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Abstract 

Background Hepatocellular carcinoma (HCC) is closely associatedwith chronic liver diseases, particularly liver cirrho‑
sis, which has an altered extracellular matrix (ECM) composition. The influence and its mechanism of the cirrhotic‑ECM 
on the response of HCC to immune checkpoint inhibitor (ICI) remains less clarified.

Methods In silico, proteomic and pathological assessment of alteration of cirrhotic‑ECM were applied in clinical 
cohort. Multiple pre‑clinical models with ECM manipulation were used to evaluate cirrhotic‑ECM’s effect on ICI treat‑
ment. In silico, flow cytometry and IHC were applied to explore how cirrhotic‑ECM affect HCC microenvironment. 
In vitro and in vivo experiments were carried out to identify the mechanism of how cirrhotic‑ECM undermined ICI 
treatment.

Results We defined “a pro‑tumor cirrhotic‑ECM” which was featured as the up‑regulation of collagen type 1 (Col1). 
Cirrhotic‑ECM/Col1 was closely related to impaired T cell function and limited anti PD‑1 (aPD‑1) response of HCC 
patients from the TCGA pan cancer cohort and the authors’ institution, as well as in multiple pre‑clinical models. 
Mechanically, cirrhotic‑ECM/Col1 orchestrated an immunosuppressive microenvironment (TME) by triggering Col1‑
DDR1‑NFκB‑CXCL8 axis, which initiated neutrophil extracellular traps (NETs) formation to shield HCC cells from attack‑
ing T cells and impede approaching T cells. Nilotinib, an inhibitor of DDR1, reversed the neutrophils/NETs dominant 
TME and efficiently enhanced the response of HCC to aPD‑1.

Conclusions Cirrhotic‑ECM modulated a NETs enriched TME in HCC, produced an immune suppressive TME 
and weakened ICI efficiency. Col1 receptor DDR1 could be a potential target synergically used with ICI to overcome 
ECM mediated ICI resistance. These provide a mechanical insight and novel strategy to overcome the ICI resistance 
of HCC.
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Background
Hepatocellular carcinoma (HCC) is one of the major 
causes of cancer-related mortality worldwide [1]. 
Various systemic therapy options have emerged for 
advanced HCC during the past decade. Immunotherapy 
using immune checkpoint inhibitors (ICI) has proven to 
be effective in eliminating solid malignancies including 
HCC. However, the response rate of HCC to ICI treat-
ment is limited [2, 3]. Liver is considered an immune-
exempt organ, and the development and progression of 
HCC are often accompanied by complex liver disease 
background that can impair immune response and 
impact the efficacy of ICI treatment. Therefore, there is 
an urgent need to identify HCC patients with specific 
liver diseases that may cause unmet responses to ICI 
treatment and ultimately improve its efficiency.

HCC is closely associated with cirrhosis, a pathologi-
cal process characterized by extracellular matrix (ECM) 
remodeling in the liver [4, 5]. ECM remodeling involves 
the dynamic changes of its components, which include 
collagen, glycoproteins, and proteoglycans. Depend-
ent on tumor types, multiple ECM components exert 
varied effects on ICI treatment with different under-
lying mechanisms, including interference on antigen 
presence, exclusion of activated T and NK cells and 
recruitment of immune-suppressive cells [4, 6]. ECM 
components facilitate ICI resistance and remain tar-
getable to enhance ICI in bladder, skin, pancreas, and 
lung cancers [7–9]. Despite the well-recognized role of 
cirrhosis in the development and progression of HCC, 
the interactions between altered ECM in cirrhosis 
(cirrhotic-ECM) and HCC cells, as well as the tumor 
micro-environment (TME) and their influence on HCC 
ICI, have yet to be clarified.

Neutrophils are the most abundant immune cells. 
Metabolic, chemokine and matrix alteration of neu-
trophils have been identified in HCC TME with mul-
tiple functions including secreting pro-inflammatory 
mediators, regulating immune-activation [10, 11]. Our 
previous study revealed neutrophils in HCC formed 
increased extracellular traps (NETs), a net like structure 
formed by extrusion of DNA and proteins, to trap dis-
seminated HCC cells and promote metastatic capacity 
of trapped cells [12]. In addition, NETs may inhibit the 
cytotoxicity of T and NK cells and induce pro-tumor 
Th17 signaling to impair immune activation [13–15]. 
However, how neutrophils and NETs are accumu-
lated in the TME of HCC, especially in cirrhotic-ECM, 

and their influence on ICI treatment require further 
exploration.

In this study, we uncovered a Col1-dominant cirrhotic-
ECM profile in HCC using muti-omics data with systemic 
bio-informatics analysis. Using various clinical cohort and 
pre-clinical models, we found that cirrhotic-ECM and Col1 
orchestrated a NETs-enriched immune-suppressive TME, 
thus impaired aPD-1 efficiency. Mechanically, cirrhotic-
ECM recruited neutrophils and initiated NETs by provok-
ing tumorous CXCL8 through Col1-DDR1-NFκB axis. 
Modulating cirrhotic-ECM by targeting DDR1 with nilo-
tinib efficiently reverse NETs-dominant immune-suppres-
sive TME, enhancing the aPD-1 treatment in HCC with 
cirrhosis, presenting an appealing therapeutic prospect.

Material and method
Human specimens, animal models, cell lines and public 
data resources
Tumor or normal liver tissues, and peripheral blood sam-
ples were obtained from the patients who underwent liver 
resections for HCC, or benign liver lesions such as heman-
gioma and focal nodule hyperplasia (FNH) in our institute 
with the informed consent of the patients. Tissue samples 
were preserved by frozen or fixed in 10% formalin. These 
were approved by the Research Ethics Committee of 
Huashan Hospital, Fudan University (KY2023-594, Shang-
hai, China).

5–8 weeks male C57BL/6 or nude mice were purchased 
from Gempharmatech Co., Ltd (Nanjing, China. https:// 
www. gemph armat ech. com/) and kept in a SPF (specific 
pathogen free) room at 25  °C, 50–60% moisture. Human 
HCC cell line HepG2, PLC/PRF/5(refer to PLC below), 
Huh7 and murine HCC cell line Hepa1-6 were obtained 
from National Collection of Authenticated Cell Cul-
tures (Shanghai, China. https:// www. cellb ank. org. cn/). 
All human and mouse liver cancer cells were cultured 
in DMEM with 10% FBS, glutamine and 1% penicillin–
streptomycin (Gibco) at 37  °C and 5%  CO2. Public data 
resources included transcriptional data of TCGA-LIHC 
and mass spectrometry proteomics data of CHCC-HBV 
(Chinese HCC patients with HBV infection), which were 
downloaded from GDC Data Portal (https:// portal. gdc. 
cancer. gov/) or from additional table S1 from ref [16].

https://www.gempharmatech.com/
https://www.gempharmatech.com/
https://www.cellbank.org.cn/
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
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ECM preparation and nanoscale liquid chromatography 
coupled to tandem mass spectrometry (nanoLC‑MS/MS) 
analysis
To prepare ECM, fresh human or murine HCC samples 
were collected and processed within 2  h. About 1   cm3 
tissue was frozen and sliced into 100  μm slices using a 
cryotome. Around 100 pieces of sectioned tissue was col-
lected in a 50  ml conical tube and washed with 1: 0.9% 
saline overnight to remove plasma, 2: 1% SDS for 48–72 h 
to completely remove cellular component and 3: PBS 
for 24 h to completely remove SDS. 4: 1 mg/ml DNAse 
(10607ES15, Yeasen company) for 2  h to remove DNA. 
In some set of experiment, we depleted Col1 from ECM 
with collagenase type I (YEASEN) for 10  min at 37  °C. 
The deposition was collected by centrifuge for 10  min, 
3000  rpm, and then resuspended in PBS (referred to as 
Col1-depleted ECM, or ECM-Col1). ECM or ECM-Col1 
was lyophilizated and grinded into powder using 0.5 mm 
mill beads with a homogenizer.

