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Triple-negative breast cancer (TNBC) is an aggressive type of
breast cancer. High fibrosis, marked by increased collagen
fibers, is widespread in TNBC and correlated with tumor pro-
gression. However, the molecular features of fibrosis and why it
results in a poor prognosis remain poorly understood. Based
onmultiomics datasets of TNBC, we evaluated the pathological
fibrosis grade of 344 samples for further analysis. Genomic,
transcriptomic, and immune changes were analyzed among
different subgroups of fibrosis. High fibrosis was an indepen-
dent adverse prognosis predictor and had interactions with
low stromal tumor-infiltrating lymphocytes. Genomic analysis
identified copy number gains of 6p22.2–6p22.1 (TRIM27) and
20q13.33 (CDH4) as genomic hallmarks of tumors with high
fibrosis. Transcriptome analysis revealed the transforming
growth factor-beta pathway and hypoxia pathway were key
pro-oncogenic pathways in tumors with high fibrosis. More-
over, we systematically evaluate the relationship between
fibrosis and different kinds of immune and stromal cells.
Tumors with high fibrosis were characterized by an immuno-
suppressive tumor microenvironment with limited immune
cell infiltration and increased fibroblasts. This study proposes
new insight into the genomic and transcriptomic alterations
potentially driving fibrosis. Moreover, fibrosis is related to an
immunosuppressive tumor microenvironment that contrib-
utes to the poor prognosis.
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INTRODUCTION
Triple-negative breast cancer (TNBC), defined by the absence of immu-
nostaining for estrogen receptor and progesterone receptors and a lack
of overexpression or amplification of human epidermal growth factor
receptor 2, accounts for 15%–20% of breast cancer cases.1 TNBCs,
which lack widely recognized targeted therapies, have high rates of
distant recurrence and poor overall survival.2 TNBC is a heterogeneous
disease, and previous studies by our group have classified TNBC into
several molecular subtypes with distinct genomic alterations, transcrip-
tomic changes, and tumor microenvironments.3 In addition to its mo-
lecular heterogeneity, there is marked heterogeneity in the pathological
phenotype of TNBC. Previous research suggests that patients with
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TNBC with different histopathological characteristics exhibit different
molecular features, prognoses, and treatment responses.4,5 Therefore,
it is necessary to explore the molecular nature of TNBC combined
with pathological features and genomic characteristics.

Thefibrotic focus (FF) is a scar-like area in the center of a carcinomaand
is regarded as a focus of exaggerated reactive tumor stroma formation.6

Previous studies indicated that the FF is significantly correlated with
metastasis and a poor prognosis of invasive ductal carcinoma of the
breast.7,8 Furthermore, some studies have tried to explore the mecha-
nism bywhich FF leads to a poor prognosis. A high tumor angiogenesis
ratio and hypoxia within tumors with FF have been proven to be aggra-
vating factors in facilitating metastasis.9,10 Recently, some studies of
tumor pathology have suggested an association between FF and the tu-
mormicroenvironment.Ahigh level of CD68+, CD163+, or CD204+ tu-
mor-associated macrophage infiltration was associated with the pres-
ence of FF in invasive ductal carcinoma.11 Yanai et al. found that the
presence of myxoid changes and FF were significantly associated with
low or intermediate tumor-infiltrating lymphocytes (TILs) in
TNBC.12 However, previous studies have focused on only some specific
immune cell subtypes, which might result in a biased understanding of
the effects of FF on the TNBCmicroenvironment. More important, the
molecular features of FF in TBNC remain unknown due to the lack of
multiomics data from a large cohort.

In this study, we defined the fibrosis grade of TNBC based on the
evaluation of FF. Collectively, we questioned whether the formation
thor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Morphology and definition of different grades of fibrosis in triple-

negative breast cancer (TNBC)
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of fibrosis was driven by specific genomic or transcription events and
the effects of fibrosis on the tumor microenvironment (TME).
Multiomics data from the Fudan University Shanghai Cancer
Center TNBC cohort with fibrosis evaluation were used to systemat-
ically analyze the prognostic significance, genomic features, and
TME of fibrosis. This study suggested new perspectives in under-
standing the mechanism of how fibrosis resulted in a poor prognosis
in TNBC.

