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The role of TGF-β pathway alterations in immune regulation as a 
potential pan-cancer biomarker in immunotherapy 
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Background: Depending on the context, the transforming growth factor beta (TGF-β) signaling pathway 
is involved in opposing cell processes of tumor suppression and tumor promotion. However, the effects of 
TGF-β pathway on immunotherapy efficacy have not yet been systematically investigated.
Methods: In this study, we have extracted the available data of whole-exome sequencing, messenger RNA 
(mRNA) expression, baseline characterization, and prognosis information of 10,912 pan-cancer patients from 
The Cancer Genome Atlas to explore the role of TGF-β pathway in immune regulation. Formalin-fixed, 
paraffin-embedded tissue samples from 6,717 Chinese cancer patients assayed by next-generation sequencing 
(NGS) were used as a validation cohort (3DMed cohort). Data sets from the public MSK (Memorial Sloan 
Kettering Cancer Center) cohort (N=1,610) were used to explore the association of TGF-β pathway with 
immunotherapy effects.
Results: The results showed that TGF-β pathway alteration was significantly correlated with high 
microsatellite instability (MSI), high tumor mutational burden, and high neoantigen burden (TNB) (P<0.001 
for each). Consistently, the pathway mutations were associated with distinct patterns of immune-related 
gene expression and tumor-infiltrating immune cells. Patients with TGF-β pathway mutations exhibited 
significantly worse prognosis than did the wild-type patients regardless of the interventions [overall survival 
(OS): hazard ratio (HR) 1.20; 95% confidence interval (CI): 1.08–1.33; P=0.001]. However, when treated 
with immune checkpoint inhibitors (ICIs), superior survival benefit was observed in patients from the 
mutation group versus the wild-type group (OS: HR 0.73; 95% CI: 0.61–0.88; P=0.001).
Conclusions: Collectively, our study suggested that mutations in TGF-β pathway may be associated with 
positive immune regulation and better efficacy of immunotherapy.
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Introduction

Immune checkpoint blockades (ICBs) have already 
demonstrated the promising clinical activity in many 
solid tumors. However, just a small part of cancer patients 
could benefit from the ICB treatment. Several molecular 
biomarkers may help to select patients who more likely 
derive benefit from ICBs, such as PD-L1 expression (1-3),  
mismatch repair-deficient (dMMR)/microsatell ite 
instability-high (MSI-H) (4,5) and tumor mutational 
burden (TMB) (6). Especially, dMMR/MSI-H and TMB 
have been FDA-approved pan-cancer biomarkers for 
ICB treatment in advanced solid tumors. Recently, more 
and more biomarkers have been explored to predict ICB 
efficacy, especially mutations in different pathways, such 
as DNA damage response (DDR) pathway (7), NOTCH 
signaling (8), and PBAF complex (9), but these biomarkers 
have limited utility. 

The seemingly split personality of transforming growth 
factor beta (TGF-β) pathway in cancer development has 
been widely reported in recent past years. TGF-β pathway 
is considered to switch from tumor suppressive in the 
early stages of carcinogenesis to metastasis and tumor 
promoting as the tumor progresses (10,11). Treatment 
strategies that block TGF-β signaling in advanced-stage 
or metastatic cancers are currently being evaluated in 
clinical trials (12), such as several novel TGF-β signaling 
inhibitors. Another interesting avenue of research involves 
investigating the role of the TGF-β superfamily in the 
immune microenvironment and its relevance to cancer. 
TGF-β can regulate both innate and adaptive immunity via 
multiple mechanisms (13,14). Aberrant upregulation of the 
pathway has been shown to correlate with tumor metastasis 
and cancer progression through the potential induction 
of epithelial-mesenchymal transition (EMT) from either 
canonical or noncanonical TGF-β downstream signaling 
in late-stage tumors (15,16). In this regard, an increasing 
number of ongoing and upcoming studies will be exploring 
the combined strategies of anti-TGF-β and immune 
checkpoint blockades (ICBs) in cancer treatment.

