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HER2 drives lung fibrosis by activating a metastatic
cancer signature in invasive lung fibroblasts

Xue Liu**@®, Yan Geng"?*@®, Jiurong Liang'®, Ana Lucia Coelho'@®, Changfu Yao'®, Nan Deng®, Yizhou Wang*®, Kristy Dait®, Guanling Huang'®,
Ting Xie'®, Ningshan Liu*®, Simon C. Rowan'®, Forough Taghavifar'®, Vrishika Kulur'®, Zhengiu Liu*®, Barry R. Stripp'®, Cory M. Hogaboam'®,

Dianhua Jiang®>®, and Paul W. Noble'®

Progressive tissue fibrosis, including idiopathic pulmonary fibrosis (IPF), is characterized by excessive recruitment of
fibroblasts to sites of tissue injury and unremitting extracellular matrix deposition associated with severe morbidity and
mortality. However, the molecular mechanisms that control progressive IPF have yet to be fully determined. Previous studies
suggested that invasive fibroblasts drive disease progression in IPF. Here, we report profiling of invasive and noninvasive
fibroblasts from IPF patients and healthy donors. Pathway analysis revealed that the activated signatures of the invasive
fibroblasts, the top of which was ERBB2 (HER2), showed great similarities to those of metastatic lung adenocarcinoma
cancer cells. Activation of HER2 in normal lung fibroblasts led to a more invasive genetic program and worsened fibroblast
invasion and lung fibrosis, while antagonizing HER2 signaling blunted fibroblast invasion and ameliorated lung fibrosis. These
findings suggest that HER2 signaling may be a key driver of fibroblast invasion and serve as an attractive target for

therapeutic intervention in IPF.

Introduction

Progressive tissue fibrosis is a major cause of morbidity and
mortality, initiated by dysregulated wound healing response to
tissue injury (Noble, 2006). Idiopathic pulmonary fibrosis (IPF)
is a chronic and progressive lung disease of unknown cause that
leads to the destruction of the gas-exchanging regions of the
lung with the accumulation of fibroblasts that produce massive
extracellular matrix (ECM). Although pirfenidone and ninteda-
nib have been approved by the FDA to slow IPF progression and
both therapies have been shown to reduce the rate of decline in
the forced vital capacity (King et al., 2014; Richeldi et al., 2014),
neither of these agents improves lung function or reduces fi-
brosis, and most patients succumb or require lung transplanta-
tion within 5 yr of diagnosis. Thus, the next breakthrough needs
to identify novel targets to improve IPF treatment and to develop
more effective and systematic therapies.

Lung fibroblasts reside in the interstitial spaces between the
alveolar and capillary basal laminae under normal conditions
(Kuhn et al., 1989). Pathologic hallmarks of IPF are emergence of
fibroblastic foci (King et al., 2014; Noble et al., 2012) and de-
struction of basement membrane (Pardo and Selman, 2012).
Lung fibroblasts are heterogenous cells (Liu et al., 2021) and
histological observation of the fibroblastic foci indicates that a
population of fibroblasts may migrate or invade through

alveolar basement membranes after lung injury (Kuhn et al.,
1989). We and others demonstrated that the invasive pheno-
type of lung fibroblasts promotes severe fibrosis (Ahluwalia
et al., 2016; Chen et al., 2016; Geng et al., 2019; Huan et al.,
2015; Li et al.,, 2011; Lovgren et al., 2011; Xie et al., 2016). Tar-
geting lung fibroblast invasiveness has been shown to be of
therapeutic benefit in treating lung fibrosis in vivo. In a
bleomycin-induced pulmonary fibrosis model, fibroblasts with
Hyaluronan synthase 2 overexpression showed a higher capac-
ity to invade matrix and promote the development of lung fi-
brosis (Li et al., 2011). In addition, both the invasive phenotype
and progressive fibrosis were inhibited in the absence of the
hyaluronan receptor, CD44 (Li et al., 2011). Fibroblasts from
bleomycin-treated B-arrestin knockout mice failed to invade
ECM and loss of B-arrestin resulted in protection from mortality,
inhibition of matrix deposition, and preserved lung function
(Lovgren et al., 2011). We recently identified that fibroblasts
from IPF patients with high PDL1 expression showed greater
migration and invasive capacity. In a humanized severe com-
bined immunodeficient (SCID) IPF model, targeting PDLL in fi-
broblasts by CRISPR knockout or anti-PDL1 neutralizing
antibodies significantly inhibited fibroblast invasion in vitro and
attenuated lung fibrosis in vivo (Geng et al., 2019). These studies
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suggest that invasive fibroblasts may be an attractive target to
develop treatments for IPF.

To further define the molecular mechanisms of fibroblast
invasion, we performed a single-cell RNA sequencing (scRNA-
seq) survey of invasive and noninvasive fibroblasts from four
normal and four IPF human lungs using an in vitro assay system,
which had been previously used to evaluate the ability of lung
fibroblasts to spontaneously invade Matrigel (Ahluwalia et al.,
2016; Li et al., 2011) and commonly used to analyze the meta-
static potential of cancer cells (Qian et al., 1994). In combination
with our previously published bulk RNA-seq analysis (Geng
et al, 2019), we comprehensively identified the gene sig-
natures of invasive and noninvasive lung fibroblasts, and spe-
cific cell-surface markers and key transcription factors were
further confirmed functionally. Ingenuity Pathway Analysis
(IPA; Kramer et al., 2014) on the specific differentially ex-
pressed genes of invasive fibroblasts revealed metastatic lung
adenocarcinoma-associated regulator signatures, in which the
ERBB2 (HER2) signaling pathway was the most significantly
activated upstream regulator. HER2 activation in normal fibro-
blasts dramatically instilled normal lung fibroblasts with fibro-
blast invasive-related gene signatures and increased fibroblast
invasion and fibrosis capability, while blocking HER2 in IPF lung
fibroblasts reversed invasive genetic signatures and inhibited
fibroblast invasion and lung fibrosis. These data suggest that
HER2 endows lung fibroblasts with a metastatic lung cancer-
related signature program, which potentially defines HER2 as
the master regulator of IPF lung fibroblast invasion and subse-
quently lung fibrosis.

Results

Gene expression profiles of human lung invasive fibroblasts
Severe lung fibrosis required an invasive fibroblast phenotype,
and fibroblasts from IPF lungs showed significantly increased
invasive capacity compared to normal lung fibroblasts (Fig. S1, A
and B). To further explore the underlying mechanisms, we in-
vestigated single cells isolated from invasive and noninvasive
lung fibroblasts from four IPF patients and four healthy controls
using GemCode system (10X Genomics), which is based on a
high-throughput Droplet-based platform (Zheng et al., 2017) as
we have previously reported with mouse lung fibroblasts (Liu
et al.,, 2021; Xie et al., 2018). Low-quality cells were removed and
retained invasive and noninvasive fibroblasts were integrated
for subsequent analyses (Fig. S1, C and D; and Table S1). Dif-
ferentially expressed genes between invasive and noninvasive
fibroblasts were determined (Fig. S1 E). Genes, including IL1I (Ng
et al,, 2019), HAS2 (Li et al., 2011; Yang et al., 2019), SERPINEI
(PAI-1; Chuang-Tsai et al., 2003; Loskutoff and Quigley, 2000),
CD274 (PDL1), and PDCDILG2 (PDL2; Geng et al., 2019), were
reported to promote fibrogenesis as markers of invasive fibro-
blasts in fibrotic tissue and showed extremely high expression in
invasive fibroblasts (Fig. S1, F and G), which validated the
scRNA-seq data. Several activated fibroblast (myofibroblast)-
specific genes were also upregulated, and no significant differ-
ences were identified in the expression of cell proliferating/cell
cycle genes (Fig. S1 F). In addition, we determined that several
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genes including cell-surface protein genes, long noncoding RNA
genes, and transcriptional factor genes that were differentially
expressed and were potentially crucial to distinguish invasive
fibroblasts from noninvasive fibroblasts (Fig. S1 G).