RESULTS
The landscape of fibrosis in TNBC

We first evaluated the FF of TNBC based on H&E sections. FF status
was divided into four grades (grade 0–3) based on previously reported
criteria.6,13 Representative images of different grades of fibrosis are
presented in Figure 1. Samples rated as grade 0 (G0) were mostly
composed of infiltrating carcinoma without FF. Samples rated as
grade 1 (G1) had abundant fibroblasts arranged in a storiform pattern
with FF. Samples rated as grade 2 (G2) consisted of intermediate
fibroblasts mixed with collagen fibers. Samples rated as grade 3
(G3) consisted mainly of hyalinized collagen fibers and tumor cells
were seldom seen in FF. According to the grade of FF, the fibrosis
in TNBC was then classified into three groups as follows: no fibrosis
(G0 FF), low fibrosis (G1–2 FF), and high fibrosis (G3 FF). Patients
with grade 1 and grade 2 FF were grouped together as the low fibrosis
group because there was no stringent distinction between the two
groups pathologically.
Detailed multiomics data of the cohort are summarized in Figure 2A.
The whole cohort included 344 samples, 77% of which had RNA-seq
data, 92% had OncoScan microarray copy number data, 65% had
whole exome sequencing (WES) data. Forty-two patients of the whole
cohort had a distant recurrence and 11 patients had a local recurrence.
We first compared the clinicopathological characteristics among the
different degrees of fibrosis (Table 1). Patients of different grades
had similar clinicopathologic characteristics except for necrosis,
which was found to be significantly associated with fibrosis (p <
0.001). Importantly, there was no significant association between
fibrosis grades and the TNBC molecular subtypes (p = 0.353), indi-
cating that fibrosis was a pathological feature evenly distributed
among TNBC samples. Moreover, a survival analysis was conducted
to explore the prognostic value of fibrosis grades. Patients with a high
grade of fibrosis had significantly worse relapse-free survival (RFS)
(log rank p = 2.2 � 10�5), distant metastasis-free survival (DMFS)
(log rank p = 3.0 � 10�6) and overall survival (OS) (log rank p =
9.4 � 10�6) than the no fibrosis group (Figures 2B–2D).

In addition, univariate andmultivariate analyses were performed with
the Cox regression model. The detailed results are given in Table 2.
Multivariate analysis revealed that high fibrosis (hazard ratio [HR],
3.40; 95% confidence interval [CI], 1.40–8.28; p = 0.016), together
with tumor size (HR, 1.28; 95% CI, 1.00–1.64; p = 0.048) and positive
lymph nodes (HR, 1.07; 95% CI, 1.04–1.10; p < 0.001) predicted a
worse RFS in TNBC (Figure 2E). Interestingly, we found that low
stromal TILs (sTILs; <50%), which notably predicted a worse RFS
in the univariate analysis (HR, 4.79; 95% CI, 1.17–19.68; p = 0.03),
were not significant in the multivariate analysis (HR, 2.75; 95% CI,
0.64–11.77; p = 0.17). Next, we performed an interaction test to probe
the effects of fibrosis on sTILs and other factors. With respect to the
analyses stratified by fibrosis, there were statistically significant inter-
actions between sTILs, positive lymph nodes, size and fibrosis (all p
values for interaction < 0.001) (Figure 2F). These results showed
that fibrosis was an independent prognostic factor for TNBC. Impor-
tantly, fibrosis might have complex effects on the proliferation and
metastasis of cancer cells and the TME.

Genomic alterations in TNBCs with high fibrosis

To describe the genomic alterations correlated with high fibrosis in
TNBC, we analyzed copy number alterations and somatic mutations
using data from the FUSCC cohort datasets. Generally, TNBCs with
high fibrosis exhibited a mutation landscape similar to that of the no
fibrosis group. Most frequently mutated genes in all TNBC samples
included TP53 (76%), PIK3CA (16%), TTN (16%), MUC16 (10%),
and KMT2C (8%) (Figure 3A). Compared with the no fibrosis
group, the high fibrosis group had a lower frequency of PIK3R1
and USH2A mutations (both 0% vs 8%), and a higher frequency
of PAX6 mutation (11% vs 0%) than the no fibrosis group (Figures
3B and Table S2).

We further explored the correlations between somatic copy number
variations (SCNVs) and fibrosis. SCNVs at the level of genes identified
by GISTIC analysis were summarized for each subgroup of fibrosis.
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Figure 2. Prognosis analysis and interaction tests of fibrosis in TNBC

(A) Study cohort and omics data contained. (B–D) Kaplan-Meier curves for (B) RFS, (C) DMFS, and (D) OS. (E) Hazard ratios (HRs) and p values of the covariates in the

multivariate Cox proportional hazards model for RFS. (F) Interaction tests and stratified analysis in patient subgroups of fibrosis. *p < 0.05, **p < 0.01, ***p < 0.001, ns PR

0.05. CI, confidence interval
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SCNV analysis demonstrated that the amplifications or gains of
6p22.2–6p22.1 (TRIM27, 74% vs. 42%) and 20q13.33 (CDH4, 78%
vs. 44%) were more frequent in the high fibrosis group than the no
fibrosis group (all p values < .001) (Figures 3C and Table S3). Specific
losses or deletions existing in the high fibrosis group included 11p15.5
(61% vs. 28%) and 11p14.2-11p14.1 (43% vs. 16%) (all p values < 0.001)
(Figures 3C and Table S4). Copy number alterations might be the
driver factors for high fibrosis. TRIM27 has been reported to activate
the TGF-b signaling pathway and promote epithelial-mesenchymal
transition (EMT).14-18 The CDH4 gene, encoding retinal cadherin
(R-cadherin), is upregulated in a variety of sarcomas and has the func-
tion of activate Rac1 and c-Jun N-terminal kinase pathways, which are
associated with many fibrotic diseases.19-22 Overall, our analysis
revealed significant differential genomic alterations in TNBCs with
high fibrosis, which might drive the formation of fibrosis.