TGF-β signaling is associated with broad immune 
evasion through the inhibition of T cell immunity and 
other immune functions, leading to immune tolerance in 
various tumors, such as (17), metastatic urothelial cancer 
(mUC) (18), non-small cell lung cancer (NSCLC) (16), 
hepatocellular carcinoma (HCC) (19), melanoma and 
bladder carcinoma (20). For example, through the analysis 
of RNA sequencing data of 298 pretreatment tumor 

samples from a large phase 2 trial (IMvigor210) of mUC, 
a signature of TGF-β signaling was found to attenuate 
atezolizumab response by contributing to the exclusion of 
T cells (18). Combined administration of anti-TGF-β and 
anti–programmed death-ligand 1 (PD-L1) was observed 
to provoke vigorous antitumor immunity and tumor 
regression. Another phase 2 study from Feun et al. showed a 
high baseline TGF-β level to be significantly correlated with 
poor progression-free survival (PFS) (P=0.008) and overall 
survival (OS) (P=0.005) outcomes after pembrolizumab in 
28 evaluable patients with advanced HCC (19). Similarly, 
Chakravarthy et al. (20) reported that TGF-β activation was 
linked to C-ECM (cancer-associated ECM) dysregulation, 
which was shown to be a predictor of the failure of 
programmed cell death protein 1 (PD-1) blockade in two 
cohorts (one melanoma cohort and one bladder cancer 
cohort). Interestingly, Ankur’s study also found TGF-β 1/2 
expression alone could not predict immunotherapy failure, 
while a C-ECM-based model that considered TGF-β 
activation together with cancer-associated fibroblasts (CAF 
abundance) showed independently satisfactory predictive 
performance of the treatment outcomes with PD-1 
blockades (20).

Previous work suggests that most mutations in TGF-β 
pathway activators are gain of function (21). Thus, TGF-β 
pathway gene alterations might be related to a net effect 
of overall increase in the pathway activity. Notably, the 
overall role of TGF-β pathway alteration in pan-cancer 
immunotherapy effects remains unclear, but this is an 
important issue to clarify for the development of treatment 
strategies in tumors with aberrant TGF-β signaling. The 
present study was aimed to investigate the overall effect 
TGF-β pathway alteration in immune regulation and its 
predictive performance in immunotherapy in a pan-cancer 
setting. We present the following article in accordance 
with the REMARK reporting checklist (available at https://
dx.doi.org/10.21037/atm-21-5138).

Methods

Patient cohorts

Data sets from 3 independent pan-cancer cohorts 
with clinical and genomic data were used in this study. 
Available data of whole-exome sequencing, messenger 
RNA (mRNA) expression, baseline characterization, and 
prognosis information of a total of 10,912 patients with 
31 tumor types were acquired from The Cancer Genome 

https://dx.doi.org/10.21037/atm-21-5138
https://dx.doi.org/10.21037/atm-21-5138
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Table 1 List of the number of patients with different tumor types 
in the 3DMed and immune cohorts

Tumor type N

3DMed cohort

Bladder urothelial carcinoma 172

Breast invasive carcinoma 328

Cervical squamous cell carcinoma and 
endocervical adenocarcinoma

166

Cholangiocarcinoma 369

Colon adenocarcinoma 612

Esophageal carcinoma 138

Kidney renal clear cell carcinoma 110

Liver hepatocellular carcinoma 314

Lung adenocarcinoma 1,694

Lung squamous cell carcinoma 402

Others 571

Ovarian serous cystadenocarcinoma 237

Pancreatic adenocarcinoma 467

Prostate adenocarcinoma 86

Rectum adenocarcinoma 349

Stomach adenocarcinoma 609

Uterine corpus endometrial carcinoma 93

Total 6,717

Immune cohort

Bladder cancer 211

Breast cancer 41

Cancer of unknown primary 85

Colorectal cancer 109

Esophagogastric cancer 118

Glioma 116

Head and neck cancer 129

Melanoma 313

Non-small cell lung cancer 344

Renal cell carcinoma 143

Skin cancer, non-melanoma 1

Total 1,610

Atlas (TCGA) (http://www.cbioportal.org/) for genomic 
characterization. The abundance of the tumor immune 
infiltration of the samples estimated from RNA sequencing 
data was obtained from the public data set released on 
the web-accessible resource Tumor Immune Estimation 
Resource (TIMER) (http://cistrome.org/TIMER). Data 
of microsatellite instability (MSI) for TCGA samples were 
obtained from the public data set in a previous publication 
based on 5,930 cancer exomes from 18 cancer types at more 
than 200,000 microsatellite loci (22).

