently, we find that COL3A1 and 
COL6A1 can prevent T cell infiltration and killing, respectively. 
Further studies would be required to dissect the detailed shared 
and distinct mechanisms of these different collagens and the col-
lagen fibrils formed by them on restraining immune cells.  

Materials and Methods

Written informed consent of NSCLC patients was obtained from all participants 
prior to any study procedure. All animal procedures were performed in com-
pliance with the Guide for the Care and Use of Laboratory Animals of Sichuan 
University and approved by the Animal Care and Use Committee of Sichuan 
University. Clinical samples, mouse strains, organoid culture, gene editing, cell–
cell coculture, animal models, drug treatment, tumor-infiltrating lymphocytes 
analysis, RNA extraction and RT-qPCR, antibodies and reagents, H/E staining, 
immunohistochemistry and IF staining, TEM and SEM analysis, MRI imaging and 
bioluminescent imaging, and bioinformatic and statistical analyses are described 
in detail in SI Appendix, Materials and Methods. This study was approved by the 
Ethical Research Committee of the West China Hospital (2021-264).

Data, Materials, and Software Availability. Single-cell RNA-seq data, bulk 
RNA-seq data, and ATAC-seq data have been deposited in the Gene Expression 
Omnibus (GEO). Specifically, the data are available at GSE261898 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE261898) (55), GSE261889 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE261889) (56), and 
GSE261597 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE261597) 
(57). All other data are included in the manuscript and/or supporting information. 
The authors declare that all scripts used to process data are available from the 
corresponding author, if requested.
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