Transcriptome pathway enrichment analysis revealed the

activation of TGF-b and hypoxia pathways in TNBCs with high

fibrosis

We used RNA-seq to explore aberrant transcription correlated with
fibrosis grades. First, we identified 219 differentially expressed genes
626 Molecular Therapy: Oncolytics Vol. 24 March 2022
(DEGs), of which 112 were significantly upregulated and 107 were
significantly downregulated in the high fibrosis group (Figure 4A,
Table S5).

The most significantly upregulated genes included KRT17, CRYAB,
and GREM1, which have been reported to be related to the extracel-
lular matrix (ECM) of tumors.23-25 To analyze the biological signifi-
cance of abnormal gene transcription, we performed pathway enrich-
ment analysis based on all DEGs. Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis showed that the upregulated
pathways in the high fibrosis group included the TGF-b signaling
pathway, hypoxia-inducible factor 1 signaling pathway and the
ECM-receptor interaction pathway (Figure 4B). Pathways downregu-
lated in high fibrosis were the immune-related Th17 cell differentia-
tion pathway, cytokine-cytokine receptor interaction and the T-cell
receptor signaling pathway. Next, gene set enrichment analysis
(GSEA) showed that the TGF-b, bone morphogenetic protein
(BMP), and fibroblast growth factor receptor 2 signaling pathways
were enriched in the high fibrosis group (Figure 4C). The GSEA re-
sults of two hallmark gene sets, TGF_BETA_SIGNALING and
HALLMARK_HYPOXIA, are shown in the Figure 4D. Next, the



Table 1. Clinicopathological characteristics of patients with evaluation of

fibrosis

Clinical characters
No fibrosis
(n = 124)

Low fibrosis
(n = 172)

High fibrosis
(n = 48) p Value

Age (years) 0.347

R50 77 (62.1%) 102 (59.3%) 34 (70.8%)

<50 47 (37.9%) 70 (40.7%) 14 (29.2%)

Menopause 0.826

Premenopause 47 (37.9%) 62 (36.0%) 14 (29.2%)

Postmenopause 76 (61.3%) 108 (62.8%) 34 (70.8%)

Unknown 1 (0.8%) 2 (1.2%) 0 (0.0%)

PAM50 0.691

Basal 76 (61.3%) 102 (59.3%) 30 (62.5%)

Other 16 (12.9%) 31 (18.0%) 9 (18.8%)

Unknown 32 (25.8%) 39 (22.7%) 9 (18.8%)

Histology 0.220

IDC 115 (92.7%) 164 (95.3%) 47 (97.9%)

ILC 2 (1.6%) 0 (0.0%) 1 (2.1%)

DCIS 0 (0.0%) 1 (0.6%) 0 (0.0%)

MC 5 (4.0%) 2 (1.2%) 0 (0.0%)

Others 2 (1.6%) 5 (2.9%) 0 (0.0%)

Grade 0.226

2 25 (20.2%) 31 (18.0%) 6 (12.5%)

3 89 (71.8%) 136 (79.1%) 40 (83.3%)

Unknown 10 (8.1%) 5 (2.9%) 2 (4.2%)

T stage 0.101

1 58 (46.8%) 55 (32.0%) 18 (37.5%)

2 64 (51.6%) 113 (65.7%) 30 (62.5%)

3 2 (1.6%) 4 (2.3%) 0 (0.0%)

N stage 0.367

0 82 (66.1%) 95 (55.2%) 32 (66.7%)

1 32 (25.8%) 49 (28.5%) 11 (22.9%)

2 6 (4.8%) 19 (11.0%) 2 (4.2%)

3 3 (2.4%) 7 (4.1%) 3 (6.3%)

Unknown 1 (0.8%) 2 (1.2%) 0 (0.0%)

Necrosis <0.001

0 89 (71.8%) 92 (53.5%) 12 (25.0%)

1 35 (28.2%) 80 (46.5%) 36 (75.0%)

Radiotherapy 0.547

Received 94 (75.8%) 121 (70.3%) 36 (75.0%)

Not received 30 (24.2%) 51 (29.7%) 12 (25.0%)

Chemotherapy 0.267

Received 118 (95.2%) 160 (93.0%) 44 (91.7%)

Not received 1 (0.8%) 6 (3.5%) 2 (4.2%)

Unknown 5 (4.0%) 3 (3.5%) 2 (4.2%)

Molecular subtype 0.353

BLIS 33 (26.6%) 54 (31.4%) 19 (39.6%)

(Continued)

Table 1. Continued

Clinical characters
No fibrosis
(n = 124)

Low fibrosis
(n = 172)

High fibrosis
(n = 48) p Value

IM 29 (23.4%) 29 (16.9%) 6 (12.5%)

LAR 19 (15.3%) 33 (19.2%) 6 (12.5%)

MES 11 (8.9%) 17 (9.9%) 8 (16.7%)

Unknown 32 (25.8%) 39 (22.7%) 9 (18.8%)