For cell-culture or in  vivo experiment, around 10  mg 
ECM powder was digested with pepsin in HCL solu-
tion (PH = 1), then neutralized with NaOH and diluted 
into 3 mg/ml. for nanoLC-MS/MS analysis, 10 mg ECM 
powder was consumed and the analysis was performed 
at biotree company (www. biotr ee. cn). Raw data was pro-
vided in Additional file 16: Table S4.

Establishment of mouse models
For ECM-altered orthotopic HCC murine model, 5 weeks 
old male C57BL/6 mice were intraperitoneal injected 
with 10 μl/kg dimethyl nitrosamine (DMN, No. 1466674 
Sigma) 3 times a week for 4 weeks to develop cirrhosis. 
Then 1 ×  106 Hepa1-6 cells were suspended with 20  μl 
Matrigel (No. 356234 Corning) and injected under the 
liver capsule to form HCC.

For ECM altered subcutaneous HCC murine model, 
1 ×  106 Hepa1-6 cells was injected subcutaneously into 
the flanks of 6 weeks old mice. After 1 week when tumor 
size reached 100  mm3, 100 μl of 10 mg/ml ECM solution 
or 3  mg/ml collagen type I solution (No. 354236 Corn-
ing) was intra-tumor injected 2 times a week to enable 
ECM or collagen deposition. Mice were sacrificed before 
tumor size reached 1.5  cm3.

For genetic engineered HCC murine model, performed 
by hydrodynamic injection (HDI) of 12.5  μg pT3-EF1a-
myrAKT1-HA, 12.5  μg pT-Caggs-NRasG12V and 5  μg 
pCMV-SB. A volume of plasmid solution equal to 10% of 
the body weight in sterile Ringer’s solution was injected 
via the tail vein within 5–7 s [17].

For mice undergo aPD-1 or nilotinib treatment, aPD-1 
(No. BE0146, inVivoMab) was administrated by intra-
peritoneal injection (10  mg/kg) twice a week. Nilotinib 

(Novartis) was administrated by gavage (100  mg/kg) 
daily. GSK484 (HY-100514, MCE) was administrated by 
intraperitoneal injection (5  mg/kg) 3 times a week. IgG 
(10 mg/kg) or corn oil was used as control.

Tumor volume was determined using the modified 
ellipsoidal formula, tumor volume = 1/2 length *  width2, 
based on digital calipers.

Quantification of growth supportive ability of Col1/ECM 
on tumor receiving ICI challenge
To reflect the growth supportive ability of ECM compo-
nent on subcutaneous implanted tumors, we defined a 
weight ratio C:

where  Weightcomponent1 is the weight of tumor injected 
with ECM component1, such as ECM or Col1, 
 Weightcomponent2 refers to the weight of tumor injected 
with ECM component2, such as ECM-Col1 or PBS. 
 Weightcomponent1 and  Weightcomponent2 are comparable, 
as both 2 tumors are implanted on the two flanks of the 
same mice. Higher C value indicate component1 sup-
ports tumor growth better than component2.

Immunohistochemical (IHC) staining
For IHC, 4% paraformaldehyde or 10% formalin fixed, 
paraffin-embedded sections were baked at 60 °C for 1 h, 
deparaffinized in xylene, and rehydrated in a graded 
series of ethanol solutions. Antigens were unmasked by 
microwave heating the samples in 10  mmol/l sodium 
citrate buffer (pH 6.0) for 15  min (5  min, 3 times), and 
the reaction was quenched using hydrogen peroxide 3%. 
After washing with PBS, the samples were incubated 
with the following primary antibodies overnight at 4 °C: 
anti-MPO (No. 14569, CST), anti-CD3 (No. 85061, CST), 
anti-H3Cit (No. ab219407, abcam), anti-CXCL8 (No. 
94407, CST), anti-COL1A1 (No. 72026, CST). Diamin-
obenzidine (DAB) was used as a detection system. Quan-
tification analyses were performed using ImageJ software 
based on the percentage of positively stained cells and 
the staining intensity per field in representative sections.

Immunofluorescence assay (IF)
For IF, 4% paraformaldehyde fixed cells seeded in the 
wells of glass-bottomed dishes or paraffin-embedded 
sections of patient/mouse tumors were rinsed twice with 
PBS. The following primary antibodies were used: anti-
MPO (No. 14569, CST), anti-CD3 (No. 85061, CST), 
anti-H3Cit (No. ab219407, abcam). The secondary anti-
bodies Alexa Fluor 488 [Alexa Fluor 488-Labeled Goat 
Anti-Mouse IgG, Beyotime Biotechnology] and Alexa 

C =

Weightcomponent1

Weightcomponent2
,

http://www.biotree.cn
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Fluor 555 (Alexa Fluor 555-Labeled Donkey Anti-Rabbit 
IgG, Beyotime Biotechnology) were used. Nuclei were 
counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI) before imaging. A Leica confocal microscope was 
used to capture the images. Quantification analyses were 
performed using ImageJ software based on the fluores-
cence intensity per cell in representative sections.

Neutrophils and T cells preparation
Peripheral neutrophils were isolated from HCC patients 
and healthy donors by a widely used one-step gradi-
ent centrifugation method using Polymorphprep (Axis-
Shield, Dundee, UK) according to the instruction and 
maintained in RPMI 1640 supplemented with 5% fetal 
bovine serum (FBS) for immediate use. T cells were 
isolated from the peripheral blood mononuclear cell 
(PBMC) with a CD8+ T Cell Isolation Kit (Miltenyi) 
according to the instruction and maintained in RPMI 
1640 supplemented with 5% FBS for immediate use.

NETs preparation
Peripheral human neutrophils were seeded in 6-well 
plates (1 ×  107/well and stimulated with 20  nM PMA 
(phorbol 12-myristate 13-acetate) for 4 h. Next, without 
disturbing the NETs, the supernatants were carefully 
removed using slow suction, and the wells were washed 
twice to eliminate residual PMA or NET unassociated 
substances. To digest the NETs, RPMI (1 ml) containing 
MNase (1  U/ml) was then added followed by incuba-
tion at 37  °C for 20 min. The nuclease activity was then 
stopped via treatment with 5  mM EDTA. The NET-
containing supernatant was collected and centrifuged to 
eliminate cellular debris. The isolated NETs were stored 
at − 80  °C for future use. The DNA concentration was 
applied as NETs concentration.