Cell-surface markers distinguish invasive from noninvasive
fibroblasts

We recently reported that the cell-surface immune checkpoint
ligand CD274 (also known as PDL1) was significantly upregu-
lated on invasive lung fibroblasts and was required for the in-
vasive phenotype of IPF fibroblasts. CD274 drove lung fibrosis in
a humanized IPF model in mice (Geng et al., 2019). Here the
scRNA-seq revealed that both CD274 and PDCDILG2 (also known
as PDL2) were upregulated in the invasive fibroblasts, which
confirmed our previous observation at bulk RNA levels (Fig. 1 A
and Fig. S1, F-G).

To better distinguish invasive and noninvasive lung fibro-
blasts, we identified several more cell-surface marker genes that
showed more significant differential expression. By scRNA-seq
data analysis, we found that SEMA7A (CD108), F3 (CD142), and
ITGA6 (CD49f) were significantly upregulated in the invasive
fibroblasts (Fig. 1 A and Fig. S1 G). As validation, the expression
levels of these cell-surface protein genes were further confirmed
by the published bulk RNA-seq data (Geng et al., 2019; Fig. 1 B).
mRNA levels, cell surface, and total protein levels of SEMA7A,
F3, and ITGA6 were, respectively, corroborated by quantitative
RT-PCR (qRT-PCR; Fig. 1 C), flow cytometry (Fig. 1 D), and
Western blot (Fig. 1 E). Furthermore, cell-surface expression of
CD274, F3, and ITGA6 showed significant correlation with that of
SEMA7A (Fig. 1 F), suggesting that these cell-surface proteins,
especially SEMA7A, could be a promising cell-surface marker of
invasive lung fibroblasts. To confirm this, we performed RNA-
seq on flow-sorted SEMA7AMER and SEMA7APegatve fibroblasts
from IPF lungs and compared the RNA-seq data on invasive and
noninvasive fibroblast data we recently published (Geng et al.,
2019). We found that SEMA7APigh and SEMA7Aregative cells
showed similar transcriptome profiles with invasive and non-
invasive fibroblasts, respectively (Fig. 1 G).

To further explore the functional roles of SEMA7A, F3, and
ITGAG in fibroblast invasion, we flow sorted fibroblasts based on
their cell-surface expression (Fig. 2 A) and validated their ex-
pression levels by qRT-PCR (Fig. 2 B) and Western blot (Fig. 2 C).
We found that cell migration and invasion were significantly
increased in the cell-surface protein high fibroblasts (Fig. 2, D
and E), which suggested that these proteins could be used to
mark invasive lung fibroblasts. Moreover, both SEMA7AReh and
ITGA6Meh fibroblasts showed higher adherence capacities com-
pared to the negative controls (Fig. 2 F), consistent with previous
reports (Geng et al., 2019).

Functionally, overexpression of SEMA7A in lung fibroblasts
(Fig. 2, G and H; and Fig. S2 A) dramatically increased the mi-
gration and invasion capacities of lung fibroblasts (Fig. 2, I and J)
and slightly increased fibroblast proliferation (Fig. S2 B). Im-
portantly, IPF lungs showed higher percentages of SEMA7A
positive fibroblasts compared to normal lungs by flow cytometry
analysis on freshly isolated lung fibroblasts (Fig. S2 C and
Fig. 2 K) and this might explain the increased migration and
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Figure 1. Cell-surface markers were used to identify invasive fibroblasts. (A) Violin plot comparisons of cell-surface marker gene expression in invasive
and noninvasive fibroblasts. (B) Relative expression of cell-surface marker genes in bulk RNA-seq on invasive and noninvasive fibroblasts (n = 9 per group).
(C) Relative expression of SEMA7A, F3, and ITGAG in invasive and noninvasive fibroblasts by qRT-PCR (n = 6 for SEMA7A and F3, and n = 4 for ITGA6). (D) Cell-surface
expression of SEMA7A, F3, and ITGA6 in invasive and noninvasive fibroblasts by flow cytometry. (E) Western blot analysis of SEMA7A, F3, and ITGA6
expression in invasive and noninvasive fibroblasts. GAPDH served as loading control. (F) Cell-surface expression of CD274, F3, and ITGA6 in SEMA7A
negative and high fibroblasts by flow cytometry. (G) Heatmap of consistent genes in SEMA7AMg" and invasive, SEMA7A"82tve and noninvasive fibroblasts,
respectively, by bulk RNA-seq. non, noninvasive fibroblasts; in, invasive fibroblasts; neg, negative. Three independent experiments were performed on
fibroblasts from different patients (B and C). Data are the mean + SEM. *, P < 0.05; ****, P < 0.0001 by student’s t test (B and C). Source data are available
for this figure: SourceData F1.
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Figure 2. Specific cell-surface marker genes of invasive fibroblasts promoted invasion and fibrosis. (A) Cell sorting strategy of F3, SEMA7A, and ITGA6
negative and high fibroblasts for following experiments. (B and C) Relative mRNA levels (B; n = 4 per group) and total protein levels (C) of F3, SEMA7A, and
ITGA6 expression in sorted F3, SEMA7A, and ITGA6 negative and high fibroblasts. (D and E) Representative images (D) and index (E; SEMA7ANeg/High migration/
invasion, n = 4 per group; F3Ne&/Migh migration, n = 12 per group, invasion, n = 9 per group; ITGA6Ne&/High migration, n = 9 per group, invasion, n = 12 per group) of
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migration and invasion of SEMA7A, F3, and ITGA6 negative and high fibroblasts. (F) Cell adhesion of SEMA7A and ITGA6 high and negative fibroblasts was
quantified (n = 4 per group). (G) Overexpression of SEMA7A was confirmed by Western blotting. (H) Cell-surface expression of SEMA7A in SEMA7A over-
expression and control fibroblasts. (I and J) Representative images (I) and index (J; n = 3 per group) of migration and invasion of SEMA7A overexpression
fibroblasts. (K) Quantification of percentage of SEMA7A* fibroblasts by flow cytometry on freshly isolated normal and IPF human lungs (Normal, n = 4; IPF, n =
7). (L and M) Trichrome staining (L) and hydroxyproline (M; n = 10 per group) of mice lungs receiving SEMA7A high and negative fibroblasts, and age-matched
mice were treated with culture medium only. Dash-boxed regions were shown at higher magnification. CTL, control; OE, overexpression. Scale bar: 1 mm (D
and 1), 500 um (L). Three or four independent experiments were performed on fibroblasts from different patients (B, E, F, J, K, and M). Data are the mean + SEM.
*, P <0.05 ** P < 0.0} *** P < 0.00L; **** P < 0.0001 by Student’s t test (B, E, F, and I-K) and two-way ANOVA (M). Source data are available for this figure:

SourceData F2.

invasion of IPF lung fibroblasts when compared to normal fi-
broblasts. As predicted, SEMA7ARe! fibroblasts developed sig-
nificantly more severe lung fibrosis than the mice receiving
SEMAT7A®egatve fihroblasts and the mice without fibroblast in-
jection in a humanized SCID IPF mouse model (NOD-scid-
IL2Ryc ™/~ [NSG] mice) in vivo (Geng et al., 2019; Trujillo et al.,
2010), visualized by markedly increased pathologic lung re-
modeling, thickened alveolar walls and reduced alveolar area,
Masson’s trichrome histologic staining (Fig. 2 L), and signifi-
cantly elevated hydroxyproline content (Fig. 2 M). These data
suggest that these cell-surface markers of invasive fibroblasts
are not just “invasive markers,” but also functional in mediating
fibroblast behaviors.