Data are presented as number (percentage) of patients unless otherwise stated. Statistical
analysis was performed with the Pearson’s c2 test. All statistical tests exclude the un-
knowns.
DCIS, ductal carcinoma in situ; IDC, Invasive ductal carcinoma; ILC, Invasive Lobular
Carcinoma; MC, medullary carcinoma; BLIS, Basal-like and immune-suppressed
subtype; IM, Immunomodulatory subtype; LAR, Luminal androgen receptor (LAR)
subtype; MES, Mesenchymal-like (MES) subtype.
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gene expression levels of TGF-b and receptor family members were
compared among subgroups of fibrosis. The expression of TGFB1I1
and TFGBR3 was significantly higher in the high fibrosis group
(p = 0.03 and 0.04, respectively), and other molecules showed a trend
toward upregulation, although it was not significant (Figure 4E).
Overall, the TGF-b signaling pathway and hypoxia pathway were up-
regulated, while the immune-related pathways were downregulated in
tumors with high fibrosis.
Immunosuppressive TME in TNBCs with high fibrosis

We further characterized the tumor immune microenvironment of
different grades of fibrosis. First, sTILs and intratumoral TILs (iTILs)
in different groups of fibrosis were compared. Both sTILs and iTILs
were significantly higher in the no fibrosis group (all p values < 0.01)
than the low and high fibrosis groups (Figure 5A, Table S1). We next
analyzed the distribution of TME subtypes of TNBC, which was pro-
posed by Xiao et al.26 before, among the subgroups of fibrosis. The
no fibrosis group contained a higher proportion of patients in cluster
3 (the immune-inflamed cluster) than the high and low fibrosis groups
(p = 0.018) (Figure 5B). Moreover, we used transcriptomic data and the
ssGSEA algorithm to analyze the immune infiltration of 24 types of
TME cells and their correlations with fibrosis. We found that the grade
of fibrosis was negatively correlated with the infiltration of most im-
mune cells, including follicular helper T cells (R = �0.21), CD8+

T cells (R = �0.15), and M1 macrophages (R = �0.15), but was posi-
tively correlated with fibroblasts (R = 0.25; all p values < 0.05) (Fig-
ure 5C). The expression of chemokines, interleukins, and their recep-
tors also showed a downregulation trend in the high fibrosis group
(Figure 5D). We evaluated the abundance of helper T cells, cytotoxic
T cells, andM1macrophages by immunohistochemical (IHC) staining
of CD4, CD8, and CD86, respectively.27–31 The no fibrosis group had a
significantly greater proportion of CD4 positive cells (15.92% vs.
10.29%; p = 0.0011), CD8-positive cells (19.3% vs. 12.12%; p =
0.0126), and CD86 positive cells (14.03% vs. 9.82%; p = 0.0120) than
the high fibrosis group (Figure 5E). Representative IHC results were
shown in Figure S1 and evaluation results of CD4, CD8, and CD86
were shown in Table S6. Next, we compared the immune signature
scores among the three subgroups of fibrosis, including cytolytic
Molecular Therapy: Oncolytics Vol. 24 March 2022 627
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Table 2. Univariate andmultivariate Cox proportional hazard model for RFS

Variables

Univariate Multivariate

HR (95% CI) p Value HR (95% CI) p Value

Ages (years) 0.99 (0.97-1.02) 0.656 Not included

Tumor size (cm） 1.37 (1.09–1.71) 0.007 1.28 (1.00–1.64) 0.048

Positive lymph
nodes (number)

1.08 (1.05–1.12) <0.001 1.07 (1.04–1.10) <0.001

PAM50
subtypes

Basal Ref
Not included

Other 1.20 (0.61–2.39) 0.595

Necrosis
0 Ref

Not included
1 1.43 (0.83–2.45) 0.194

sTILs
R50% Ref

<50% 4.79 (1.17–19.68) 0.03 2.75 (0.64–11.77) 0.17

iTILs 0.98 (0.9–1.01) 0.197 Not included

Fibrosis

No
fibrosis

Ref

Low
fibrosis

2.37 (1.12–5.01) 0.024 2.19 (0.98–4.91) 0.057

High
fibrosis

4.52 (1.98–10.33) 0.007 3.40 (1.40–8.28) 0.016
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activity and T-cell inflamed gene expression profile. The high fibrosis
group showed a decrease in cytolytic activity (p = 0.049) and T-cell
inflammation (p = 0.021) signatures compared with the no fibrosis
group, which suggested that fibrosis was might be associated with
T-cell hypofunction (Figure 5F). In addition to immune cells, stromal
heterogeneity was analyzed among different subgroups of fibrosis. We
used the ESTIMATE algorithm to calculate stromal scores, and our
results showed that the stromal scores in tumors with no fibrosis
were significantly lower than those in the low or high fibrosis groups
(p = 0.019 and 0.047, respectively) (Figure 5G). To investigate can-
cer-associated fibroblast (CAF) subtypes in this cohort, we referred
to the CIBERSORTx algorithm to predict the proportion of different
kinds of CAF subtypes in each sample based on RNA-seq data. This
method was proposed by Galbo et al., who used the CIBERSORTx al-
gorithm to classify CAFs into five main subtypes: myofibroblast-like
CAFs (pan-myCAFs), desmoplastic CAFs (pan-dCAFs), inflamma-
tory-like CAFs (pan-iCAFs), pan-iCAFs-2, and proliferating CAFs
(pan-pCAFs).32 Thirty-one percent of CAFs in this cohort were pan-
iCAFs-2, 30% were pan-iCAFs, 24% were pan-myCAFs, 14% were
pan-dCAFs, and 1% were pan-pCAFs (Figure 5H). Pan-iCAFs were
significantly upregulated in the high fibrosis group compared with
the no fibrosis group (32.2% vs. 24.0%; p = 0.041), while other pan-
CAF subtypes did not show a significant difference among the three
fibrosis groups (Figure 5I). Previous studies have revealed that iCAFs
could inhibit the function of cytotoxic T cells and resulted in an immu-
nosuppressive environment in TNBC, which is consistent with our
study.33,34