NETs formation and cytotoxicity assays
1 ×  105 HepG2 cells were seeded in 12-well plate coated 
with 0.5 ml of ECM (10 mg/ml), ECM-Col1 (10 mg/ml), 
Col1 (1 mg/ml) or PBS, after formation of small clonality, 
peripheral neutrophils from HCC patients were co-cul-
tured with tumor cells at 20:1 ratio for 4 h for allowance 
to extrude NETs. Then neutrophils were gently removed 
by PBS washing, leaving tumor cells covered by different 
amounts of NETs. Then 2 ×  106 aCD3 plus aCD28 (Biole-
gend) activated CD8+ T cells from PBMC were added to 
the culture assay and co-cultured for 2 days, to test how 
NETs affect T cells cytotoxicity.

Tumor cell survival was examined by flow cytometer. 
After co-cultured with T cells, suspended immune cells 
were gently removed with PBS. Then cells were col-
lected with Trypsin and labeled with CSFE (Thermo) and 
then fixed with 4% paraformaldehyde. Then anti-CD45 

antibody (BD-562886, BD) was used to mark immune 
cells in assay. Then flow cytometer was used to detect 
tumor cell survival rate. Live tumor cells were marked as 
 CD45−CSFEhigh

Confocal speculation was performed 10  h after T cell 
address. Tumor cells and T cells were marked with ER 
tracker blue (E12353, Thermo) or DiO (D3911, Thermo) 
before added into co-culture assay. NETs were marked 
with SytoxGreen (S7020, Invitrogen).

Vectors and cell transfections
An expression vector mediated by lentivirus for human 
DDR1 was constructed. DDR1 cDNA clone (NM-001954) 
was inserted into pCDH-puro expression vector (System 
Biosciences). In addition, 2 short hairpin RNAs (shRNA) 
targeting the human genes DDR1 were synthesized using 
the primers listed in Additional file 15: Table S3. All these 
constructs and oligonucleotides were transfected into 
HCC cells using Lipofectamine 2000 according to the 
product manual (Invitrogen).

Construction of ECM score
FPKM-normalized RNA-seq expression counts were 
downloaded from UCSC Xena (http:// xena. ucsc. edu/). 
A list of reference ECM genes was derived from matri-
someDB (Additional file  14: Table  S2). The ECM score, 
which was used to quantify the enrichment of ECM in 
tumors, was calculated via gene set variation analysis 
(GSVA) with the GSVA package. This analysis is based on 
a non-parametric and unsupervised method that is com-
monly used to estimate variation in the activities of path-
ways and biological processes in samples from expression 
datasets. The ECM scores were grouped by quantiles into 
4 groups for categorization and further analysis.

Neutrophil and T cell chemotaxis assay
Neutrophil chemotaxis was assayed in a Transwell sys-
tem using 5-μm polycarbonate membrane. Briefly, 1 ×  105 
HepG2 cells were seeded on the lower chamber of Tran-
swell assay, then 1 ×  106 neutrophils were loaded on the 
upper chamber, followed by incubation for 2 h. Neutro-
phils that migrated to the lower chamber were collected 
and counted in Neubauer chambers.

To assess the effect of ECM/Collagen I on T cell chem-
otaxis, 10 μl of ECM (1 mg/ml), ECM-Col1 (1 mg/ml), or 
NETs (100 μg/ml) was loaded on the membrane of Tran-
swell chamber. Total fluid volume was controlled at 20 μl 
with PBS. 1 ×  105 T cells were loaded on the upper cham-
ber for chemotaxis, and 500 μl HepG2 conditional media 
was loaded on the lower chamber to induce chemotaxis 
for 4  h. Flow cytometer was used to count the T cell 
number in the lower chamber.

http://xena.ucsc.edu/
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RNA isolation, reverse transcription, and qPCR
RNA was isolated from cell lines using Trizol reagent 
(Invitrogen). RNA was quantified using a Nanodrop 
ND-1000 (Thermo Fisher Scientific). Complementary 
DNA synthesis was performed using the PrimeScript 
RT Reagent Kit (Takara) according to the manufacturer’s 
directions. Real-time PCR was performed using SYBR 
Green (Takara) and an ABI PRISM 7900 Sequence Detec-
tion System (Thermo Fisher). The results were normal-
ized to GADPH for mRNA measurement. Fold change 
was calculated by the 2ΔDDCt method where DDCt ¼ 
DCt (Target-Reference) Treatment – DCt (Target-Ref-
erence) control. All the primers are listed in Additional 
file 15: Table S3. qPCR was conducted three times with 
three repetitions.

ELISA
Cell medium was collected for detection of CXCL8. An 
Elisa kit (RK00011, abclonal) was used and experiment 
was carried out according to the instruction.

Western blotting
Total protein was extracted by lysing cells in RIPA buffer 
containing protease inhibitor. Protein samples were sepa-
rated by SDS-PAGE and transferred onto polyvinylidene 
fluoride membranes. After blocking with 5% nonfat 
milk in TBS-T, membranes were incubated with pri-
mary antibody. The following antibodies were used: anti-
DDR1 (#3917, CST) and anti-p-DDR1 (Tyr513) (#14531, 
CST), anti-GAPDH (#2118, CST), anti-CXCL8 (#94407, 
CST), anti-p65 (#8242, CST), anti-pp65 (ser536) (#3033, 
CST), anti-COL1A1 (#72026, CST). Protein bands were 
detected by image acquisition using an ImageQuant LAS 
4000 (GE Healthcare Life Sciences).

Flow cytometer
Flow cytometer was used to detected T cell cytotoxicity, 
T cell and neutrophil fraction in tissue or as cell count-
ing. For culturing cells, cells were digested with Trypsin 
followed by antibody marking. For tissue sample, cells 
were pre-digested with collagenase till in single cell state, 
then followed by antibody marking. Antibody used in 

this manuscript include CD8-FITC (#140403, bioleg-
end), CD45-BV605 (#013155, biolegend), CD3-PE-Cy7 
(#100219, biolegend), Ly6g-FITC (#127605, bioleg-
end), Gr1-Per/Cy5 (#108427, biolegend) and CD11b-PE 
(#101207, biolegend).

For T cell toxicity assay, T cells were stimulated with 
1 μl of cell activation cocktail (#423303, biolegend) for 4.5 
to 6 h at 37 °C. After stimulation, cells were fixed and per-
meabilized using fix/perm working solution (562574, BD) 
and intracellular staining permeabilization wash buffer 
(562574,  BD) according to the manufacturer’s protocol. 
Intracellular staining was performed using aIFN-γ and 
aGZMB (biolegend) antibodies. Flow cytometry data 
acquisition was performed using a flow cytometer instru-
ment (CytoFLEX). Flow cytometry data were analyzed 
using Flowjo (v10.8.1) software.

Statistical analysis
Statistical analyses were performed using the R 4.0.4 
software. Student t test and one- or two-way ANOVA 
were used for comparisons between groups. For all tests, 
significance was determined with a 95% confidence 
interval (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001).