Identification of transcription factors specific to

invasive fibroblasts

Next, we attempted to identify the critical transcription factors,
which show specific expression patterns and might regulate fi-
broblast invasion. By scRNA-seq analysis, among the differen-
tially expressed transcription factors, we found that mRNA
levels of FOXF1, CREBRF, TSC22D1, MXIl, KLF9, and NFE2L2 were
significantly downregulated in invasive fibroblasts, while the
expressions of HMGA2 and DPF3 were elevated in invasive fi-
broblasts (Fig. S1 G and Fig. 3 A). These data were validated by
published bulk RNA-seq data (Fig. 3 B), qRT-PCR (Fig. 3, C and
D), and Western blot (Fig. 3, E and F).

To confirm that these transcription factors were necessary in
mediating the invasiveness of lung fibroblasts, we performed
siRNA knockdown assays for all the transcription factors iden-
tified. QRT-PCR (Fig. 4, A and B) and Western blot analysis
(Fig. 4, C and D) were performed to evaluate the efficiency of the
knockdown assays.

Foxfl was recently reported to inhibit myofibroblast inva-
sion, collagen secretion, and pulmonary fibrosis in a bleomycin-
induced fibrosis mouse model (Black et al., 2018). Here in our
scRNA-seq data, FOXFI was significantly downregulated in in-
vasive fibroblasts, which was further confirmed by single-cell
Western blot (Fig. S2 D), and showed negative correlation with
the expression of SEMA7A (Fig. 4 E), which we defined as an
invasive fibroblast surface marker. Knockdown of FOXFI in lung
fibroblasts from IPF patients significantly increased the ex-
pression of fibrosis associated markers at mRNA levels including
ACTA2 and COLIAI (Fig. 4 F), as well as mRNA level (Fig. 4 F) and
cell-surface protein level (Fig. 4 G) of SEMA7A.

Knockdown of FOXFI, CREBRF, TSC22D1, MXIl, KLF9, and
NFE2L2 significantly promoted fibroblast migration and inva-
sion (Fig. 4, H and I), while HMGA2 and DPF3 deficiency blunted
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fibroblast migration and invasion (Fig. 4, H and J). These data
suggested that these transcription factors drove a genetic
program in mediating fibroblast migration and invasion in
human lungs.

Invasive fibroblasts shared similar regulatory programs with
metastatic adenocarcinoma

To evaluate the signaling pathways and upstream regulators that
were potentially mediating the invasive gene expression profile,
the specific genes of invasive and noninvasive fibroblasts were
imported into IPA, a tool to investigate possible interactions of
differentially regulated signaling pathways. Interestingly, the
ERBB2 (HER2) was the most activated upstream regulator in the
invasive fibroblasts indicated by the P value of overlap (Fig. 5 A)
and activation z-score (Fig. 5 B). In contrast, ERBB2 was the most
inhibited upstream regulator in noninvasive fibroblasts also in-
dicated by the P value of overlap (Fig. S2 E) and activation z-score
(Fig. S2 F). These data suggest that the ERBB2 signaling pathway
might be a key regulator driving lung fibroblast invasion.

Many of the top upstream regulators of invasive fibroblasts,
including ERBB2 (Oh and Bang, 2020), EGFR (Robichaux et al.,
2021), TNF (Wajant et al., 2003), TP63 (Melino, 2011), TP53
(Powell et al., 2014), and SMARCA4 (Concepcion et al., 2021),
have been shown to be involved in tumor metastasis (Fig. 5, A
and B). The regulatory network by IPA analysis combining the
upstream regulators and the canonical pathways revealed tumor
cell invasion signaling as the core-activated pathway of the
network (Fig. S2 G). Based on these observations, we hypothe-
sized that the regulatory programs of the invasive fibroblasts
were closely associated with the signaling pathways promoting
tumor metastasis. To confirm that, a recently published scRNA-
seq dataset on normal lung tissue and primary and metastatic
lung adenocarcinoma was reaccessed and the primary and
metastatic cancer cells and their specific gene expression pro-
grams were identified (Fig. S3, A-G). IPA analysis revealed the
upstream regulators of the metastatic cancer cells based on the
specific gene expression (Fig. 5 C). Surprisingly, among the top
activated upstream regulators of invasive fibroblasts, most were
significantly activated in metastatic cancer cells (20/30), while
many of the inhibited upstream regulators of invasive fibro-
blasts were also appreciably inhibited in metastatic cancer cells
(11/30; Fig. 5 C). Analysis of all the shared upstream regulators
showed significant positive correlations between invasive fi-
broblasts and metastatic cancer cells (Fig. 5 D). These data raised
the hypothesis that invasive lung fibroblasts shared similar ge-
netic regulatory programs with metastatic lung cancer cells
which were possibly orchestrated by HER2 signaling.
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Figure 3. Differentially expressed transcription factors in invasive and noninvasive fibroblasts. (A) Visualization of differentially expressing tran-
scription factors using violin plot in invasive and noninvasive fibroblasts. (B-D) Expression validation of transcription factors by bulk RNA-seq analysis (B) and
qRT-PCR analysis (C and D). B, n = 9 per group; C, n = 4 for TSC22D1 and n = 5 for other groups; D, n = 6 per group. (E and F) Western blot analysis of
transcription factor expression in invasive and noninvasive fibroblasts. GAPDH served as loading control. non, noninvasive fibroblasts; in, invasive fibroblasts.
Three independent experiments were performed on fibroblasts from different patients (B-D). Data are the mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
¥¥¥% P < 0.0001 by Student’s t test (B-D). Source data are available for this figure: SourceData F3.

Activated ERBB2 (HER2) signaling in invasive lung fibroblasts
As described above, ERBB2 (HER2) was the most activated reg-
ulator in invasive fibroblasts and the top one inhibited regulator
in noninvasive fibroblasts (Fig. 5, A and B; and Fig. S2, E and F).
To confirm that, we sorted SEMA7A high and negative fibro-
blasts as invasive and noninvasive fibroblasts by FACS from fi-
broblasts of nine IPF patients. Western blot analysis showed that
SEMA7AMeM fibroblasts showed significantly elevated HER2
phosphorylation (p-HER2) and SEMA7A expression compared to
SEMA7Aregative fibroblasts, and the total HER2 protein levels
were also increased in most patients (Fig. 5, E and F).

To determine if HER2 signaling was also activated under
in vivo fibrosis conditions, we examined the upstream regu-
lators of fibrotic fibroblasts in our recently published analysis
(Liu et al., 2021). Consistently, ERBB2 was one of the top acti-
vated upstream regulators in both human IPF lung fibroblasts
(Fig. S4 A) and bleomycin induced mouse fibrotic lung fibro-
blasts (Fig. S4 B). To further support this, freshly sorted fibro-
blasts (Fig. S4 C) from normal and IPF human lungs were lysed
for Western blot and significantly elevated p-HER2 levels were
found in IPF lung fibroblasts compared to fibroblasts from
normal lungs (Fig. 5, G and H). We observed costaining of the
activated fibroblast (myofibroblast) marker, a-SMA within the
fibrotic foci in the IPF lung sections, and activation (p-HER2) of
HER2 in fibroblasts, although HER2/p-HER2 expression was also
apparent in epithelial cells in normal lungs and in blood cells in

Liu et al.

HER?2 activation in fibroblasts drives lung fibrosis

IPF lungs (Fig. S4 D). The elevated HER2 transcription in my-
ofibroblasts from IPF lungs was further confirmed by analyses of
published scRNA-seq datasets (Fig. S4 E; Adams et al., 2020;
Habermann et al., 2020; Liu et al., 2021; Morse et al., 2019;
Tsukui et al., 2020). These data confirmed that the HER2 sig-
naling was activated in SEMA7AMeb invasive and IPF lung
fibroblasts.

