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Tumor-associated fibrosis impairs immune surveillance
and response to immune checkpoint blockade in non–
small cell lung cancer
Brett H. Herzog1,2, John M. Baer1, Nicholas Borcherding3, Natalie L. Kingston1, Jad I. Belle1,
Brett L. Knolhoff1, Graham D. Hogg1, Faiz Ahmad1, Liang-I Kang3, Jessica Petrone3, Chieh-Yu Lin3,
Ramaswamy Govindan1,2, David G. DeNardo2,3,4*

Non–small cell lung cancer (NSCLC) is a leading cause of cancer-related deaths. Immune checkpoint blockade
has improved survival for many patients with NSCLC, but most fail to obtain long-term benefit. Understanding
the factors leading to reduced immune surveillance in NSCLC is critical in improving patient outcomes. Here, we
show that human NSCLC harbors large amounts of fibrosis that correlates with reduced T cell infiltration. In
murine NSCLC models, the induction of fibrosis led to increased lung cancer progression, impaired T cell
immune surveillance, and failure of immune checkpoint blockade efficacy. Associated with these changes,
we observed that fibrosis leads to numerically and functionally impaired dendritic cells and alteredmacrophage
phenotypes that likely contribute to immunosuppression. Within cancer-associated fibroblasts, distinct changes
within the Col13a1-expressing population suggest that these cells produce chemokines to recruit macrophages
and regulatory T cells while limiting recruitment of dendritic cells and T cells. Targeting fibrosis through trans-
forming growth factor–β receptor signaling overcame the effects of fibrosis to enhance T cell responses and
improved the efficacy of immune checkpoint blockade but only in the context of chemotherapy. Together,
these data suggest that fibrosis in NSCLC leads to reduced immune surveillance and poor responsiveness to
checkpoint blockade and highlight antifibrotic therapies as a candidate strategy to overcome immunotherapeu-
tic resistance.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related mortality (1, 2).
Non–small cell lung cancer (NSCLC) is the most encountered type
of lung cancer. Current NSCLC treatments focus on tumor cell in-
trinsic susceptibilities, such as EGFR mutations, or tumor-ex-
pressed immune checkpoints, such as programmed death-ligand
1 (PD-L1) and its receptor, programmed cell death-1 (PD-1).
Immune checkpoint blockade either alone or combined with tradi-
tional chemotherapy has markedly improved the survival for pa-
tients with NSCLC (3–5). However, despite the observed benefit
in NSCLC, not all patients respond to these agents, and most of
those who do respond eventually progress, demonstrating a need
for improving treatment strategies.

Understanding why some patients have durable responses to
immune checkpoint blockade and still others do not is of consider-
able clinical interest. Attempts at predicting benefit from immune
checkpoint blockade based on tumor mutational burden alone have
not borne out (6, 7). However, evidence suggests that patients whose
cancer cells harbor certain mutations, such as STK11/LKB1 and
KRAS, are less likely to obtain clinical benefit from PD-1–PD-L1
immune checkpoint blockade compared with those who harbor
KRASmutations alone (8). This suggests that certain tumor-intrin-
sic properties do affect response to immune checkpoint blockade