Results
ECM alteration in HCC with liver cirrhosis was characterized 
by Col1 up‑regulation
To obtain a comprehensive view of cirrhotic-ECM, we 
first collected ECM structure from freshly resected 
human HCC tissue with advanced background liver 
fibrosis (hereafter referred to as cirrhotic-ECM) by 
performing a 3-step washout of plasma and cellular 
components followed by H&E staining confirmation 
(Fig.  1A). We then utilized a label-free quantitative 
proteomics approach to identify the components pre-
sent in cirrhotic-ECM. Approximately 45% of the HCC 
cirrhotic-ECM enrichment fraction belonged to matri-
someDB, a collection of genes that encode core ECM 
proteins such as glycoproteins, collagens, and pro-
teoglycans, as well as ECM-associated proteins [18]. 
Among them, CoI1 encoded by COL1A1 and COL1A2 

(See figure on next page.)
Fig. 1 Cirrhotic‑ECM alteration in HCC was characterized by Col1 up‑regulation. A 3 steps de‑cellularization process to isolate cirrhotic‑ECM 
from HCC specimens. Gross appear (left) and HE staining (right) showed a complete loss of cellular composition. Scale Bar: 100 μm. B Label free 
quantitative proteomics analysis of the abundance and component of cirrhotic‑ECM in HCC. C Cox regression showed the Hazard Ratio (HR) of ECM 
genes in TCGA LIHC cohort. ECM genes are categorized according to matrisome. ECM_up/dn referred to the up‑regulated or down‑regulated ECM 
genes in HCC compared with para‑tumor tissue. D GSEA enrichment score (NES) of ECM genes between para‑ and tumor‑tissue in TCGA‑LIHC 
cohort. E, F Sirius red staining of collagen fiber composition in HCC para‑ and tumor‑tissue with or without cirrhosis (E), and quantification 
(F). Scale Bar: 100 μm. Collagen% referred to the area percentage of collagen fiber. Cirrhosis stage is categorized from S0 to S4 according 
to the pathological grading and staging systems for chronic hepatitis. G Collagen deposition in ECM from normal liver, HCC distal liver tissue, HCC 
para‑ and tumor‑tissue by Sirius red and IHC staining of COL1A1. Scale Bar: 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 1 (See legend on previous page.)
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ranked top, with each accounting for 10% and 6% of the 
total ECM protein, respectively (Fig. 1B).

To further explore the role of cirrhotic-ECM and its 
key component Col1 in HCC, we analyzed several cir-
rhotic-ECM encoding genes categorized by matrisome 
component in TCGA-LIHC cohort (Additional file  1: 
Fig. S1A), and found among them the up-regulated col-
lagen genes were most closely related to worse clini-
cal outcomes [18] (Fig.  1C). GSEA analysis confirmed 
collagen was also the most significantly enriched ECM 
component between HCC tumor and peri-tumor liver 
region (Fig.  1D). A matrix score based on matrisome 
genes was established, and it was found to be higher 
expressed in HCC with cirrhosis, and was related to 
poor survival (Additional file  1: Fig. S1B–D). Of note, 
certain matrisome components, including affiliated 
proteins and glycoprotein, displayed diverse regulatory 
patterns and optical effects on prognosis, indicating the 
complex role of cirrhotic-ECM in HCC. Using Sirius 
red staining, we demonstrated a correlated distribution 
of collagen levels in both non-tumor liver and tumor 
regions. In HCC with advanced cirrhosis (fibrosis stage 
4), collagen deposition was significantly higher in both 
para-tumor and tumor regions (Fig.  1E, F). We also 
observed a stepwise increasing deposition of collagen, 
especially Col1, in ECM from normal liver, non-tumor 
cirrhotic liver, cirrhotic peri-tumor liver to HCC tis-
sues by Sirius red staining and IHC staining of COL1A1 
(Fig.  1G). Clinically, whole ECM or collagen composi-
tion was a predictor of a worse survival for HCC and 
was relevant to clinical parameters, such as increased 
tumor marker, solitary tumor, encapsulation, tumor 
thrombosis, higher recurrence or metastasis rate in our 
HCC cohort (Additional file 13: Table S1).

Taken together, these results indicated that cirrhotic-
ECM which is featured by Col1 up-regulation is closely 
associated with and can be a predictor for a dismal clin-
ical outcome of HCC.

Cirrhotic‑ECM and Col1 attenuated aPD‑1 therapy 
efficiency by interrupting T cell function in HCC
One intriguing question is whether cirrhotic-ECM 
impacts the response to ICI therapy in HCC. To inves-
tigate this, we first employed a bioinformatics approach 
and utilized the C-ECM score, a scoring system based 
on ECM genes that predicts ICI response. Collagen 
was demonstrated the strongest correlation with the 
C-ECM score among all the key ECM components in the 
TCGA-LIHC cohort (Fig. 2A) [19]. Given the lack of ICI 
response data in TCGA-LIHC cohort, we assessed ECM 
components’ effect on ICI using melanoma and blad-
der cancer cohort. To be noted, higher Tumor Immune 
Dysfunction and Exclusion (TIDE) score indicates such 
component is more responsible for ICI resistance. As 
expected, collagen had the highest TIDE score among all 
ECM components (Fig.  2B, C). Thus, we expanded the 
TIDE score analysis to dataset of HCC and other solid 
tumors, and confirmed collagen type I, among other 
collagens, has the highest TIDE score, even higher than 
classical T cell suppress protein PD-L1 and PD-L2. These 
findings suggest that collagen type I may function to sup-
press T cell activity (Fig. 2D).

To evaluate the potential impact of cirrhotic-ECM and 
collagen on the response of HCC to ICI, we gathered data 
from the advanced HCC patients who received aPD-1 
treatment and had available response data at our insti-
tute. We measured the level of tumorous collagen and 
found that, consistent with our bioinformatics explo-
ration, HCC patients who exhibited a poor response to 
aPD-1 treatment (PD or SD by RECIST criteria) had a 
higher collagen level compared with those who a better 
treatment response (CR or PR) (Fig. 2E–G).

To further investigate the potential impact of cir-
rhotic-ECM on aPD-1 treatment, we established the 
ECM-enriched model by inducing cirrhosis in immune-
competent mice using DMN, and then established ortho-
topic and subcutaneous implantation HCC models using 
Hepa1-6 cells. Consistent with the findings in clinical 