Given the importance of immunomodulators in the TME, we
questioned whether there existed a correlation between fibrosis and im-
munomodulators. Therefore, we compared the expression levels of im-
628 Molecular Therapy: Oncolytics Vol. 24 March 2022
munomodulators, including costimulatory and coinhibitorymolecules,
among different grades of fibrosis. The expression of costimulatory (all
p values > 0.05) and coinhibitory molecules (most p values > 0.05) in
patients with no fibrosis was close to or higher than that in the high
fibrosis group (Figure S2). These results suggested that fibrosis might
affect antitumor immunity through mechanisms other than those
affecting the expression of costimulatory or coinhibitory molecules.
We inferred that TGF-bmight inhibit the infiltration of antitumor im-
mune cells, such as cytotoxic T cells andM1macrophages and improve
the activation of fibroblasts to produce more ECM, ultimately resulting
in a fibrotic immunosuppressive TME.

DISCUSSION
FF has been observed in breast cancer for more than 20 years. How-
ever, the mechanism of the formation of the FF and the reason why it
predicts a poor outcome remain poorly understood. In this study, we
defined fibrosis grades of TNBC based on the evaluation of FF. High
fibrosis was an independent prognostic factor and it interacted with
TILs in TNBC. Moreover, we explored the molecular features of
fibrosis in TNBC at the genomic and transcriptomic levels. We pro-
pose that high fibrosis might promote the formation of an immuno-
suppressive TME through the activation of the TGF-b pathway and
result in a poor prognosis in TNBCs. To the best of our knowledge,
this study is the first systematic analysis of fibrosis in TNBC based
on a dataset comprising a comprehensive pathological evaluation
and multiomics data.

Taking advantage of the genomic and transcriptomic data, our study
explored the molecular mechanism that might contribute to the for-
mation of fibrosis. Gains of (TRIM27) and 20q13.33 (CDH4), together
with losses of 11p.15.5 and 11p14.2-11p14.1 were significant charac-
teristics of tumors with high fibrosis, which might be driver factors of
fibrosis. The copy number gains of oncogenes such as TRIM27 and
CDH4 have been reported to promotes the EMT or fibrosis.15,16,20

In addition, the losses of 11p15.5 have been confirmed to be associ-
ated with several malignancies, such as Wilms’ tumor and rhabdo-
myosarcoma.35 In addition, genes upregulated in TNBCs with high
fibrosis are potential driver alterations of fibrosis at the transcrip-
tional level. KRT17, the most significant DEG, has been proven to
promote the proliferation of liver cancer cells and EMT in hepatic
fibrosis via TGF-b1 signaling.24 Insulin-like growth factor 2 (IGF2),
upregulated in the high fibrosis group, are regulated by two different
imprinting control regions located on 11p15.5.36 The loss of hetero-
zygosity of 11p15.5 can lead to the overexpression of IGF2.37 IGF2
has been previously reported as a tumor-promoting gene and acti-
vates the function of fibroblasts in the tumor stroma.38-40 GREM1,
also upregulated in the high fibrosis group, regulates stromal BMP
signaling to promote colorectal carcinogenesis.23 These results sup-
port the hypothesis that copy number gains of (TRIM27) and
20q13.33 (CDH4), losses of 11p.15.5 and alterations of some key
genes might drive the formation of fibrosis.

Our study also stressed the relationship among fibrosis, immunosup-
pressive TME, and a poor prognosis. Prognosis analyses revealed that



Figure 3. Genomic alterations of fibrotic TNBCs

(A) Oncoplot depicting the top 20 most frequently mutated genes and their mutation types per subgroups of fibrosis in TNBC. Different mutation types are shown in different

colors and the percentage (%) of patients affected is shown in the paragraph. (B) Comparison of mutation frequency between the high fibrosis group and the no fibrosis group

(calculated using Fisher’s exact test). Significantly different mutated genes (meanmutation frequency >3% and a false discovery rate [FDR] of <0.05) are highlighted in red. (C)

Comparison of the SCNVs between the high fibrosis group and the no fibrosis group. The top plot illustrates the frequency of the amplification (dark red), gain (light red), loss