for some patients. However, in addition to these tumor-intrinsic
features, the tumor microenvironment (TME) is garnering in-
creased attention as a critical determinant of response to both
cancer cell–intrinsic and immune-based therapies (9, 10). The
TME is composed of numerous cell types, including various
immune cells, endothelial cells, and fibroblasts. Many groups have
attempted to identify a critical marker of response to immune
checkpoint blockade within the TME. Much of the work thus far
has focused on whether a tumor is “T cell inflamed,” having both
infiltrating T cells and a type I interferon signature or not (11–
14). Several studies have demonstrated the importance of a properly
activated innate sensing mechanism whereby antigen-presenting
cells, such as dendritic cells, are recruited to the TME. Specifically,
CD103+ dendritic cells are critical to an adequate antitumor
immune response because they traffic to the tumor-draining
lymph node to present tumor-specific and tumor-associated anti-
gens to T cells and produce a type I interferon response (15–18).
The effector T cells must then be recruited back to the TME
through the vasculature; two chemokines have been identified as
critical to this process, CXCL9 and CXCL10, which are ligands
for CXCR3 expressed on T cells (19, 20). Together, these data
suggest that one way that tumors avoid antitumor responses is
through dysfunctional dendritic cells and limited T cell infiltration.
Even in patients with high numbers of infiltrating T cells, dysfunc-
tion and suppression of these cells have been suggested as an addi-
tional mechanism of resistance to PD-1–PD-L1 checkpoint
blockade. In addition to the PD-1–PD-L1 checkpoint, which is
the most targeted checkpoint in human cancers, other coinhibitory
checkpoints can be expressed by cells within the TME to limit the
function of T cells (21, 22). Cells such as regulatory T cells (Tregs)
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and macrophages can also suppress the function of T cells within
the TME. Tregs are abundant in the lung cancer TME and have
been shown to limit T cell function through various mechanisms
(23, 24). The role of macrophages within the TME has also been
explored, and, although much remains to be determined about
the best way to target tumor-supporting macrophages, it is clear
that a subset of macrophages play a critical role in suppressing the
immune system’s response to cancer development and in promot-
ing tumor progression (25–27).

Despite our advances in understanding the role that the vascu-
lature and immune components play in generating and delivering
an effective antitumor immune response, our understanding of the
impact of fibrosis remains more limited. Fibrosis includes diverse
fibroblast populations and extracellular matrix (ECM) deposition,
which has been shown to affect tumor immunity in some cancers
(28–30). For example, fibrosis in pancreatic cancer may limit den-
dritic cell trafficking and function within the TME (28, 29, 31, 32).
Further, depletion of certain subsets of cancer-associated fibroblasts
(CAFs) leads to acceleration of tumor progression (33), whereas
other CAF subsets appear to restrain tumor growth in this same
cancer (31). Tumor-associated fibrosis is associated with advanced
disease and with poor prognosis in several cancer types, including
NSCLC (28, 34–38). Smoking cigarettes is a well-established risk
factor for developing NSCLC and is associated with a fibrotic re-
modeling of the lung (39). In addition, idiopathic pulmonary fibro-
sis increases the risk of developing lung cancer (40). Recent studies
in human NSCLC have identified different fibroblast subsets and
their impact on response to therapies targeting driver mutations
(9, 41, 42). Collagen, a component of fibrosis, has recently been
shown to induce CD8+ T cell exhaustion in models of lung cancer
(43). However, the impact of fibrosis on immune surveillance and
response to immune-based therapies in NSCLC remains
largely unknown.

Here, we observed that, in human NSCLC, the degree of stromal
fibrosis negatively correlates with T cell responses. In models of ex-
perimental lung fibrosis, we observed accelerated lung adenocarci-
noma progression, impaired immune surveillance, and loss of
responsiveness to immune checkpoint blockade. NSCLC fibrosis
was associated with immunosuppressive changes in the TME that
are at least in part related to transforming growth factor–β
(TGFβ) signaling. Targeting fibrosis restored T cell infiltration
into the NSCLC TME and improves response to immune check-
point blockade in the setting of chemotherapy, suggesting that
this may be a possible treatment strategy for NSCLC.

RESULTS
Human NSCLC tissues frequently have a fibrotic TME
To determine the impact of fibrosis on NSCLC, we first character-
ized the localization and relative abundance of reactive stroma
within humanNSCLC. To accomplish this, we performed histologic
analysis of three patient cohorts with early-stage NSCLC, including
two human tumor microarrays (TMAs) and one resection cohort
from our institution (data file S1). To analyze reactive fibrosis, we
first performed trichrome staining for collagen and immunohisto-
chemical (IHC) analysis for α–smooth muscle actin (αSMA), a
marker of activated fibroblasts, on NSCLC TMAs. We determined
that the TME of NSCLC contains an increased amount of fibrosis
compared with normal control lung tissue as defined by increased