Fig. 2 Cirrhotic‑ECM and Col1 attenuated aPD‑1 therapy by interrupting T cell cytotoxicity in clinical cohorts and pre‑clinical models. A Correlation 
between GSEA enrichment score of ECM composition and C‑ECM score in TCGA LIHC cohort. B, C TIDE score and ECM composition enrichment 
in 2 melanoma cohort treated with aPD‑1 in TCGA cohort. D Heatmap of pan‑cancerous correlation between TIDE score and collagen genes. E, F 
Sirius red staining of collagen fiber in aPD‑1‑treated HCC patients with well (n = 19) or poor responses (n = 12). Scale Bar: 500 μm. G Representative 
MRI images of the different response HCC patients to aPD‑1 treatment. H Establishment scheme of Hepa1‑6 orthotopic implantation HCC 
model in C57BL/6 mice w/o cirrhotic‑ECM alteration. I, J Representative bioluminescence images of tumors w/o aPD‑1 treatment in orthotopic 
implantation HCC model w/o ECM alteration (I), and quantification of average radiance of fluoresce intensity of photon flux (J). K Quantification 
of Intratumor IFNγ+ T cell, PD‑1+TIM3+ T cell and TIM3+ T cell across subgroups of orthotopic implantation HCC model w/o cirrhotic‑ECM alteration 
by flow cytometry. L Establishment scheme of Hepa1‑6 subcutaneous implantation HCC model in C57BL/6 mice w/o cirrhotic‑ECM/Col1 alteration. 
M, N Images and quantification of tumor w/o aPD‑1 treatment in subcutaneous implantation HCC model w/o cirrhotic‑ECM/Col1 alteration. 
Scale Bar: 1 cm. O C value of ECM or Col1 under aPD‑1 or control treatment challenge. X axis showed whether tumor underwent aPD‑1 treatment 
challenge. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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cohorts, DMN-induced cirrhosis promoted tumor pro-
gression in the orthotopic implantation model. Treat-
ment with aPD-1, which proved effective in non-cirrhotic 
mice, failed to exert tumor inhibitory effect in the DMN-
induced cirrhotic model (Fig.  2H–J). Flow cytometry 
analysis demonstrated a less immune-activation (IFN-γ, 
GZMB) and a higher immune-exhaustion (PD-1, TIM3) 
indicator in tumor-infiltrating T cells from HCC with 
ECM-enriched cirrhosis (Fig.  2K). Furthermore, we 
extracted ECM components from the HCC tissue from 
the mice model with DMN-induced cirrhosis (cirrhotic-
ECM) and subcutaneous implantation models. Similar 
to the orthotopic implantation model, these extractions 
displayed an equivalent pro-tumor ability and inhibi-
tory effect on aPD-1 response. Moreover, Col1 injection 
alone, which was identified as the key component of cir-
rhotic-ECM in HCC, exerted a comparable inhibition on 
aPD-1 efficacy (Fig. 2L, M). ECM or Col1 showed a more 
significant tumor growth promoting ability (C value) of 
HCC under aPD-1 treatment compared with controls 
(Fig.  2N, O, see method). This was companied with a 
similar reduction of intra-tumor CD8+ T cells and cyto-
toxicity factor TNFA and GZMB (Additional file  2: Fig. 
S2). Taken together, these results demonstrated that cir-
rhotic-ECM and Col1 can attenuate the efficacy of aPD-1 
therapy by disrupting T cell cytotoxicity.

Cirrhotic‑ECM and Col1 orchestrated a neutrophils‑ 
and NETs‑enriched immune‑suppressive tumor 
microenvironment in HCC
ECM has been acknowledged for its broad immune-
regulatory capacity in both inflammation and can-
cer. To investigate the effect of cirrhotic-ECM on the 
tumor microenvironment (TME) and ICI response of 
HCC, we analyzed the differentially expressed genes 
(DEGs) between ECM score-high and -low subgroups 
of the TCGA LIHC cohort using the KEGG enrichment 
method, and revealed that the major difference was in 
neutrophil function, rather than T cell cytotoxicity or 
exhaustion (Fig. 3A and Additional file 3: Fig. S3A). Using 
cell marker gene expression and the Cibersort deconvo-
luted cell fraction method, a neutrophil-dominant TME 
was demonstrated in ECM-high HCC at both proteomic 
(CHCC-HBV cohort) and transcriptional levels (TCGA-
LIHC cohort) (Additional file 4: Fig. S4A, B).

Neutrophils within the TME, which are known to form 
extracellular traps (NETs), have been shown to exert a 
complex regulatory capacity in many types of cancer. 
We have also found that increased neutrophils and NETs 
promote HCC growth and progression by provoking a 
tumorous inflammatory response [12, 20]. In the present 
study, the enrichment of NETs was further observed in 
ECM score-high HCC (Additional file 4: Fig. S4C, D).

Re-analyzing the multi-parameter flow cytometry data 
of our previous study [21] further validated an increased 
neutrophils accumulation in HCC with advanced cirrho-
sis (Additional file 5: Fig. S5). Consistently, immunohis-
tochemistry (IHC) for the neutrophil marker MPO and 
the NETs marker MPO-H3Cit in an independent HCC 
cohort with advanced cirrhosis from our institute also 
demonstrated a higher distribution of neutrophils and 
NETs (Fig. 3B, Additional file 13: Table S1). In orthotopic 
transplantation or HDI-induced murine HCC model, we 
observed that DMN-induced cirrhosis increased neutro-
phils and NETs in the tumors, with or without a decrease 
of CD8+ T cells (Fig.  3C–G and Additional file  6: S6), 
which was consistently observed in the subcutaneous 
implantation model (Fig.  3H–L). These findings sug-
gested that cirrhotic-ECM and its key component Col1 
play a significant role in orchestrating a neutrophil- and 
NETs-enriched TME in both human and mice.

Cirrhotic‑ECM enriched in Col1 initiated NETs formation 
to shield tumor cell and impede T cell motivation
We further assessed the interplay between cirrhotic-
ECM/Col1 and neutrophils in TME. Despite Col1 alone 
failed to increase neutrophils chemotaxis (Additional 
file  7: Fig. S7), the conditioned medium from the Col1-
treated HCC cells showed a significant effect on increas-
ing neutrophil chemotaxis (Fig.  4A, B). Furthermore, 
both cirrhotic-ECM and Col1, rather than the Col1-
depleted cirrhotic-ECM, were observed to increase NETs 
formation in a co-culture system of HCC cells and neu-
trophils (Fig. 4C). We further employed an ECM-coated 
co-culture system consisting of HepG2 cells, neutrophils, 
and activated CD8+ T cells, which allowed for the simul-
taneous NETs formation and tumor cell killing (Fig. 4D). 
As expected, T cells cytotoxicity on HepG2 cells was sig-
nificantly impeded by cirrhotic-ECM/Col1-iniated NETs, 
but not Col1-depleted cirrhotic-ECM (Fig.  4E). Under 
confocal microscopy, we observed massive NETs formed 
and assembled in a shield-like structure around HepG2 
cells, which prevented T cells from contacting and kill-
ing tumor cells in the cirrhotic-ECM/Col1-coated condi-
tion (Fig. 4F). Such NETs shields were also detected at a 
higher frequency in the subcutaneous co-implantation 
tumor with Col1 (Fig.  4G). When NETs shields were 
removed, the contact of T cells with HepG2 cells was 
restored (Additional file 8: Fig. S8). In addition to shield-
ing HCC cells from T cells, Transwell assay showed that 
Col1 mixed with NETs also diminished T cell chemo-
taxis induced by HCC medium, and thus further inhib-
ited T cell contact (Fig. 4H, I). Moreover, administration 
of NETs also impeded contacted T cells cytotoxicity by 
reducing IFN-γ and GZMB secretion (Additional file  9: 
Fig. S9). Immune-staining revealed abundant local 
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neutrophils and absence of T cells within the central 
region of the subcutaneous tumors implanted with Col1 
(Fig. 4J). Given the above essential role of NETs in imped-
ing T cells function within cirrhotic-ECM, we blocked 

NETs formation by GSK484 in orthotopic Hepa1-6 mice 
models with DMN-induced cirrhosis, which resulted in 
a significant decrease in tumor volume and increase of T 
cell activation (Fig. 4K, L).