HER2 activation promoted fibroblast invasion and fibrosis

Next, we attempted to determine if activation of HER2 is a causal
factor for fibroblast invasion. To confirm this, we generated
HER2 overexpressing stable lines in normal human lung fibro-
blasts by lentivirus infection. The overexpression efficiency and
activation of HER2 were confirmed by increased total protein
levels and phosphorylation levels of HER2 in these stable lines
(Fig. 6, F and G). Interestingly, the mRNA levels of invasive
specific genes were elevated, while those of noninvasive specific
genes were downregulated by HER2 activation in normal lung
fibroblasts, confirmed by both qRT-PCR (Fig. 6 A) and bulk RNA-
seq (Fig. 6, B-D). The cell-surface protein levels (Fig. 6 E) and the
total protein levels (Fig. 6, F and G) of SEMA7A, a representative
invasive cell-surface marker confirmed above, were also sig-
nificantly increased, while FOXF1, the transcriptional factor
specific to noninvasive fibroblasts, was downregulated in HER2-
activated fibroblasts (Fig. 6, F and G). These data support the
hypothesis that HER2 activation activates genetic signatures to
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Figure 4. Transcription factors regulated lung fibroblast invasion. (A-D) Knockdown of transcriptional factors was confirmed by qRT-PCR (A and B) and
Western blotting (C and D). A, n = 9 for FOXFL, n = 4 for CREBRF, TSC22D1, and KLF9, n = 6 for MXI1, n = 3 for NFE2L2; B, n = 4 for HMGA2, n = 5 for DPF3.
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(E) FOXF1 and SEMA7A expressions showed negative correlation in scRNA-seq by SeqGeq. (F and G) Relative mRNA levels of FOXF1, SEMA7A, and collagen-
related protein gene, ACTA2 and COLIAI (F, n = 5 per group) and cell-surface expression of SEMA7A (G) after FOXF1 knockdown. (H-J) Representative images
(H) and index quantification (I and J) of migration and invasion of fibroblasts after knockdown assay. I, FOXF1, CREBRF, TSC22D1, and MXI1, n = 6 for migration
and invasion, KLF9, n = 3 for migration and invasion, NFE2L2, n = 3 for migration and n = 11 for invasion; J, HMGA2, n = 6 for migration and invasion, DPF3, n = 3
for migration and invasion. CTL, control; non, noninvasive; in, invasive. Three or four independent experiments were performed on fibroblasts from different
patients (A, B, F, I, and J). Data are the mean + SEM. Scale bar: 1 mm. *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001 by Student’s t test. Source data

are available for this figure: SourceData F4.

support fibroblast invasion and subsequently increase invasive
capacity of normal lung fibroblasts. Interestingly, HER2 over-
expression had limited effects on fibroblast proliferation (Fig.
S4 F), whereas the in vitro invasion assay and in vivo SCID IPF
mouse model showed an increased cell invasion index and
abundant collagen deposition caused by the HER2 activated
normal lung fibroblasts, demonstrated by a significant elevation
in fibroblast invasion (Fig. 6, H and I) and a dramatic increase in
lung fibrotic remodeling and hydroxyproline content (Fig. 6, ]
and K).

HER2 deficiency rescued the invasion related gene signatures
As HER2 appears to drive the gene programs of fibroblast in-
vasion and mediated lung fibrosis, we then attempted to
knockdown HER?2 to examine the effects on IPF lung fibroblast
effector functions. HER2 knockdown efficiency was confirmed
by qRT-PCR (Fig. 7 A) and Western blot (Fig. 7, B and C). Con-
sistently, cell-surface expressions of HER2 and SEMA7A were
also significantly decreased (Fig. 7 D). Functionally, HER2 defi-
ciency also caused a dramatic decrease in IPF fibroblast invasion
(Fig. 7, E and F), confirming the crucial role of HER2 signaling in
regulating fibroblast invasion.

As HER2 is a well-studied gene in cancer, several molecularly
targeted therapies of HER2 positive cancers have recently be-
come available, and Lapatinib is one of the most effective ones
(Geyer et al., 2006). After treating IPF lung fibroblasts with
Lapatinib, decreased p-HER2 levels were observed in a dose-
dependent manner (Fig. 7 G), suggesting that Lapatinib was ef-
fective in blocking HER2 signaling in IPF lung fibroblasts. Total
protein levels of SEMAA7A were decreased while FOXF1 increased
with higher Lapatinib concentrations (Fig. 7 G). We also exam-
ined the cell-surface expression of SEMA7A, F3, and ITGAS, cell-
surface proteins specific to invasive fibroblasts, and found
decreased protein levels after Lapatinib treatment (Fig. 7 H). The
RNA levels of the other representative genes specific to invasive
or noninvasive fibroblasts were also reversed to a noninvasive
state by Lapatinib treatment (Fig. 7 I). These data revealed that
blocking HER2 signaling by Lapatinib potentially reversed the
gene programs of invasive fibroblasts and might blunt fibroblast
invasion and potentially fibrosis.

Targeting HER2 blunted fibroblast invasion and ameliorated
pulmonary fibrosis

To further determine if blocking HER2 signaling had the po-
tential to mediate IPF lung fibroblast invasion, we treated IPF
lung fibroblasts with Lapatinib in migration and invasion assays.
Similar to HER2 knockdown, Lapatinib inhibited fibroblast mi-
gration and invasion in a dose-dependent manner (Fig. 8, A-C)
and showed little effect on fibroblast viability or growth (Fig. S4,
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G and H). We previously reported that PDL1 was elevated in
invasive fibroblasts and anti-PDL1 (a-PDL1) antibody reduced
fibroblast invasion although the mechanisms were less clear
(Geng et al., 2019). We then combined Lapatinib and a-PDLI in
the invasion assay and found greater efficacy in inhibiting IPF
fibroblast invasion (Fig. S5, A and B), suggesting there are
nonredundant mechanisms. Treatment of IPF lung fibroblasts
with the anti-HER2 monoclonal antibody, Pertuzumab (Perjeta),
similarly reduced fibroblast migration and invasion (Fig. 8, D-F).

To confirm the effect of targeting HER2 in fibrosis, SEM-
A7AMigh lung fibroblasts from IPF patients were sorted, enriched
as invasive fibroblasts and injected into NSG mice. The mice
were then treated with Lapatinib or Pertuzumab. Notably, mice
treated with Pertuzumab or Lapatinib developed significantly
less lung fibrosis compared to those treated with vehicle or IgG,
visualized by reduced lung fibrotic remodeling, improved alve-
olar lung structures (Fig. 8 G), and significantly decreased hy-
droxyproline content in lung tissues (Fig. 8 H). These data
suggested that blocking HER2 signaling ameliorated invasive
fibroblast-induced lung fibrosis. Blocking HER2 in bleomycin
induced mouse lung fibrosis model from day 7-20 after lung
injury also remarkably reduced pulmonary fibrosis in C57bl/6
mice (Fig. S5, C and D).

In summary, through profiling of human lung fibroblasts
derived from lung explants of IPF patients, we demonstrated
gene expression programs of invasive and noninvasive fibro-
blasts. Within these differentially expressed genes, we further
defined the functional roles of several cell-surface marker and
transcription factor genes. More importantly, pathway analyses
revealed a metastatic lung cancer-related regulatory program in
invasive fibroblasts, and among these pathways HER2 was the
most activated and significant one. Genetically or biochemically
targeting HER2 had a dramatic effect in inhibiting lung fibro-
blast invasion and in rescuing IPF lung fibroblast-induced lung
fibrosis (Fig. 9). All these data support the concept that that the
HER?2 signaling may be a key driver of lung fibroblast invasion
in IPF and serve as an attractive target for therapeutic inter-
vention of IPF.