collagen deposition (Fig. 1, A and B, and fig. S1, A and B) and ac-
tivated CAFs (Fig. 1, C and D). In addition, fibroblasts were often
seen surrounding nests of tumor cells (Fig. 1C and fig. S1C). Given
the sampling bias involved with procuring TMAs, we next used au-
tomated tissue analysis of hematoxylin and eosin (H&E)–stained
sections from stages I and II, resected NSCLC samples obtained
at our institution (Fig. 1, E and F, and data file S1). We determined
that, on average, tumor-associated stroma comprised about 50% of
the resection sample by area and ranged from 14.1 to 82.9%
(Fig. 1G). These data suggest that most NSCLC harbors a substan-
tial amount of tumor-associated fibrosis and desmoplasia.

To better understand how this tumor desmoplasia might relate
to tumor immunity, we assessed T cell infiltrates. We performed
CD8 and CK7 dual-IHC staining (fig. S1D) to determine CD8+ T
cell proximity to tumor cells and compared that with the amount of
stroma from each sample. We found that the amount of stroma,
whether calculated as stromal area or collagen density, correlated
with reduced numbers of CD8+ T cells within 50 μm of CK7+
tumor cells (Fig. 1, H to J). These data suggest that increased
tumor-associated fibrosis might affect T cell numbers in NSCLC.

Reactive fibrosis drives lung adenocarcinoma progression
To determine the role of fibrosis in tumor immune surveillance and
tumor progression, we evaluated several mouse models of NSCLC
for fibrosis. These included the commonly used genetically engi-
neered mouse models (GEMMs) KrasLSL-G12D;Trp53fl/fl (KPL)
mice, who were given a single administration of intratracheal ade-
noviral-Cre recombinase to induce transformation (44). We also
used orthotopic models of Lewis lung carcinoma (LLC) and a cell
line derived from the lung of a Trp53 heterozygous null, KPL
GEMM, 9 months after intratracheal adenoviral-Cre recombinase
administration (KPL86). In contrast to human NSCLC, across all
these models, we found minimal collagen deposition [Fig. 2, A to
C, phosphate-buffered saline (PBS)]. To model the impact reactive
fibrosis that might have on tumor progression and immunity, we
used two experimental systems. These included intratracheal ad-
ministration of bleomycin (Bleo) or fluorescein isothiocyanate
(FITC). Bleo induces alveolar epithelial cell injury, leading to in-
creased free radicals and oxidative stress, which ultimately results
in inflammation and reactive fibrosis within 2 to 4 weeks (45).
FITC leads to increased alveolar and vascular damage, resulting in
fibrosis in 2 to 3 weeks (45). To avoid potential immune-altering
effects of prolonged exposure to either of these agents, we adminis-
tered either a single dose of Bleo or FITC intratracheally 3 or 4 weeks
before tissue collection for orthotopic models or GEMMs, respec-
tively (Fig. 2). Administration of Bleo or FITC both increased col-
lagen, as assessed by trichrome staining, deposition of both
peritumorally and in the lung parenchyma, as well as tumor-asso-
ciated αSMA+ fibroblasts in all three models (Fig. 2, A to C, and fig.
S2, A and B). Using flow cytometry, we observed increased numbers
of CD45− EpCAM− CD31− CAFs in the setting of fibrosis
(fig. S2C).