(light blue), and deletion (dark blue) of each gene in each group, and the bottom plot illustrates the –log10 p value of each gene when comparing the frequency of loss or

deletion or gain or amplification between the high fibrosis group and the no fibrosis group.
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fibrosis was an independent prognostic indicator and had interactions
with low sTILs and positive lymph nodes. Interactions between
fibrosis and low sTILs reflect that fibrosis has important effects on
the components or status of TILs. In addition, immune-related path-
ways were downregulated in tumors with high fibrosis; thus, we
analyzed the effects of fibrosis on the TME. Previous research has re-
ported that there are fewer TILs in tumors in the presence of FF,
which is in agreement with our results.12 However, TILs include
various types of lymphocytes and, in addition to lymphocytes,
many other TME cells, such as macrophages, natural killer cells,
and fibroblasts, also play important roles in tumor immunity. Conse-
quently, it is necessary to understand the characteristics of the TME in
different grades of fibrosis from a holistic perspective. Our study sys-
tematically analyzed the correlations of immune and stromal cell
infiltration with fibrosis. Additionally, we systematically compared
the expression of immune-related genes and signatures between the
high and low fibrosis groups.

Recently, three major immune phenotypes have been proposed in
cancer, namely, the immune-inflamed, immune-excluded, and im-
mune-desert phenotypes.41 Given the low expression of coinhibi-
tory molecules in tumors with high fibrosis, highly fibrotic TNBC
is more likely to be an immune-excluded cancer type. Greater quan-
tities of ECM could be predicted as a consequence of activated fibro-
blasts, resulting in pathological collagen deposition. Excessive ECM
might become a barrier preventing immune cell infiltration, and
Molecular Therapy: Oncolytics Vol. 24 March 2022 629
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Figure 4. TGF-b and hypoxia pathways were

enriched in TNBCs with high fibrosis

(A) Volcano plot of differentially expressed genes between

the high fibrosis group and the no fibrosis group. A total of

219 genes exhibited significant differential expression (p

value < 0 05, |log2 (fold change) | > 0.5). (B) Upregulated

and downregulated pathways in the high fibrosis group

based on KEGG pathway enrichment analysis of differ-

entially expressed genes. (C–D) Summary of GSEA results

(C) and representative GSEA plots (D) enriched in the high

fibrosis group versus the no fibrosis group. Significance is

represented by the bubble color. NES, normalized

enrichment score. (E) Gene expression levels of the TGF-b

family and receptors of the three subgroups of fibrosis.

*p < 0.05. FGFR2, fibroblast growth factor receptor 2.
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activated CAFs might collectively decrease the antitumor immune
response.

Given that fibrosis is a simple and objective indicator to evaluate, we
suppose that fibrosis has the clinical potential to stratify patients with
TNBC. Due to the poor prognosis of high fibrosis in TNBC, opti-
mized treatment strategies are necessary for this group. Our study re-
vealed that the activation of the TGF-b pathway is a characteristic of
tumors with high fibrosis. Previous studies have revealed that the
TGF-b pathway regulates fibrotic process and promotes immune
escape.42,43 TGF-b is able to activate or differentiate resident fibro-
blasts and endothelial cells into CAFs in the TME and suppress the
function of immune cells such as cytotoxic CD8+ T cells or antitumor
macrophages.44 The above theories present prospects for targeting
TGF-b against TNBCs with high fibrosis. The efficacy of inhibiting
of TGF-b using inhibitors of TGF-b receptors or ligands, as well as
antisense oligonucleotides or small molecule receptor kinase inhibi-
tors, needed to be verified in clinical trials.45,46 In addition, there re-
mains a lack of predictive biomarkers to screen appropriate popula-
tions who can benefit from the blockade of TGF-b.47 Consequently,
we need to explore whether fibrosis could become a candidate
biomarker to predict the efficacy of TGF-b inhibitors.
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Undeniably, this article has certain limitations.
First, our analysis could only provide associa-
tions, and the speculations should be further
confirmed. It is reassuring that previous studies
are consistent with the key conclusions. The
important role of TGF-b in the fibrosis and
TME has been widely studied.48-50 Second, there
are no external cohorts to validate our results.
After extensive investigation, we found thatmul-
tiomics data from large sample cohorts of TNBC
generally lack the evaluation of FF or fibrosis.
Therefore, it is necessary to promote the applica-
tion of FF evaluation in the clinic and accumulate
more omics data with the evaluation of FF. Addi-
tional experimental studies and the use of addi-
tional techniques like single-cell RNA-seq or
mass cytometry are required to further investigate how fibrotic pro-
cesses shape the TME.

In conclusion, our study identified fibrosis as an independent
prognostic indicator and revealed the molecular features of fibrosis
in TNBC. High fibrosis is characterized by TGF-b pathway
activation and an immunosuppressive TME, which leads to a poor
prognosis.