The 3DMed (3D Medicines Inc.) cohort with 6,717 
formalin-fixed paraffin-embedded (FFPE) tumor specimens 
with matched blood control of Chinese cancer patients 
with more than 17 tumor types were enrolled in this study 
(Table 1). The samples were collected and underwent next-
generation sequencing (NGS) for the identification of 
genomic mutations and MSI status from January 01, 2017, 
to July 23, 2019. Baseline characteristics of the patients 
were collected. There were 56.2% male patients and 43.8% 
female patients in the overall population. The median age 
for the cohort was 59 [interquartile range (IQR), 50–66]. 

Genomic data, baseline characterization, and OS data 
of 1,662 advanced cancer patients treated with immune 
checkpoint inhibitors (ICIs) whose tumors underwent NGS 
using a 468-gene targeted panel (MSK-IMPACTTM, MSK-
integrated mutation profiling of actionable cancer targets) 
were adopted from the previously published data set (23) 
(immune cohort, Table 1).

All procedures performed in this study involving human 
participants were in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved 
by the institutional review board of The First Affiliated 
Hospital of Nanjing Medical University (No. 2018-MD-
334) and informed consent was taken from all the patients.

NGS 

The pathological diagnosis of the specimens was confirmed 
by hematoxylin and eosin (HE) staining. To be considered 
as a qualified sample, the specimen needed to be ≥1 mm 
and the percentage of tumor cells needed to be over 20%. 
Subsequently, 50–200 ng of DNA extracted from the 
samples were broken into ~200 bp fragments and then 
subjected to NGS platform Illumina (San Diego, CA, USA) 

http://www.cbioportal.org/
http://cistrome.org/TIMER
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Nextseq 500 to >500× coverage (24).
Tumor mutation burden (TMB) was defined as somatic 

mutation counts in coding region per megabase of genome 
examined. Genes including TGFBR2, ACVR1B, ACVR2A, 
INHBA, SMAD2, SMAD3, SMAD4, IGF2, RUNX1, 
STAT3, TERT, and VEGFA have been reported to be the 
core members in the TGF-β pathway network and to act 
as cancer-related genes (21); they were thus selected to 
be included for analysis. A TGF-β pathway mutation was 
defined as the presence of at least one pathway gene with 
identified mutational types (missense mutation or truncating 
mutation), including nonsense mutation, nonstop mutation, 
frameshift insertion, frameshift deletion, and splice site 
mutation.

Statistical analysis

Survival analysis was performed using Kaplan-Meier curves, 
and the P value was determined with the log-rank test. The 
hazard ratio (HR) was determined through Cox regression. 
All reported P values were 2-tailed, and a P value less than 
0.05 was considered significant.

Results

Landscape of TGF-β pathway mutation across multiple 
tumors

A total of 10,912 patients with 31 tumor types in TCGA 
cohort and 6,717 patients with 17 tumor types in 3DMed 
cohort were analyzed (Table 1). Of the overall population, 
there were 32.6% in 3DMed cohort and 14.8% in TCGA 
cohort that harbored at least 1 mutation of TGF-β 
pathway genes. TGF-β pathway mutations were more 
commonly found in the digestive system tumors in both 
cohorts. The highest prevalence of the pathway mutations 
was present in colon adenocarcinoma (COAD) (38.3%), 
stomach adenocarcinoma (STAD) (33.6%), pancreatic 
adenocarcinoma (PAAD) (31.5%), rectum adenocarcinoma 
(READ) (30.9%), and uterine corpus endometrial 
carcinoma (UCEC) (29.4%) in TCGA cohort; and COAD 
(77.0%), bladder urothelial carcinoma (BLCA) (47.7%), 
STAD (47.6%), cholangiocarcinoma (CHOL) (43.1%), 
UCEC (43.0%), PAAD (38.3%), and READ (36.7%) in the 
3DMed cohort. The most common mutated gene in the 
pathway was SMAD4 with a frequency of 0.075, followed 
by TGFBR2 (0.039), ACVR2A (0.031), and CDH1 (0.030) in 

the 3DMed cohort (Figure 1A).