Induction of reactive fibrosis with either Bleo or FITC led to in-
creased tumor progression in all models evaluated, including KPL
GEMMs and orthotopic LLC and KPL86 models (Fig. 2, D to I, and
fig. S2, D to F). Corresponding with promotion of tumor progres-
sion, we also saw more proliferation and less apoptosis in these
tumors by Ki67 and cleaved caspase 3, respectively (fig. S2, G to
I). In addition to increased tumor burden in fibrotic lungs,
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Fig. 1. HumanNSCLC tissue harbors reactive fibrosis. (A) Shown are representative images from a TMA containing 75 early-stage lung adenocarcinomas with adjacent
normal tissue stained with trichrome. Scale bars, 500 and 100 μm (inset). (B) Quantification of collagen content from (A). (C) Shown are representative images from a TMA
containing 75 early-stage lung adenocarcinomas with adjacent normal tissue stained with αSMA. Scale bars, 500 and 100 μm (inset). (D) Quantification of collagen
content from (C). (E) Shown is a representative H&E-stained section from resected NSCLC samples. Scale bars, 500 and 100 μm (inset). (F) Shown is a representative
image from HALO analysis software for differentiating stroma area from tumor. Scale bar, 100 μm. (G) Quantification of tumor and stroma content in NSCLC samples
shown in (E) and (F) (n = 98). (H) Shown is correlation analysis between proximal CD8+ T cells and stroma content by H&E in NSCLC samples (n = 98). (I) Representative
images from NSCLC sections stained with trichrome are shown. Scale bars, 500 and 100 μm (inset). (J) Shown is correlation analysis between proximal CD8+ T cells and
collagen content in trichrome-stained sections in NSCLC samples (n = 98). Data are presented asmeans ± SEM andwere analyzed by two-sided t test between two groups
or Pearson correlation and graphed using a linear regression model with 95% confidence intervals for (H) and (J). *P < 0.05.
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tumors from fibrotic lungs were more aggressive on the basis of a
previously published grading system (fig. S2J) (44). Together, these
data suggest that reactive fibrosis can be a strong driver of tumor
progression.

Fibrosis impairs immune surveillance and T cell–mediated
tumor control
Given the importance of T cell–mediated tumor control and our
observation that fibrosis negatively correlated with T cells in
human NSCLC, we sought to determine whether fibrosis impaired
T cell immunity. Analysis of T cells by IHC showed reduced
numbers of CD8+ T cells within Bleo-induced fibrotic tumors
from KPL GEMMs as well as LLC and KPL86 orthotopic models
(Fig. 3, A to D, and fig. S3A). Similarly, reactive fibrosis induced
by FITC also reduced the number of CD8+ T cells within tumors
from KPL GEMMs (fig. S3B). Analysis by flow cytometry found

an increase in PD-1+ CD8+ T cells and Foxp3+ CD4+ Tregs in
mice with fibrosis (fig. S3, C to E). To assess whether the effect of
fibrosis on tumor control might be T cell mediated, CD4+ and CD8+
T cells were depleted in the presence or absence of Bleo in the or-
thotopic LLCmodel. In the absence of Bleo, we found that depletion
of T cells led to an increase in tumor burden, indicating that T cells
are able to restrain tumor growth in this model (Fig. 3E). In contrast,
in the presence of Bleo, we found that depletion of T cells did not
further increase tumor burden (Fig. 3E). These data suggest that fi-
brosis enhances tumor growth at least in part by impairing T cells.

To assess the impact of fibrosis on immune surveillance, we used
KPL GEMMs that, under the control of Cre-recombinase, also
express ovalbumin (OVA) fused to green fluorescent protein
(GFP) (KPLOG) (Fig. 3F) (29). Within the resultant tumors, we ob-
served a significant (P = 0.02) increase in CD8+ T cells in KPLOG
mice compared with KPL mice, suggesting an induction of T cell