MATERIALS AND METHODS
Patient samples and datasets

Samples were retrospectively selected from 344 patients with TNBC
from the Fudan University Shanghai Cancer Center TNBC multio-
mics cohort (The National Omics Data Encyclopedia:OEP000155).3

The FF of all patients were evaluated by experienced pathologists. A
detailed evaluation process of FF was described in the following sec-
tion. RNA-seq, WES, and somatic copy number alteration data were
available for 264, 223, and 315 samples, respectively. The clinicopath-
ological information for all patients were shown in Table S1. All sam-
ples were previously untreated primary breast cancers. All procedures
were conducted in accordance with the Helsinki Agreement and with
approval from the independent ethics committee/Institutional



Figure 5. Immunosuppressive microenvironment induced by fibrosis

(A) TIL percentages of different subgroups of fibrosis. (B) Bar plots showing the distribution of the TNBC TME subtypes among the three subgroups of fibrosis. (C) Correlations

between fibrosis and the abundance of 24 types of TME cells calculated through single-sample GSEA (ssGSEA). (D) Expression of immune-related secretory molecules,

including chemokines (left) and interleukins (right), among the three subgroups of fibrosis. The p values were calculated by the Kruskal-Wallis test. (E) Comparison of IHC

(legend continued on next page)
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Review Board at Fudan University Shanghai Cancer Center Ethical
Committee. Ethical approval and informed consent were obtained.
Histopathological analysis

Surgically resected specimens were fixed with formalin, sectioned,
and stained with hematoxylin and eosin. Two certified pathologists
independently evaluated all histopathological diagnoses. In case of
a discordant outcome, the specimens were reviewed by a third inde-
pendent expert pathologist. The presence of FF in breast cancer was
evaluated according to the previously reported criteria: (1) grade 0,
samples without FF; (2) grade 1, a small amount of collagen fibers
with abundant fibroblasts in FF; (3) grade 3, mainly composed of
hyalinized collagen fibers; and (4) grade 2, intermediate between
grade 1 and 3, with fibroblasts and collagen fibers admixed in
different proportions.6 The fibrosis grade of TNBC was classified
into three grades depending on the result of the FF evaluation: (1)
no fibrosis, samples without FF, corresponding with grade 0 FF; (2)
low fibrosis, samples with grade 1 and 2 FF; and (3) high fibrosis,
samples with grade 3 FF. Samples of grades 1 and 2 FF were grouped
together as low fibrosis because there were no strict bounds between
the two groups.
The evaluation of TILs

We evaluated TILs on hematoxylin and eosin-stained slides according
to the International TIL Working Group guidelines.51 According to
the guideline, TILs are defined as mononuclear immune cells that
infiltrate in the tumor region (including lymphocytes and plasma
cells, excluding polymorphonuclear leukocytes). The iTILs are
defined as lymphocytes in tumor nests having cell-to-cell contact
with no intervening stroma and directly interacting with carcinoma
cells, while sTILs are located dispersed in the stroma between the car-
cinoma cells and do not directly contact carcinoma cells. The sTILs
and iTILs were reported as the ratio of the area occupied by lympho-
cytes to the total area of the tumor region and recorded in 5% incre-
ments. Two experienced pathologists independently evaluated the
histopathological results. Evaluation results of TILs were shown in
the Table S1. We set a cutoff value of 50% in sTILs to define the
high and low sTILs infiltrating groups.52
Immunohistochemistry

We performed immunohistochemical staining on paraffin-
embedded sections (4 mm thick) of tumor specimens from the
FUSCC cohort (n = 165) to evaluate the expression of CD4, CD8,
and CD86. Sections were deparaffinized and rehydrated through a
graded series of xylene-ethanol baths. Antigen retrieval was
performed using a citrate buffer, pH 6.0, for 20 min at 95�C. Tissue
sections were incubated with primary antibody for 1 h at room tem-
perature. The antibodies were used in a 1:200 dilution for anti-CD4
staining results for CD8, CD4, and CD86 among different subgroups of fibrosis. (F) Exp

expression profiles (GEPs) of three fibrotic subgroups. (G) Comparison of the stromal s

distribution of pan-CAF subtypes in the Fudan University Shanghai Cancer Center TNBC

0.05, *p < 0.05, **p < 0.01, ***p < 0.001).
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(Clone EPR6855, Abcam), without dilution for anti-CD8 (clone
SP57, Ventana), and 1:200 dilution for anti-CD86 (13395-1-AP,
Proteintech). Visualization was performed using the Novolink
Polymer Detection Systems (Leica Biosystems). Tissue sections
were counterstained with hematoxylin, dehydrated, and mounted.
The analysis was performed in a blinded fashion. Images were
organized in folders identified by patient ID by one person and
quantified by another. Results were recorded as percentage of
IHC-stained cells and adjudicated by two pathologists.
Prognostic analysis of different grades of fibrosis

The median follow-up length was 60.5 months (interquartile range,
40.9–69.8 months). OS, RFS, and DMFS were taken as prognostic
outcomes. RFS and DMFS were defined as the duration from the
date of treatment to relapse or distant metastasis. The Kaplan-Meier
method was used to estimate the survival curves for RFS, DMFS, and
OS. Univariate and multivariate survival analyses were performed us-
ing a logistic regression model to analyze the prognostic significance
of fibrosis grades. Age, tumor size, the number of positive lymph no-
des, PAM50 subtypes, necrosis, sTILs, iTILs, and fibrosis grades were
first analyzed in a univariate Cox proportional hazards model. All sig-
nificant variables were then included as covariates in the multivariate
Cox proportional hazards model. Interactions were tested with a
threshold of p < 0.05, and, in cases of interactions, a stratified analysis
was conducted. The prognostic analysis was performed using SPSS
(IBM SPSS 22.0, SPSS Inc.).
Comparison of somatic mutations and SCNVs among the

different grades of fibrosis

Amutation analysis was based on theWES data of the FUSCC cohort.
The frequencies of mutations were compared between patients with
high and no fibrosis by Fisher’s exact test. Genes with mean mutation
frequencies greater than 3% were included in the comparison. A p
value of less than 0.05 after adjusting for mutation load was consid-
ered significant.