Association between TGF-β pathway mutations and cancer 
genomic features

TGF-β  pathway mutations exhibited a significant 
correlation with a high MSI across multiple tumors in the 
TCGA (P<0.001) and 3DMed (P<0.001, Figure 1B) cohorts. 
Notably, the significance was consistently observed in most 
individual tumor types, and nonsignificant correlations were 
observed in the others partially due to their limited sample 
sizes (Figure 1B).

Similarly, patients with altered TGF-β pathway showed 
significantly higher levels of tumor TMB in both the TCGA 
(P<0.001; Figure 2A) and 3DMed (P<0.001; Figure 2B)  
cohorts, which was consistently observed across tumor 
types. It is widely acknowledged that tumors with a high 
TMB level are able to express more antigens that contribute 
to immunogenicity, and thus we further conducted the 
analysis with the neoantigen data sets from TCGA. As 
expected, significantly higher levels of neoantigen burden 
(TNB) were observed in patients with altered TGF-β 
pathway (P<0.001; Figure 2C). Notably, these positive 
correlations between TGF-β pathway with either high TMB 
or high TNB were consistently observed in patients with 
a microsatellite stable (MSS) status (P<0.001; Figure 2D),  
and the possibility that such correlations were contributed 
by the MSI status was excluded.

Next, we investigated the association between TGF-β 
pathway single-nucleotide variants (SNV) mutations with 
an immune-related gene expression pattern. Based on 
the analysis, the pathway mutations were associated with 
significantly higher expression levels of a broad repertoire 
of immune-related genes, most of which are immune 
stimulatory genes. Meanwhile, pathway-altered patients 
exhibited significantly lower expression levels of EDNRB 
and VEGFB, which were both reported to be involved in 
immune inhibition (Figure 3A), indicating a net immune-
promoting effect of TGF-β pathway alterations.

To further evaluate the tumor-immune interactions, 
data of the tumor-infiltrating immune cells for samples in 
TCGA cohort were adopted for analysis. Higher levels of 
CD8 (P<0.001), dendritic cells (DC) (P<0.001), neutrophils 
(NEU) (P<0.001), and significantly lower levels of B cells 
(P<0.001) were found in the pathway-mutated samples 
versus the wild-type ones (Figure 3B), indicating a network 
of positive immune regulatory inputs.
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Figure 1 Distribution of TGF-β pathway alterations in cancer patients and its association with MSI status. (A) Landscape of 
TGF-β pathway alterations in pan-cancer cohorts of TCGA (left panel) and 3DMed (middle panel), and the prevalence of 
mutated genes in the pathway in 3DMed cohort (right panel). (B) The association of TGF-β pathway alterations with MSI 
status across various solid tumors in TCGA cohort (left panel) and 3DMed cohort (right panel). Only the tumor types with 
an overall MSI level of no less than 1% as derived from the TCGA data set are shown for both cohorts; the other tumor types 
were combined into the others for presentation. ***, P<0.001; ****, P<0.0001. TGF-β, transforming growth factor beta; MSI, 
microsatellite instability; TCGA, The Cancer Genome Atlas.
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TGF-β pathway mutations associated with immunotherapy 
for cancer treatment

We further investigated the role of TGF-β pathway in 
cancer with the survival data from patients in a pan-
cancer setting. As expected, patients with TGF-β pathway 
mutations exhibited significantly worse prognosis than did 
the wild-type patients [median OS 89.3 vs. 96.9 months; 
HR 1.20; 95% confidence interval (CI): 1.08–1.33; 
P=0.001; Figure 3C] regardless of the interventions in 
TCGA cohort. However, when treated with ICIS, superior 
survival benefit was observed in patients in the mutation 
group versus the wild-type group (median OS 32.0 vs.  
17.0 months; HR 0.73; 95% CI: 0.61–0.88; P=0.001; 
Figure 3D) in the immune cohort, indicating that cancer 
patients harboring TGF-β pathway mutations may benefit 
more from immunotherapy.