Fig. 2. Reactive fibrosis enhances cancer progression in mouse models of NSCLC. (A to C) Representative images are shown from trichrome-stained sections (top) or
αSMA (bottom) from KPL GEMMs treated with PBS or Bleo (A) or FITC (B) or LLC orthotopic mice treated with PBS or Bleo (C). Scale bars, 100 μm. (D to F) Shown are
representative H&E-stained sections from KPL GEMMs treated with PBS or Bleo (D) or FITC (E) or LLC orthotopic mice treated with PBS or Bleo (F). Scale bars, 5 mm and 100
μm (inset). (G to I) Quantification of tumor burden as a percentage of total lung area and average lesion size for tumors corresponding to (D) to (F), respectively (n = 8).
Data are presented as means ± SEM and were analyzed by two-sided t test between two groups. *P < 0.05.
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Fig. 3. Reactive fibrosis impairs immune surveillance in models of NSCLC. (A and B) Shown are representative images (A) of IHC-stained sections for CD8 and as-
sociated quantification (B) of CD8+ T cells per tumor area in KPL GEMMs treated with PBS or Bleo (n = 5). (C and D) Shown are representative images (C) of IHC-stained
sections for CD8 and associated quantification (D) of CD8+ T cells per tumor area in LLC orthotopic mice with PBS or Bleo (n = 3). Scale bars, 50 μm (A and C). (E) Shown is
quantification from LLC orthotopic mice treated with PBS or Bleowith or without depletion of CD4 and CD8 T cells. (F) Shown is a schematic of the KPL GEMM expressing
ovalbumin (OVA)–GFP (KPLOG) tumor model. (G and H) Representative images from IHC-stained sections for CD8 (scale bar, 50 μm) (G) and associated quantification of
CD8+ T cells per tumor area (H) are shown for KPL or KPLOG GEMMs (n = 5). (I) Representative H&E-stained sections are shown from KPL or KPLOG GEMMs treatedwith PBS
or Bleo. Scale bars, 500 μm. (J) Quantification of tumor burden in (I) (n = 6). (K and L) Representative images from IHC-stained sections for CD8 (K) and associated
quantification of CD8+ T cells per tumor area (L) in KPLOG GEMMs (n = 5). (M and N) Shown is quantification of OVA-specific, CD8+ T cells in the lung (M) or draining
lymph node (N) (n = 6). (O and P) Representative H&E-stained sections (O) and associated quantification of tumor burden (P) are shown for KPLOG GEMMs treated with
PBS or FITC (n = 8). Scale bar, 500 μm. (Q and R) Shown are representative images from IHC-stained sections for CD8 (Q) and associated quantification of CD8+ T cells per
tumor area (R) in KPLOG GEMMs treated with PBS or FITC (n = 5). Data are presented as means ± SEM and were analyzed by two-sided t test between two groups or
analysis of variance (E). *P < 0.05. ns, not significant.
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immunity (Fig. 3, G and H). Consistent with a role for immune sur-
veillance in tumor control in this model (29), tumors derived from
KPLOG mice expressing the OG antigen were smaller than their
OG− KPL littermates (Fig. 3, I and J). However, in the setting of
fibrosis, the impact of the OG neoantigen expression on immune-
mediated tumor control was abrogated, and both OG+ and OG−

KPL mice had similarly accelerated tumor burdens (Fig. 3, I and
J, and fig. S3F). These data demonstrate that fibrosis impairs neo-
antigen-driven, T cell–mediated tumor control. Consistent with our
previous observations, fibrosis reduced the number of CD8+ T cells
present within the lungs and tumors of KPLOG mice (Fig. 3, K and
L, and fig. S3G) while increasing forkhead box P3 (Foxp3)+ Tregs
(fig. S3, H and I). Flow cytometry for OVA-specific dextramer+ T
cells revealed reduced antigen-specific CD8+ T cells in the fibrotic
lungs (Fig. 3M) and in the draining lymph nodes of KPLOG
GEMMs (Fig. 3N and fig. S3J). Together, these data suggest im-
paired T cell priming in the setting of fibrosis. We observed
similar effects on tumor burden and CD8+ T cell localization
when fibrosis was induced with FITC, confirming that this is a fi-
brosis-mediated impairment of T cell–mediated tumor control and
not a Bleo-specific effect on T cell function (Fig. 3, O to R, and fig.
S3, K and L).

Fibrosis impairs checkpoint blockade efficacy in a model
of NSCLC
Given the decreased antigen-specific T cells and immune surveil-
lance we observed, we next sought to determine whether fibrosis
would impair the efficacy of immune checkpoint blockade. To eval-
uate this, we evaluated tumor burden in KPL86 orthotopic tumor–
bearing mice in various treatment settings. As above, the induction
of fibrosis led to an increase in tumor burden (Fig. 4, A and B).
Treatment with standard chemotherapy for NSCLC (carboplatin
and pemetrexed) led to equivalent reductions in tumor burden re-
gardless of the TME (Fig. 4, A and B). In the absence of a fibrotic
TME, the addition of immune checkpoint blockade in the form of
an anti–PD-1 antibody led to further reduction of tumor burden in
the mice (Fig. 4, A and B). However, in the setting of fibrosis, check-
point blockade had no additional benefit over chemotherapy, dem-
onstrating that the fibrotic TME abrogates checkpoint blockade

efficacy (Fig. 4, A and B). These data suggest that altered T cell im-
munity in the fibrotic TME limits the benefit of immune checkpoint
blockade.