Fig. 3 Cirrhotic‑ECM orchestrated a neutrophils/NETs‑dominant immune‑suppressive TME through Col1. A Chord plot of KEGG enrichment based 
on DEGs from patients with ECM score ‑high and ‑low in TCGA‑LIHC cohort. B Representative images and quantification of IHC and multiplex 
fluorenes staining of MPO and H3cit in HCC patient with fibrosis. Scale Bar: 50 μm. C Establishment scheme of Hepa1‑6 orthotopic HCC model 
in C57BL/6 mice w/o DMN‑induced cirrhotic‑ECM alteration. D, E Representative IHC staining (D) and quantification (E) of the MPO (neutrophils) 
and CD8 (T cells) in orthotopic model in C. Scale Bar: 100 μm. F, G Representative multiplex fluorenes staining (F) and quantification (G) 
of the MPO+H3cit (NETs) in orthotopic model in C. Scale Bar: 100 μm. H Establishment scheme of Hepa1‑6 subcutaneous HCC model in C57BL/6 
mice w/o Col1 co‑injection. I, J Representative flow cytometry images (I) and quantification (J) of the Gr1+Ly6zG+ neutrophils and CD3+ T cells 
in subcutaneous model in H. K, L Representative multiplex fluorenes staining (K) and quantification (L) of the MPO + H3cit (NETs) in subcutaneous 
model in H. Scale Bar: 20 μm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Taken together, these results suggested that neutrophils 
form more NETs in cirrhotic-ECM/Col1 enriched TME, 
thus retard distant T cells motivation and shield HCC 
cells from adherent T cells attacking.

Col1 activated DDR1‑CXCL8 axis to attract neutrophils 
and promote NETs formation
Both the cirrhotic-ECM/Col1 and HCC cells were 
required to form immunosuppressive NETs, which indi-
cates the possible important roles of the interaction 
between them. RNA-seq was performed in HepG2, Huh7 
and PLC/PRF/5 cells treated by cirrhotic-ECM. A total of 
1961/18139 up-regulated genes were identified. Among 
of them, CXCL8, a widely recognized inflammatory 
mediator involved in regulating neutrophil chemotaxis 
and function, had the highest significance and consist-
ency in all the three cell lines (Fig. 5A, Additional file 17: 
Table  S5). qPCR, ELISA and immune-blotting assays 
demonstrated that both cirrhotic-ECM and Col1 could 
induce CXCL8 up-regulation in HCCs (Fig. 5B–D). Fur-
thermore, an obvious upregulation of CXCL8 secreted 
by tumor cell was also detected by immunohistochemis-
try in cirrhotic HCCs (Fig. 5E). KEGG annotation of the 
top 20 up-regulated genes also demonstrated the impor-
tant roles of NETs and NFκB pathway (Fig. 5F). Moreo-
ver, exogenous CXCL8 could promote NETs formation 
in  vitro (Fig.  5G). And a positive correlation was found 
between CXCL8 and neutrophils marker FUT4 levels in 
TCGA LIHC cohort (Additional file 10: Fig. S10). These 
suggested CXCL8 is a critical mediator between HCC 
cells and pro-tumor neutrophils/NETs in cirrhotic-ECM 
enriched TME.

Discoidin domain receptor 1 (DDR1) is a well-known 
receptor for Col1. Immunoblot analysis revealed that 
cirrhotic-ECM and Col1 induced DDR1 phosphorylation 
and subsequent up-regulation of CXCL8 in HepG2 cells, 
whereas Col1-depleted ECM did not show such effects 
(Fig. 5C). Furthermore, overexpression or knockdown of 

DDR1 by lentivirus or shRNA was sufficient to modulate 
Col1-induced CXCL8 up-regulation in both HepG2 and 
Huh7 cells, as evidenced by immunoblotting. In addition, 
a coexistence of p65 phosphorylation with DDR1 and 
CXCL8 levels was observed, which further supports a 
role of NFκB pathway in the cirrhotic-ECM/Col1-DDR1-
CXCL8 axis (Fig. 5H, I and Additional file 11: S11A–C).

Furthermore, we established a humanized mice model 
by subcutaneously implantation of  Huh7DDR1OE or 
 Huh7PCDH in nude mice, and subsequently adoptively 
transferred with human PBMCs via intravenous injec-
tion (Fig.  5J). DDR1 overexpression promoted tumor 
growth and increased CXCL8 expression, accompanied 
by a robust increase in immunosuppressive neutrophils 
(Fig. 5K–M). In TCGA LIHC cohort, the expression lev-
els of DDR1, CXCL8 and p65 were positively correlated 
(Additional file  10: Fig. S10). Collectively, these find-
ings suggest that cirrhotic-ECM triggers HCC-derived 
CXCL8 through the Col1-DDR1-NFκB axis.

DDR1 inhibitor enhanced aPD‑1 response 
through reversing neutrophils/NETs‑dominant 
immunosuppressive TME in HCC
Nilotinib is a selective inhibitor of DDR1 activation, 
which has been approved by FDA of USA as an anti-leu-
kemia drug. In vitro studies showed that nilotinib could 
effectively interrupt Col1-mediated tumorous DDR1 
phosphorylation, thus impairing its downstream CXCL8 
up-regulation and the increased neutrophil chemotaxis 
to HCC cells (Fig. 6A–C). We further evaluated the syn-
ergistic effect of nilotinib and aPD-1. In either the sub-
cutaneous implantation model with cirrhotic-ECM, or 
the orthotopic model with DMN-induced liver cirrho-
sis, nilotinib demonstrated more significant capacities 
to reduce the immunosuppressive neutrophil infiltration 
with subsequent reclaimed T cell activation, as well as the 
inhibitory effect on HCC growth and progression when 
in combination with aPD-1 compared with its treatment 

Fig. 4 Col1‑enriched cirrhotic‑ECM initiated neutrophils to form NETs to shield tumor cells and impede T cell motivation. A, B Establish 
scheme (A) and quantification (B) of neutrophils chemotaxis to Col1‑treated HCC cells in a Transwell system. Col1 and HCC cell were co‑placed 
on the lower chamber, and CSFE‑labeled neutrophils were placed on the upper chamber. C Representative images and quantification 
of SytoxgGreen‑marked NETs formation in a co‑culture system of neutrophils and HepG2 w/o ECM/ECM‑Col/Col1. Scale Bar: 5 μm. D Scheme plot 
of the HepG2‑neutrophil‑T cell co‑culture assay in dishes coated w/o ECM/ECM‑Col/Col1. E Quantification of HepG2 survival by flow cytometry 
in assay in D. F Fluorescence images of NETs (SytoxGreen) shielding HepG2 cell (ER tracker blue) from adherent T cells (Dio red) w/o Col1. Scale Bar: 
5 μm. G Representative fluorescence images of local spatial distribution of HCC cell (Hoechst), NETs (H3cit, green) and T cell (CD8 red) in Fig. 3H. 
Scale Bar: 5 μm. H Establish scheme (H) and quantification (I) of T cells chemotaxis to Col1‑treated HCC cells in a Transwell system by flow 
cytometry. HCC cells were placed on the lower chamber of Transwell assay. PET membrane was coated with Col1/NETs/Col1+NETs. CSFE‑labeled 
T cells were placed on the upper chamber. J IHC images of spatial distribution of intra‑tumor T cell and neutrophils at the intra‑tumor injection 
site of Col1 in Hepa1‑6 subcutaneous model. Scale Bar: 200 μm. K, L Images of Tumor (K), and quantification (L) of Intra‑tumor GZMB+CD8 T cell, 
IFN‑γ+CD8 T cell and CD8 T cell by flow cytometry in Hepa1‑6 orthotopic model with DMN‑induced cirrhosis w/o GSK484. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001