Discussion

We systematically explored the role of aberrant TGF-β 
pathway in immune features and their immunotherapy 
effects. TGF-β pathway alteration was significantly 
correlated with high MSI, high TMB, high TNB, and 
distinct patterns of immune-related gene expression and 
tumor-infiltrating immune cells. These results suggest the 
potential predictive value of TGF-β pathway alterations 
in improved immunotherapy outcomes in patients with 
various solid tumors, which may provide clues for the 
future development of clinical therapeutic strategies. 
More importantly, these alterations, as a negative 
prognostic factor, exhibited a positive predictive role for 
immunotherapy in pan-cancer patients, which provides 
novel insights into the future development of TGF-β 
pathway-related treatment strategies.
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Figure 2 Association of TGF-β pathway alterations with TMB and TNB. (A,B) Association of TGF-β pathway alterations 
with TMB in TCGA cohort (A) and the 3DMed cohort (B) across different tumor types. (C) Association of TGF-β pathway 
alterations with TNB in TCGA cohort. (D) The association of TGF-β pathway alterations with TMB in TCGA cohort (left 
panel) and the 3DMed cohort (middle panel), and its association with TNB in TCGA cohort (right panel) for patients with 
a MSS status. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P <0.0001. TGF-β, transforming growth factor beta; TMB, tumor 
mutational burden; TNB, neoantigen burden; TCGA, The Cancer Genome Atlas; MSS, microsatellite stable. 
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Regulation of the immune-related gene expression patterns upon the altered TGF-β pathway in TCGA cohort. (B) 
Association of TGF-β pathway alterations and tumor-infiltrating cells in TCGA cohort. (C) Prognosis value of TGF-β 
pathway alterations in overall survival for pan-cancer patients in TCGA cohort. (D) The predictive role of TGF-β pathway 
alterations in overall survival for cancer patients treated with immune checkpoint inhibitors in the immune cohort. ***, 
P<0.001; ****, P <0.0001. TGF-β, transforming growth factor beta; TCGA, The Cancer Genome Atlas.

TGF-β  suppresses adaptive and innate immune 
responses by regulating many immune cell types (10). 
TGF-β promotes the expansion of Treg cells, and inhibits 
the generation and function of effector T cells and antigen-
presenting dendritic cells. In addition, TGF-β inhibits 
NK cells and regulates macrophages and neutrophils. 
TGF-β pathway gene alterations have been found in 
approximately 10–50% of solid cancers (10,21,25), which 
accounts for a nonnegligible amount of target patients. 
Our analysis demonstrated that TGF-β pathway alterations 
were commonly located in various solid tumors, and the 
pathway was most frequently aberrant in digestive system 
tumors, which is consistent with previous reports (21). 
Other research has suggested that TGF-β signaling is a 
potent inducer of growth inhibition in benign epithelia, 
premalignant tumors, and some early cancerous tissues, and 
it has been used for patients with advanced stages of cancer 
progression and immune suppression (10,20,26). Studies 
have suggested that TGF-β pathway could impair MHC 
class II expression, thus potentially impairing priming 

of CD4 T cells, and suppresses the activity of cytotoxic 
lymphocytes by inhibiting the differentiation, proliferation, 
and effector functions of CD8T cells and natural killer 
(NK) cells (27). In this work, patients with TGF-β pathway 
mutations exhibited significantly worse prognosis than did 
the wild-type patients. Unexpectedly, pathway alteration 
was significantly associated with a favorable immune profile, 
including significantly higher levels of CD8 (P<0.001), DCs 
and NEUs, as well as significantly lower levels of B cells in 
pathway-mutated samples versus the wild-type ones.

The relationship between TGF-β pathway and ICBs have 
been previously explored. The present study represents the 
first of its kind to examine the role of TGF-β pathway gene 
alterations in immunotherapy in patients with various solid 
tumors. In view of the retrospective nature of the study, 
some potential bias might exist. First, different cohort types 
should be evaluated in future research. Second, only SNVs 
were considered in this study, and further investigations of 
the other variant types in the pathway genes are needed. 
Third, more validation cohorts in solid tumors are required 
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to verify the predictive value of pathway alteration in 
immunotherapy treatment outcomes.

Conclusions

Collectively, our study demonstrated that TGF-β pathway 
alteration was significantly correlated with high MSI, high 
TMB, high TNB, and distinct patterns of immune-related 
gene expression and tumor-infiltrating immune cells. These 
results support the potential predictive value of TGF-β 
pathway alterations in improved immunotherapy outcomes 
in patients with various solid tumors, which may provide 
insight into the future development of clinical therapeutic 
strategies.
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