Discussion

IPF is a chronic, progressive, fibrotic interstitial lung disease of
unknown cause and is the most common and lethal idiopathic
interstitial pneumonia (King et al., 2014; Noble et al., 2012).
Increasing evidence indicates that IPF is an epithelial-driven
disease whereby a dysfunctional lung epithelium triggers the
onset of fibroblast migration, proliferation, and differentiation
(King et al., 2014; Noble et al., 2012). Activated fibroblasts se-
crete excessive amounts of ECM that subsequently remodel the
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Figure 5. Significantly activated ERBB2 (HER2) signaling pathway in invasive fibroblasts. (A and B) Dot plot visualization of the ~Log1o(FDR) (A) and bar
plot visualization of the activation Z-score (B) of the top 30 activated and inhibited upstream regulators of invasive fibroblasts by IPA analysis. ERBB2 was the
most activated regulators of invasive fibroblasts. ERBB2 was highlighted as the most activated regulator. (C) IPA analysis revealed the upstream regulators of
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green texts, respectively) upstream regulators of invasive fibroblasts were these of metastatic cancer cells. (D) Pearson correlation analysis of activation
z-score of shared upstream regulators (n = 129) of invasive fibroblasts versus metastatic lung adenocarcinoma cancer cell. Linear regression analysis was
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performed and visualized in red line. (E) p-HER2, total HER2, and SEMA7A protein levels in sorted SEMA7A high and negative fibroblasts in nine IPF fibroblast
lines were determined by Western blot. GAPDH served as loading control. (F) Quantification of the Western blot was used to determine the relative protein
levels of p-HER2, total HER2, and SEMA7A in E (n = 9 per group). (G and H) p-HER2 and total HER2 in sorted fibroblasts from three normal and four IPF lung
were determined by Western blot and quantification was performed (H; n = 4). Neg, megative; P, proximal lung regions; D, distal lung regions. Two independent
experiments were performed on fibroblasts from different patients (F and H). Data are the mean + SEM. *, P < 0.05; **, P < 0.0; ****, P < 0.0001 by Student’s

t test (F and H). Source data are available for this figure: SourceData F5.

lung architecture. Our previous studies as well as others” have
shown that a subset of fibrotic fibroblasts acquire an invasive
phenotype that is essential for progressive fibrosis (Ahluwalia
et al., 2016; Chen et al., 2016; Geng et al., 2019; Huan et al., 2015;
Li et al., 2011; Lovgren et al., 2011; Xie et al., 2016). We recently
discovered that the immune checkpoint ligand PDL1 (CD274)
was upregulated on invasive fibroblasts and targeting PDL1
significantly inhibited fibroblast invasion in vitro and attenu-
ated lung fibrosis in vivo (Geng et al., 2019). To gain additional
insights into the molecular regulation of invasive fibroblasts, we
profiled invasive and noninvasive fibroblasts by scRNA-seq and
demonstrated a classification of invasive and noninvasive lung
fibroblasts and their specific signature genes. Interestingly,
combining all the differentially expressed genes of invasive
fibroblasts for IPA analysis uncovered the cancer metastasis-
related regulatory pathways in which the ERBB2 (HER?2) sig-
naling pathway was most activated in invasive fibroblasts.
Blocking HER2 inhibited fibroblast migration and invasion and
blunted lung fibrosis in a humanized SCID IPF model.

Several cell-surface markers were identified on invasive fi-
broblasts. SEMA7A (Semaphorin 7A, also called CD108) is a
glycosylphosphatidylinositol-anchored Semaphorin that has
been previously reported to be regulated by TGF-B1 and plays a
critical role in TGF-Bl-induced fibrotic responses (Kang et al.,
2007). In the present study, SEMA7A was upregulated in inva-
sive lung fibroblasts and SEMA7AMgh fibroblasts induced more
fibrogenesis than SEMA7Aregative fibroblasts. F3 (Coagulation
Factor III, also called CDI142 or tissue factor) is a cell
membrane-associated protein that serves as the receptor and
the essential cofactor for factors VII and VIIa (Mackman, 2004).
F3 is dramatically increased in lungs from patients with IPF
(Imokawa et al., 1997). In bleomycin-induced pulmonary fibro-
sis, the expression of F3 by alveolar macrophages, epithelial
cells, and fibroblasts is dramatically increased (Olman et al.,
1995). a6 (ITGAS6, also called CD49f) containing integrins serve
as cellular receptors for members of laminin family, a major
structural component of the basement membrane. A recent re-
port reveals that human IPF lung myofibroblasts express high
levels of ITGA® in vitro and in vivo and genetic ablation of ITGA6
in collagen-expressing mesenchymal cells protects mice against
bleomycin injury-induced experimental lung fibrosis (Chen
et al., 2016). These reports are consistent with our data.

Transcription factors are critical for cell transition. Based on
scRNA-seq data, we identified several transcription factors that
showed specific expression in invasive or noninvasive fibro-
blasts and that most of which have not yet been fully delineated
in lung fibrosis. FOXF1, a member of the forkhead box family of
transcription factors, has previously been shown to be critical
for lung development (Mahlapuu et al., 2001), lung regeneration
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after partial pneumonectomy (Bolte et al., 2017), and the inhi-
bition of bleomycin-induced pulmonary fibrosis (Black et al.,
2018). TSC22D1 (TSC22 domain family, member 1) and MXI1
(MAX interactor 1) are also associated with pulmonary fibrosis
in some transcriptomic, miRNomic (Granata et al., 2018), and
methylation array data (Huang et al., 2014). NFE2L2 (NF-E2-
related transcription factor 2, also called NRF2) stimulation in-
creases the expression of KLF9 (Kruppel-like factor 9), resulting
in increases in ROS production and subsequent cell death,
however they show diverse functions in bleomycin-induced
pulmonary fibrosis in mice (Cho et al., 2004; Hecker et al.,
2014; Zucker et al., 2014) and IPF (Artaud-Macari et al., 2013).
HMGA?2 (High-mobility group AT-hook 2) is a transcription
factor that is induced by the TGF-B1/Smad3 signaling pathway
and is also reported to be upregulated in pulmonary fibrosis
(Pandit et al., 2010; Song et al., 2013) and inhibit bleomycin-
induced pulmonary fibrosis (Wang et al., 2016). We suggest
that all the above transcription factors are parts of a signaling
network to regulate fibroblast invasion and are potential factors
for invasive to noninvasive fibroblasts transition and are po-
tential therapeutic targets in IPF.

IPF has been reported to be associated with increased risk of
lung cancer due to the occurrence of atypical or dysplastic epi-
thelial changes in fibrosis which progressed to invasive malig-
nancy (Park et al., 2001). In clinical studies, lung cancer is found
either simultaneously in patients with IPF or during the follow-
up of IPF patients and patients with IPF are nearly at five times
more at risk to develop lung cancer than that of general popu-
lation (Tzouvelekis et al., 2018). Despite abundant epidemio-
logical and mechanistic links between IPF and lung cancer, little
is known about the diagnostic and therapeutic management of
these patients (Vancheri, 2013). In our previous study, we re-
ported that tumor suppressor p53 negatively regulates PDL1
expression and fibroblast invasion (Geng et al., 2019). It is well
known that loss of p53 promotes tumor metastasis (Powell et al.,
2014). Here in this current study, by pathway analysis, we re-
vealed high similarities between the regulatory programs of
invasive IPF lung fibroblasts and metastatic lung adenocarci-
noma cancer cells and the most significant one was HER2 sig-
naling. Although commonly acceptable initiation processes and
mechanisms of these two diseases differ significantly, many of
the available lung cancer drugs are also effective in the treat-
ment of fibrosis in many studies (Paliogiannis et al., 2021;
Richeldi et al., 2014). Though more evidence should be provided
to support the concept, the current study sheds light on the
research value of cancer targets on pulmonary fibrosis.