We adjusted the segmented copy number calls through the ASCAT
algorithm by estimating ploidy and purity, and the gene level of the
copy number variations (CNVs) was obtained by the GISTIC
tool.53,54 The copy number status by sample was reported as �2
(deletion),�1 (loss), 0 (diploid status), 1 (gain), and 2 (amplification)
levels. To identify specific copy number gains and losses associated
with fibrosis, the comparison of CNV frequencies in patients with
high fibrosis versus those with no fibrosis was performed using a
two-tailed Fisher’s exact test twice. The first comparison was gain
centric, and thus, the frequencies of patients whose copy numbers
were 1 or more in whole populations were compared between the
two groups. The group-specific gains were defined as a continuous
ression of two immune-related signatures, cytolytic activity and T cell inflamed gene

cores calculated by ESTIMATE algorithm of three subgroups of fibrosis. (H) Overall

cohort. (I) Fraction of pan-CAF subtypes in different subgroups of fibrosis. (ns PR
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stretch of genes (arranged in genomic order) with an unadjusted p
value of less than 0.01. Similarly, the second comparison was loss
centric, and thus, the frequencies of patients whose copy numbers
were �1 or less in whole populations were compared between the
two groups. The group-specific losses were defined as a continuous
stretch of genes (arranged in genomic order) with an unadjusted p
value of less than 0.01.
Differential gene expression and pathway enrichment analysis

The R package limma was used to unveil differentially expressed
genes (DEGs) between samples with high and no fibrosis.55 Any p
values of less than 0.05 and |log2FC| of greater than 0.5 were consid-
ered to be statistically significant for DEGs. The DEGs were subjected
to the KEGG pathway enrichment analysis. GSEA was performed us-
ing GSEA software (v4.0.3).56 Gene sets from theMolecular Signature
Database were tested, and two thousand total permutations were
used.57 Gene expression levels of the transforming growth factor-
beta (TGF-b) signaling pathway were compared in the subgroups
of fibrosis and the gene list was obtained from the ImmPort database
(http://www.immport.org/).
Calculation of the microenvironment cell abundance

The abundance of immune infiltrating cells in the TNBC samples was
quantified using the single sample GSEA algorithm with expression
data.58 The gene sets comprised 354 genes that could predict the
abundance of TME cells, including 22 immune cells, together with fi-
broblasts and endothelial cells.26 Spearman correlation analyses were
used to compute correlation coefficients between the grades of fibrosis
and the TME-infiltrating cells. Stromal scores were calculated by the
ESTIMATE algorithm to analyze the infiltration levels of stromal cells
in different grades of fibrosis.59 To investigate CAF subtypes in this
cohort, we referred to the CIBERSORTx algorithm to predict the pro-
portion of different kinds of CAF subtypes in each sample based on
RNA-seq data.32,60 We downloaded single-cell RNA-seq datasets
from the public database (GSE:GSE72056 and GSE103322) referred
to the previous article of Galbo et al.32 to build a gene signature matrix
file with pan-CAF clustering labels. And then we applied the gene
signature matrix to impute the abundances of CAF subtypes in
bulk RNA-seq data of the FUSCC cohort on the CIBERSORTx web
server (https://cibersortx.stanford.edu/).
Immune signature scores and immune-related molecule

comparisons between the different groups of fibrosis

The T-cell status was inferred by using two gene signatures character-
izing T-cell inflammation status and T-cell cytolytic activity.61,62

Gene expression levels of chemokines, interleukins, costimulatory
molecules, and coinhibitory molecules were compared between the
different groups of fibrosis. A list of chemokines and interleukins
was downloaded from the ImmPort database (http://www.immport.
org/), and the gene list of the immunomodulators was obtained
from a database of costimulatory and coinhibitory molecules
(https://www.rndsystems.com/cn/research-area/co–stimulatory-and-
co–inhibitory-molecules).
Statistical analysis

Differences between continuous variables were assessed by the Stu-
dent t-test, Wilcoxon rank-sum test, and Kruskal-Wallis test. The
Shapiro-Wilk test was first used to check whether the data followed
a normal distribution. Categorical variables were compared using
c2 tests or the Fisher exact tests when needed. A permutation test
was conducted when comparing gene mutation frequencies among
different groups. Pearson or Spearman correlation was used for cor-
relation analysis. All of the tests were two-sided, and a p value of less
than 0.05 indicated significance unless otherwise stated. The false
discovery rate correction was used in multiple tests to decrease the
false-positive rates. Statistical analysis was performed using R
software (version 3.6.3, http://www.R-project.org/).
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