(See figure on next page.)
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alone (Fig.  6D–F). Importantly, their combination was 
well tolerated, as there was no significant change in 
peripheral blood cell count, nephrotic function, or liver 
function of the tested mice (Additional file 12: Fig. S12). 
Taken together, these results suggest that nilotinib can 
reduce the Col1-DDR1-CXCL8-mediated neutrophil-
dominant immunosuppressive TME, and thus enhancing 
the ICI response of HCC.

Discussion
The excessive condensation of extracellular matrix 
(ECM) in the tumor microenvironment (TME) plays 
a critical role in tumor progression and metastasis, as 
well as therapy resistance through multiple mechanisms. 
Altered ECM remodeling in cirrhosis further complicates 
HCC malignancy and treatment. However, a compre-
hensive analysis of the cirrhotic-ECM alteration profile, 
as well as the effect of cirrhosis-associated precancer-
ous lesions on HCC TME, remains less clarified. In this 
study, we performed a bioinformatics analysis of multi-
omic HCC cohorts and multiple pre-clinical mice mod-
els, combining transcriptional and proteomic sequence 
data. We identified over-deposition Col1 as the key fea-
ture of cirrhotic-ECM in HCC. Consistent with previous 
reports that collagen or certain ECM components predict 
a worse survival and represent a phenotype with higher 
malignancy in several cancers, we further demonstrated 
a close relationship between cirrhotic-ECM and its key 
component Col1, and poor prognosis in HCC.

Several mechanisms in the immune modulation of 
ECM or collagen have been raised. Collagen, by forming 
dense fiber, can exclude lymphocyte infiltration, which 
has been observed in various kind of cancers includ-
ing pancreatic, breast, lung and bladder cancers [22, 23]. 
Moreover, collagen can regulate cytotoxicity of lympho-
cyte by binding to collagen receptor, such as LAIR1 or 
DDR1 [24–26]. These two mechanisms on T cells are 
prevalent in most type of cancers. Here we demonstrated 
a novel immune regulating mechanism of cirrhotic ECM 

that collagen alters tumor cell through DDR1-NFκB-
CXCL8 axis, which attracts immune neutrophil/NETs to 
repress T cell cytotoxicity. Limited report has mentioned 
this mechanism in other solid malignancies yet.

Although liver cirrhosis is known to contribute to 
HCC development and progression, limited research 
has explored how cirrhotic ECM affects immune check-
point inhibitor (ICI) response in HCC. Despite clinical 
trials suggest that HCC patients with viral hepatitis, the 
most common etiology of cirrhosis, may have differ-
ent ICI responses, direct evidence on cirrhosis and ICI 
response remains scarce. In line with recent reports, an 
ECM-based algorithm (C-ECM score) has been found to 
positively predict ICI response. We provide additional 
evidence that cirrhotic-ECM/Col1 enrichment is corre-
lated with the TIDE score, a widely accepted ICI predic-
tive indicator. In addition to bioinformatics analyses, we 
present compelling evidence supporting the detrimen-
tal effect of cirrhotic-ECM on ICI response in our HCC 
cohort, as well as in immune-competent HCC-bearing 
mice with altered cirrhotic-ECM. This finding is con-
sistent with previous studies in lung and breast cancers, 
which indicates that collagen promoted ICI resistance 
through T cell exhaustion or exclusion [26–28]. Impor-
tantly, our data suggest that Col1 is an essential compo-
nent of cirrhotic-ECM for exerting ICI augmentation 
capacity, as cirrhotic-ECM failed to impair ICI when 
Col1 was depleted.

The implantation mice models of Hepa1-6 cells are 
often used in immune therapy study. But they didn’t’ have 
cirrhotic liver background. DMN-induced cirrhosis and 
carcinogenesis model might be more suitable to assess 
how cirrhotic liver background influent HCC response, 
however, it is a time-consuming and difficult process 
with a very high mortality of mouse. To deal with this 
problem, we combined these two models by implant-
ing Hepa1-6 cells into the DMN-induced cirrhotic mice, 
which could somewhat mimic HCC development and 
response to treatment in a cirrhotic background.

(See figure on next page.)
Fig. 5 Col1 in cirrhotic‑ECM triggered tumorous DDR1‑NFκB‑CXCL8 axis in HCC to recruit neutrophils/NETs. A Heatmap of up‑regulated genes 
in PLC/HepG2/Huh7 treated with cirrhotic‑ECM by RNA‑seq. B CXCL8 mRNA level change in PLC/HepG2/Huh7 treated with Col1 by qPCR. C CXCL8 
level change in PLC/HepG2/Huh7 treated with Col1 by Elisa. D Phosphorating DDR1 and CXCL8 level change in Huh7 treated with Col1/ECM‑Col1/
ECM by Western Blot. E CXCL8 expression in human HCC specimen by IHC. Scale Bar: 50 μm. F KEGG annotation of up‑regulated genes in A. G NETs 
formation by immune‑fluorescence staining. Normal human peripheral neutrophils were co‑cultured with HepG2 cells w/o exogenous CXCL8, NETs 
were then fixed and labeled with SytoxGreen. Scale Bar: 4 μm. H p‑p65 and CXCL8 level change in Huh7 with DDR1 knockdown or over‑expression 
by Western Blot. I CXCL8 mRNA level change in Col1‑treated Huh7 with DDR1 knockdown or over‑expression by qPCR. J Scheme plot of humanized 
mice model. Nude mice were subcutaneously implanted with Huh7 cells w/o DDR1 over‑expression, and human PBMC were i.v injected to allow 
T cell infiltration 7 days later. K Images of tumor growth and quantification of Huh7 tumor w/o DDR1 over‑expression in humanized mice model. 
L CXCL8 expression in Huh7 tumor w/o DDR1 over‑expression in humanized mice model by Western Blot. M Quantification of intra‑tumor 
neutrophils density (count per ×40 view) in Huh7 tumor w/o DDR1 over‑expression by IHC. Scale Bar: 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001
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Reshaped TME composed of Immune-suppressive cells 
modulating T cells dysfunction is well documented as 
one key cause of ICI failure. The formation of immune-
suppressive TME may result from either tumor-secreted 
factors or ECM components, but more likely, the interac-
tion between ECM and tumor cells. In this study based 
on multiple cohorts, we revealed neutrophils to be the 
most altered immune component in TME of HCC with 
cirrhosis. The neutrophils recruitment initiated by cir-
rhotic-ECM required involvement of HCC cells, instead 
of cirrhotic-ECM or Col1 alone. The transcript analy-
sis revealed cirrhotic-ECM/Col1 acted on neutrophils 
in an indirect way by triggering HCC cells-secreted key 
neutrophilic chemokine CXCL8. In HCC, neutrophils 
accounts for 5–30% of total cell number. Accumulating 
multi-omics studies at single-cell level uncovered a pre-
vious less recognized yet emerging role of neutrophils in 
either treatment-naïve or treated HCC with prognostic 
value [11]. Pan-cancerously, multiple mechanisms may 
be involved in tumor-associated neutrophils to domi-
nate immune-suppressive TME. Under certain stimula-
tion, pro-tumor neutrophils extrude NETs, a web-like 
structure tightly involved in cancers and inflammatory 
disorders. Previously we reported increased NETs facili-
tate HCC metastasis by optimizing tumor seeding and 
boosting subsequent malignant phenotype [12]. Sup-
ported by reports on CXCL8-mediated neutrophils accu-
mulation and NETs formation, here we proved cancerous 
CXCL8-recruited neutrophils formed increased NETs in 
cirrhotic-ECM/Col1 enriched TME, which were essential 
to immune-suppression and poor ICI response.