HER2 (ERBB2) has been actively studied in cancer treatment
for decades and was a breakthrough therapy for breast cancer.
Anti-HER?2 classes of drugs, such as trastuzumab, pertuzumab,
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Figure 6. HER2 signaling activation increased fibroblast invasion and fibrosis. (A) The expression of invasive and noninvasive specific genes in HER2
overexpression normal fibroblasts were detected by qRT-PCR (n = 3 per group). (B) Heatmap of the differentially expressed genes of control and
HER2 overexpressing normal human lung fibroblasts by bulk RNA-seq. (C) Volcano plot of the top differentially expressed genes between control and HER2
overexpressed normal human lung fibroblasts by bulk RNA-seq. Red dots indicated the genes at Fold_change >0.5 and black dots indicated the genes at
Fold_change <0.5. (D) Relative expression of invasive and noninvasive specific genes in HER2 overexpression normal fibroblasts detected by bulk RNA-seq (n =
5 per group). (E) Upregulated cell-surface expression of SEMA7A in HER2 overexpression normal lung fibroblasts was confirmed by flow cytometry analysis.
(F and G) Western blotting confirmation of the expression of p-HER2, HER2, SEMA7A, and FOXF1 in HER2 overexpression normal human lung fibroblasts (F) and
quantification of the densitometry (G; n = 3 per group). GAPDH served as loading control. (H and 1) Representative images (H) and index quantification (I; n = 6
per group) of normal lung fibroblast invasion after HER2 overexpression. (J and K) Trichrome staining (J) and hydroxyproline (K; n = 10 per group) of mice lungs
receiving HER2 overexpressing and control normal human lung fibroblasts, and age-matched mice were treated with culture medium only. Dash-boxed regions
were shown at higher magnification. CTL, control; OE, overexpression. Scale bar: 1 mm (H) and 500 pm (J). Three or four independent experiments were
performed on fibroblasts from different patients (A, D, G, |, and K). Data are the mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by
Student’s t test (A, D, G, and ) and two-way ANOVA (K). Source data are available for this figure: SourceData F6.
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Figure 7. HER2 deficiency rescued the dysregulated gene profiles in IPF lung fibroblasts. (A-C) HER2 knockdown efficiency was confirmed by qRT-PCR
(A) and Western blotting (B and C; A, n = 8 per group; C, n = 5 per group). (D) Cell-surface protein level of HER2 and SEMA7A in HER2 knockdown IPF lung
fibroblasts. (E and F) Representative images (E) and index quantification (F; n = 9 per group) of fibroblast invasion after HER2 knockdown. (G) Protein levels of
p-HER?, total HER2, SEMA7A, and FOXF1 in IPF lung fibroblasts after treatment of HER2 inhibitor, Lapatinib, at increasing concentrations. (H) Downregulation
of cell-surface expression of SEMA7A, F3, and ITGA6 in Lapatinib-treated fibroblasts was determined by flow cytometry analysis. (I) Transcription levels of
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other representative genes in IPF lung fibroblasts after Lapatinib treatment were determined by qRT-PCR (n = 3 per group). Scale bar: 1 mm (E). CTL, control;
KD, knockdown. Three or four independent experiments were performed on fibroblasts from different patients (A, C, F, and I). Data are the mean + SEM. *, P <
0.05; **, P < 0.0; **** P < 0.0001 by Student’s t test (A, C, and F) or one-way ANOVA (I). Source data are available for this figure: SourceData F7.

lapatinib, and T-DM], for HER2-positive breast cancer have been  that blocks HER2/HER3 signaling, attenuated bleomycin-
used to treat cancer (Pondé et al., 2018; Stern, 2012). Very lim- induced pulmonary fibrosis in mice (Faress et al., 1985),
ited reports have linked HER2 to pulmonary fibrosis. Targeting although the potential mechanisms remained undiscovered.
HER2 using 2C4, a monoclonal antibody directed against HER2 ~ Several reports linked EGFRs to pulmonary fibrosis by their
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Figure 8. Blocking HER2 signaling inhibited IPF lung fibroblast invasion and attenuated fibrosis. (A-C) Representative images (A) and index quanti-
fication (B and C) of migration and invasion of fibroblasts treated with increasing doses of Lapatinib or DMSO (n = 3 per group). (D-F) Representative images
(D) and index quantification (E and F) of migration and invasion of fibroblasts treated with Pertuzumab or IgG1 (n = 3 per group). (G and H) Masson'’s trichrome
staining of collagen in lung sections (G) and hydroxyproline content in lung tissues (H) from NSG mice injected with SEMA7AMg" |PF fibroblasts and treated with
Lapatinib, vehicle control, Pertuzumab, or IgG1 control (n = 10 per group). Dash-boxed regions were shown at higher magnification. Three independent ex-
periments were performed on fibroblasts from different patients (B, C, E, and F). Data are the mean + SEM. Scale bar: 1 mm (A and D) and 500 um (G). *, P <
0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001 by one-way ANOVA (B, C, E, and F) and two-way ANOVA (H).
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expression levels and related genetic variation (Baughman et al.,
1999; Epstein Shochet et al., 2019; Martinelli et al., 2011). How-
ever, the cellular and molecular mechanisms of EGFRs in pul-
monary fibrosis in vivo or in vitro are lacking. In the present
study, we combined the differentially expressed genes identified
from invasive and noninvasive fibroblasts for IPA analysis and
found the HER2 signaling is dramatically activated in invasive
fibroblasts. Blocking the HER2 signaling with pertuzumab
markedly inhibited lung fibrosis in a humanized mouse fibrosis
model, suggesting that the HER2 signaling may be a key driver of
fibroblast invasion and progressive lung fibrosis and may be a
novel therapeutic target in IPF.

Materials and methods

Study approval

All human lung experiments were approved by the Cedars-Sinai
Medical Center Institutional Review Board (IRB) and were in
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accordance with the guidelines outlined by the IRB. Informed
consent was obtained from each subject (IRB: Pro00032727). All
animal experiments were approved by the Institutional Animal
Care and Use Committee at Cedars-Sinai Medical Center (pro-
tocol IACUC005136). All mice were housed in a pathogen-free
facility at Cedars-Sinai Medical Center and had access to auto-
claved water and pelleted mouse diet ad libitum.

Human lung fibroblast culture and cell migration and

invasion assays

Human lung fibroblasts were isolated and cultured as previously
described (Geng et al., 2019). Briefly, human tissues from lung
explants from patients underwent lung transplantation as well
as normal donors were minced, digested, and cultured in DMEM
supplemented with 15% FBS and antibiotic-antimycotic. The fi-
broblasts were maintained and expanded to passage 4 until the
cells were pure and steadily growing and proliferating with a
standard fibroblast morphology. Fibroblasts were used for
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in vitro and in vivo experiments at passage 4-8. Fibroblast mi-
gration and invasion assays were performed as previously de-
scribed (Geng et al., 2019). In brief, fibroblasts were loaded into
the top chamber of cell culture insert with 8.0 pm pore (for mi-
gration) or BioCoat Matrigel Invasion Chamber (for invasion).
PDGF-BB (10 ng/ml, Peprotech) was used as a chemoattractant in
the bottom chamber. After 24 h culture, cells passed through the
matrigel layer and clung to the bottom of the insert membrane
were determined as invasive fibroblasts. Cells remaining on the
upper chamber were defined as noninvasive fibroblasts. For
quantification of the migration and invasion index, the cells were
fixed and stained with the Protocol Hema 3 stain set (Thermo
Fisher Scientific) and counted in five randomly chosen fields per
filter from triplicate filters per sample at x40 magnification. For
the cell collection for 10x Genomics scRNA-seq, the fibroblasts
remaining on the upper chamber were collected by a scraper and
trypsinized to make single-cell suspension of noninvasive fibro-
blasts, and the fibroblast clung to the bottom of the insert mem-
brane were trypsinized to make single-cell suspension of invasive
fibroblasts. These cells were used for 10x Genomics scRNA-seq
analysis immediately without any further culture or recovery.

scRNA-seq, data processing, and IPA

Sequencing library construction was done by the 10x Genomics
chromium platform as previously described (Xie et al., 2018).
Cell Ranger version 1.3.1 (10x Genomics) was used to process raw
sequencing data and Cell Ranger R kit version 4.1.0 and Seurat
suite version 4.1.0 for downstream analysis. Differentially ex-
pressed genes were extracted from invasive fibroblasts and
noninvasive fibroblasts or primary and metastatic lung adeno-
carcinoma cancer cells for IPA using the cutoff: average ex-
pression >0.1, adjusted P value (false discovery rate [FDR])
<0.05, and absolute value of Log, fold-change >0.58.