Role of NETs in impairing ICI has been suggested 
in pancreatic and colon cancer, where NETs caused 
immune-suppressive TME by attenuating T cells activa-
tion through less known mechanism [15]. In cirrhotic-
ECM, we observed the increased NETs together with 
Col1 wrapped HCC cells and blocked physical contact 
between tumor cells and cytotoxic T cells, thus impair-
ing ICI response. Moreover, the shield-like structure 
of NETs and Col1 around HCC cells also trapped and 
directly exhausted activated T cells through protease and 

immune-suppressive molecule decorated on chromatin 
backbone of NETs [29, 30]. In addition to shielding HCC 
cells from adherent activated T cells, we found cirrhotic-
ECM/Col1 and NETs in synergic also ceased distant T 
cells infiltration into tumor region, thus creating a local 
neutrophils/NETs-enriched but T cells-deserted region. 
This is supported by the finding that neutrophils/NETs 
and T cells were observed oppositely distributed in cir-
rhotic-ECM/Col1 enriched area, either by us or others 
[31, 32]. The NETs-enriched and T cell-sparse TME also 
explains the more aggressive intra-hepatic metastasis in 
cirrhotic HCC patients.

As one major ECM receptor [33–35], DDR1 pathway 
played a crucial role in immune regulation, progres-
sion, metastasis and carcinogenesis in various types of 
cancer [33, 34, 36, 37]. Emerging clinical trials highlight 
targeting DDR1 as a novel systemic strategy. Tyrosine 
kinase inhibitor nilotinib is a FDA-approved agent for 
chronic myelogenous leukemia that selectively inhibits 
DDR1 pathway [38]. Nilotinib, or other DDR1 inhibitors 
has been proven effective in preclinical cancer models 
include lung cancer [39], pancreatic cancer [35], ovar-
ian cancer [36] and breast cancer [27]. Here we revealed 
nilotinib efficiently modulated immune-suppressive TME 
by blocking Col1-DDR1-CXCL8 axis triggered by cir-
rhotic-ECM, thus lowing neutrophils/NETs enrichment, 
reclaiming T cells activation, and eventually improv-
ing ICI response. The synergic effect of targeting DDR1 
with nilotinib and ICI with well tolerance is of appealing 
therapeutic value in HCC, especially those with advanced 
cirrhosis.

Conclusion
Cirrhotic-ECM featured by Col1 enrichment impairs the 
response of HCC to ICI by orchestrating a neutrophils/
NETs-dominant immune-suppressive TME through 
DDR1-NFκB-CXCL8 axis. This provides a mechanical 
insight, as well as a potential combination strategy by tar-
geting DDR1 to enhance ICI response in HCC patients 
with cirrhosis (Fig. 6N).

Fig. 6 Synergistic effect of inhibiting DDR1 with nilotinib on aPD‑1 in cirrhotic HCC through reversing neutrophils/NETs‑dominant 
immunosuppressive TME. A Level change of phosphorating DDR1 in Col1‑treated HepG2 cells w/o nilotinib and DDR‑IN‑1 by Western Blot. B CXCL8 
mRNA level change in Col1‑treated HepG2 w/o nilotinib by qPCR. C Neutrophils chemotaxis to Col1‑treated HepG2 cells w/o nilotinib by flow 
cytometry in Transwell system. D–F Tumor growth (D), IHC images (E) and flow cytometry quantification (F) of infiltrated neutrophils in Hepa1‑6 
subcutaneous mice model challenged with cirrhotic‑ECM plus nilotinib (nilo)/aPD‑1/nilo+aPD‑1. Scale Bar: 100 μm. G–M Experiment design 
was shown as G. Representative images (H) and quantification (I) of tumor growth, IHC/IF staining (J) and quantification of Ly6G+ neutrophils (K), 
CD8+ T cells (L) and NETs (M) in Hepa1‑6 orthotopic HCC mice model with DMN induced cirrhosis treated with nilotinib (nilo)/aPD‑1/nilo+aPD‑1. 
Scale Bar: 100 μm. Cell number was calculated by counts per ×40 view. N A schematic diagram described the mechanism of cirrhosis ECM induced 
NETs performed blockade of T cell cytotoxicity and attenuated ICI efficiency in HCC. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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Abbreviations
HCC  Hepatocellular carcinoma
ICI  Immune checkpoint inhibitor
ECM  Extracellular matrix
Col1  Collagen type I
NETs  Neutrophil extracellular traps

aPD‑1  Anti PD‑1
nanoLC‑MS/MS  Nanoscale liquid chromatography coupled to tandem 

mass spectrometry
IHC  Immunohistochemical
IF  Immunofluorescence

Fig. 6 (See legend on previous page.)
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Additional file 1: Figure S1. ECM gene expression in HCC. A Heatmap 
showing the ECM gene expression. B ECM score distribution between 
HCC with or without cirrhosis. C Kaplan–Meier plot showing the OS differ‑
ence between Matrix score high HCC and matrix score low HCC.

Additional file 2: Figure S2. Col1 deposition is related with suppressed 
T cell cytotoxicity. A, B IHC showed CD8+ T cell density, GZMB and TNFA 
intensity in subcutaneous Hepa1‑6 tumor with or without intra‑tumor 
Col1 deposition. Scale Bar: 100 μm.

Additional file 3: Figure S3. Scheme plot showed the analysis procedure 
comparing the biological difference between matrix score high and 
matrix score low HCC.

Additional file 4: Figure S4. Microenvironment difference between ECM 
score high and low HCC. A Protein abundance difference of neutrophil 
marker MPO and T cell marker in para‑tumor and tumor tissue between 
HCC stratified with top 25%, top 50%, top 75% and bottom 25% ECM 
score in CHCC‑HBV cohort. B Cell fraction difference between ECM score 
high and low HCC. C, D NETs gene expression difference and GSEA analy‑
sis outcome between ECM score high and low HCC.

Additional file 5: Figure S5. T cell and neutrophil enrichment difference 
between HCC with S4 liver fibrosis compared to S0/S1 fibrosis. A Repre‑
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