Gene knockdown assay and qRT-PCT

siRNA knockdown assays were performed using Lipofectamin
RNAIiMAX Transfection Reagent following the manufacturer’s
protocol (Thermo Fisher Scientific). Commercial siRNA used
were listed: si-FOXFI (sc-60655; Santa Cruz Biotechnology),
si-CREBRF (sc-91839; Santa Cruz Biotechnology), si-TSC22D1
(16708; Thermo Fisher Scientific), si-MXII (sc-35835; Santa
Cruz Biotechnology), si-KLF9 (sc-37716; Santa Cruz Biotechnol-
ogy), si-NFE2L2 (sc-37030; Santa Cruz Biotechnology), si-HMGA2
(sc-37994; Santa Cruz Biotechnology) si-DPF3 (sc-92150; Santa
Cruz Biotechnology). Knockdown assay of ERBB2 (HER2) was
performed with lentivirus from (GeneCopoeia, LPPHCP267177L03-
3-100) and HER2 overexpression lentivirus was customized from
VectorBuilder. RNA was isolated using RNeasy Mini kit (Qiagen)
following the manufacturer’s protocol. M-MLV Reverse Tran-
scriptase (Promega) was used for cDNA synthesis. Gene ex-
pression was measured relative to the endogenous reference
gene GAPDH using the comparative ACT method. The primer
sequences used were listed in Table S2.

Flow cytometry and FACS
Cells were resuspended in Hank’s balanced saline solution
supplemented with 2% FBS, 10 mM Hepes, 0.1 mM EDTA, and
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antibiotic-antimycotic. Directly conjugated antibodies used
were anti-SEMA7A-PE and anti-SEMA7A-BV480 (clone KS-2;
BD Biosciences), anti-CD274-PE (clone 29E.2A3; Biolegend), anti-
F3-PE (clone HTF-1; BD Biosciences), anti-ITGA6-PE (clone
GoH3; BD Biosciences), APC anti-CD340 (erbB2/HER2, Clone
24D2; Biosciences), FITC anti-human CD326 (EpCAM, Clone 9C4;
Biosciences), PE/Cy7 anti-human CD31 (Clone WMS59; Biosciences),
and PE/Cy7 anti-human CD45 (Clone HI30; Biosciences). DAPI was
used to discriminate dead cells. Flow cytometry was performed
using an LSRFortessa cell analyzer and FACS was performed on
FACSAria III sorter (BD Immunocytometry Systems) and data
were analyzed using FlowJo 10.2 software (Tree Star).

Western blot

Western blot was performed as previously descripted (Geng
et al., 2019). Antibodies were used: anti-GAPDH (clone 14C10;
Cell Signaling Technology), anti-SEMA7A (NBP1-86555; Novus
Biologicals), anti-F3 (clone EOM6T; Cell Signaling Technology),
anti-ITGA6 (3750S; Cell Signaling Technology), anti-FOXFI
(AF4798; R&D system), anti-CREBRF (ab26262; Abcam), anti-
TSC22D1 (NBP2-46238; Novus Biologicals), anti-MXI1 (A12098;
ABclonal), anti-KLF9 (clone A-5; Santa Cruz Biotechnology),
anti-NFE2L2 (clone D1Z9C; Cell Signaling Technology), anti-
HMGA?2 (8179s, clone D1A7; Cell Signaling Technology), anti-
DPF3 (NBP2-14910; Novus Biologicals), anti-p-HER2 (6942s,
clone D66B7; Cell Signaling Technology), and anti-HER2
(2165s, clone 29D8; Cell Signaling Technology). Secondary
antibodies were anti-rabbit IgG, HRP-linked Antibody (7074s;
Cell Signaling Technology), anti-mouse IgG, HRP-linked an-
tibody (7076s; Cell Signaling Technology), and Peroxi-
dase Donkey Anti-Goat IgG (H + L; 705-036-147; Jackson
ImmunoResearch).

Densitometry analysis

Densitometry quantitation of Western blots was performed with
Adobe Photoshop (Luhtala and Parker, 2009). Briefly, the
Western bands and adjacent background regions were chosen
and selected at the same size by Rectangular Marquee Tool and
the integrated densities of the bands were determined with
background adjusted by Measurement Log and Recording
Measurements. The relative protein levels were calculated by
normalizing integrated density of the target proteins to that of
loading control proteins.

Immunofluorescence

Immunofluorescence was performed as previously described
(Liu et al., 2021). In brief, freshly dissected tissues were fixed in
4% paraformaldehyde solutions (Thermo Fisher Scientific) in
PBS overnight and the following day embedded in Optimal
Cutting Temperature Compound and flash frozen. 10-um cry-
osections were cut using a cryostat onto Superfrost Plus Mi-
croscope Slides. Immunofluorescence was performed using
following primary antibodies overnight at 4°C: p-HER2 (6942s,
clone D66B7; Cell Signaling Technology) and anti-HER2 (2165s,
clone 29D8; Cell Signaling Technology), and Cy3-conjugated
secondary antibody and FITC-conjugated a-SMA antibody
(abs211, clone 1A4; Abcam) were used to visualize the staining.
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Cell growth rate and cell viability assay

Cell growth rate of fibroblasts was measured by IncuCyte ZOOM
Live Cell Analysis System (Essen BioScience). The viability of
lapatinib-treated fibroblasts or control fibroblasts was examined by
Calcein AM Cell Viability Assay Kit (4892-010-K; R&D systems).

Humanized SCID mouse model of IPF

Humanized SCID mouse model of IPF, generated as previously
reported (Trujillo et al., 2010), is a well-established humanized
lung fibrosis mouse model, in which lung fibrosis is only ob-
served after the injection of IPF but not normal lung fibroblasts.
The lungs in this model show several pathological characteristics
that are commonly diagnosed in human lungs of IPF patients,
including nonresolving fibrotic lung remodeling, significantly
increased matrix deposition, elevated profibrotic cytokine and
chemokine secretion, and alveolar epithelial cell injury. Female
NSG mice (6-8 wk old) were purchased from The Jackson Lab-
oratory. The NSG mice received single-cell suspensions of
SEMAT7A high and negative IPF lung fibroblasts, or HER2 over-
expression and control fibroblasts (0.5 x 10° cells/mouse) via tail
vein injection. For ERBB2 inhibitor studies, mice were treated
with 0.5% CMS-Na (control group) or 50 mg/kg Lapatinib (Tocris
Bioscience) every other day from day 35 to 63. For the anti-ERBB2
antibody studies, mice were injected with IgGl (InVivoPlus hu-
man IgGl isotype control, Bio X Cell) or anti-HER2 (Pertuzumab,
kindly provided by Genentech) twice per week, 100 ug/mouse
from day 35 to 63. Lung fibrosis was assessed on day 63 after
fibroblast transfer. The left lobe was used for histology and right
lobes were used for hydroxyproline assay. The assessment of lung
fibrosis in this model could be judged by visualizing the lung
remodeling histologically and pathologically, thickened alveolar
wall and reduced alveolar area, Masson’s trichrome histologic
staining in lung slides, and quantitatively hydroxyproline content
in lung tissues (Habiel et al., 2018; Pierce et al., 2007).

Bleomycin instillation

Bleomycin instillation has been previously described (Liu et al.,
2021). Briefly, under anesthesia, mouse trachea was surgically
exposed. Bleomycin (Hospira) in 25 ul PBS was instilled into the
mouse trachea at a dose of 1.25 U/kg body weight. Control ani-
mals received same amount of saline alone. The tracheostomy
site was sutured, and the animals were allowed to recover. For
anti-ERBB2 treatment, mice received 0.5% CMS-Na (vehicle
group) or 50 mg/kg Lapatinib (Tocris Bioscience) by gavage
every other day from day 7 to 20. The mice were sacrificed on
day 21. The left lobe was used for histology and right lobes were
used for hydroxyproline assay.

Statistical analysis

Data are expressed as the mean + SEM. All experiments were
repeated two or more times. Student’s two-tailed t test was used
for comparing differences between two groups. One-way or
two-way ANOVA followed by Tukey-Kramer test was used for
multiple comparisons. Significance was set at P < 0.05. Graph-
Pad Prism software 8.0 was used for statistical analysis.
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Online supplemental material

Fig. S1 shows identification of novel marker genes of invasive
and noninvasive lung fibroblasts. Fig. S2 shows ERBB2 (HER2)
was the top inhibited upstream regulator in noninvasive fibro-
blasts. Fig. S3 shows the retrieval of scRNA-seq on primary and
metastatic lung adenocarcinoma from GSE131907. Fig. S4 shows
HER2 (ERBB2) was the top upstream regulator of fibrotic fi-
broblasts in human and mouse lungs. Fig. S5 shows the targeting
HER?2 signaling blunted bleomycin-induced lung fibrosis. Table
S1 shows human sample donor information and summary of
scRNA-seq experiments. Table S2 shows the primer sequences
for qRT-PCR.

Data and materials availability

All data associated with this study are present in the paper or
the supplementary figures and tables. scRNA-seq and total
RNA-seq data have been uploaded to GEO (GSE137025 and
GSE137026). Total RNA-seq on invasive and noninvasive IPF
fibroblasts were published previously (accession number
GSE118933). scRNA-seq data on healthy human lungs and
primary and metastatic lung adenocarcinoma were retrieved
from GSE131907.
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Figure S1. Identification of novel marker genes of invasive and noninvasive lung fibroblasts. (A and B) Cell migration (A) and invasion (B) assays were
performed on normal and IPF fibroblasts (A, n = 8 per group; B, n = 7 for normal and n = 8 for IPF). (C and D) Visualization of the distribution of invasive and
noninvasive cells (C) and healthy and IPF cells (D). (E) Heatmap of the top 1,000 significant genes in invasive and noninvasive fibroblasts. (F) Violin plot
visualization of the canonical lung fibrosis related genes and cell proliferation marker genes. (G) Identification of the novel cell-surface marker, LincRNA, and
transcriptional factor genes differentially expressed in invasive and noninvasive fibroblasts. non, noninvasive; in, invasive. Three independent experiments
were performed on fibroblasts from different patients (A and B). Data are the mean + SEM. **, P < 0.01; ***, P < 0.001 by Student’s t test (A and B).
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Figure S2. ERBB2 (HER2) was the top inhibited upstream regulator in noninvasive fibroblasts. (A) Flow cytometry analysis confirmed the over-
expression of SEMA7A in lung fibroblasts. (B) Cell proliferation rates of fibroblasts with SEMA7A overexpression or control fibroblasts were determined by EdU
assays. (C) Cell-surface expression of SEMA7A was determined by flow cytometry on single-cell homogenate of CD31-, CD45~, EPCAM- cells from IPF and
healthy samples. (D) Single-cell Western blot confirmed the downregulation of FOXF1 in invasive fibroblasts. (E and F) Dot plot visualization of the
~Logio(FDR) (E) and bar plot visualization of the Activation Z-score (F) of the top 30 activated and inhibited upstream regulators of noninvasive fibroblasts by
IPA analysis. ERBB2 was the top inhibited regulators of noninvasive fibroblasts. ERBB2 was highlighted as the most inhibited regulator. (G) The regulating
network of invasive fibroblasts combining canonical signaling pathways and upstream regulators showed that the core signaling pathway was the invasion of
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tumor cell lines, suggesting that invasive lung fibroblasts had metastatic cancer-related signatures.
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Figure S3. Retrieval of scRNA-seq on primary and metastatic lung adenocarcinoma from GSE131907. (A and B) Cell-type identification (A) by the
expression of canonical cell-type marker gene expression (B). Epi, epithelial cell lineage; Fib, fibroblast; Endo, endothelial cell; Myel, myeloid cell; NK, natural
killer; Oligo, Oligodendrocyte; Ukn, unknown cell. (C~E) Epithelial cell lineage extraction and definition (C) and distribution (D) of epithelial cell type by the
expression of canonical epithelial cell-type marker genes (E). (F) Extraction and distribution of cancer cell from primary and metastatic tumors. (G) Heatmap of
top 500 genes of primary and metastatic cancer cells.
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Figure S4. ERBB2 was the top upstream regulator in fibrotic fibroblasts in human and mouse lungs. (A and B) ERBB2 was the top upstream regulator of
both human IPF lung fibroblasts (A) and bleomycin-induced mouse lung fibrotic fibroblasts (B). (C) Sorting strategy for normal and IPF lung fibroblasts for
p-HER2 and total HER2 Western blot. (D) Immunostaining of HER2/p-HER2 with activated fibroblast (myofibroblast) marker, a-SMA, in normal and IPF human
lung cryosections. IgG isotype was used as control for HER2 and p-HER2 staining. Higher magnifications of the boxed regions were provided. (E) Transcription
of ERBB2 (HER2) in myofibroblasts in published scRNA-seq datasets. P value of each comparison, cell number (n) of each group, and average expressions of
ERBB2 (purple dotted line) were included. (F) Cell proliferation rates of normal fibroblasts with HER2 overexpression or control fibroblasts were determined by
EdU assays. (G) Fibroblast viability after Lapatinib treatment was determined by Calcein AM Assay (n = 8 per group). (H) Fibroblast growth rate after treatment
of Lapatinib at increasing concentration (n = 6 per group). Three independent experiments were performed on fibroblasts from different patients (G and H).
Data are the mean + SEM. ns, not significant by two-way ANOVA (G). Scale bars, 20 pm (D).
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Figure S5. Targeting HER2 blunted bleomycin-induced murine lung fibrosis. (A and B) Fibroblast invasion (A) and invasion index (B) after combined
treatment of Lapatinib and a-PDLL (n = 3 per group). (C and D) Masson’s trichrome staining (C) and hydroxyproline content of lung tissues (D) from C57BL/6)
mice injured with 1.25 U bleomycin and treated with Lapatinib or vehicle control. Dash-boxed regions were shown at higher magnification (control [CTL] with
vehicle, n = 9; CTL with Lapatinib, n = 8; bleomycin with vehicle, n = 9; bleomycin with Lapatinib, n = 7). Three independent experiments were performed on
fibroblasts from different patients (B and D). Data are the mean + SEM. Scale bar: 1 mm (A) and 500 um (C). *, P < 0.05; **, P < 0.0L; ***, P < 0.001; and ****,
P < 0.0001 by two-way ANOVA (B and D).

Provided online are two tables. Table S1 shows human sample donor information and summary of scRNA-seq experiments. Table S2
lists the primer sequences for qRT-PCR.
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