Lung fibrosis drives altered myeloid responses
To better understand how fibrosis might lead to an immunosup-
pressive TME, we first analyzed the tumor-infiltrating myeloid
cells. In the lung, macrophages and conventional dendritic cells
(cDCs) are the primary mediators of antigen presentation, and dys-
function in these cells leads to altered immune surveillance (46).
Therefore, we evaluated the myeloid compartments from lungs of
tumor-bearing mice with or without experimental fibrosis. In
lung tumors from KPL GEMMs and LLC orthotopic models, we
found that experimental fibrosis increased the number of total
and CD206+ macrophages but did not alter Ly6G+ neutrophil
numbers (Fig. 5, A and B, and fig. S4, A to D). To better characterize
the localization of these macrophages, we performed IHC staining
of F4/80, which revealed that experimental fibrosis induced in-
creased macrophage infiltration both in the tumor nest and sur-
rounding lung parenchyma (Fig. 5C). We next performed mass
cytometry time of flight (CyTOF) analysis. In agreement with
flow cytometry results, we observed increased CD206 expression
on both interstitial and alveolar macrophages (Fig. 5, D to F). We
also observed that both subsets of macrophages from the fibrotic
lung TME expressed reduced major histocompatibility complex II
(MHC-II) but increasedMHC-I and PD-L1, suggesting an activated
but potentially suppressive phenotype (Fig. 5, E and F). Together,
these data suggest that the fibrotic lung TME not only leads to in-
creased numbers of macrophages but also changes their phenotype.

We next evaluated lung macrophages by single-cell RNA se-
quencing (scRNA-seq). Uniform Manifold Approximation and
Projection (UMAP) analysis identified several subpopulations of
macrophages, including alveolar macrophages, interstitial macro-
phages, and proliferating macrophages (Fig. 5G). The most appar-
ent transcriptional shift among these subsets was in alveolar
macrophages (Fig. 5G). Consistent with prior data, alveolar macro-
phages in fibrotic lungs highly expressed Mrc1 (CD206) and Arg1
(arginase 1) (fig. S4, E and F). We next identified differentially ex-
pressed genes (DEGs) and performed gene set enrichment analysis

Fig. 4. Reactive fibrosis impairs response to immune checkpoint blockade. (A) Shown are representative H&E-stained lung sections from KPL86 orthotopic mice
treated with vehicle, Chemo (carboplatin and pemetrexed), or Chemo combined with anti–PD-1 checkpoint blocking antibody. Scale bars, 500 μm. (B) Quantification of
tumor burden from (A) (n = 8). Data are presented as means ± SEM and were analyzed by ANOVA. *P < 0.05.
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(GSEA). Consistent with residence in a fibrotic TME, we observed
increases in integrin and SMAD2/3 signaling signatures in alveolar
macrophages from Bleo-primed lungs (fig. S4G). We also found
that alveolar macrophages in fibrotic lungs had reduced Ccl3,
Ccl4, and Cxcl9 expression but increased expression of Ccl5, Ccl6,
Ccl9, and Ccl17 (Fig. 5H and data file S2). Together, these data
suggest that fibrosis leads to changes in macrophage phenotype

that could affect cytotoxic T cell, Treg, and cDC infiltration and
function.

Because the traditional flow cytometry, CyTOF, and scRNA-seq
approaches analyze the entire lung, including tumor and nontumor
areas, we next sought to specifically interrogate tumor-interacting
macrophages. To address this, we used KPL86 tumor cells express-
ing soluble mCherry (mCher+). This system allows for the charac-
terization of cells present within tumor nests, which will take up

Fig. 5. Reactive fibrosis alters myeloid
responses. (A and B) Shown is flow cy-
tometry analysis measuring the frequen-
cy of tumor-associated macrophages
(TAMs) (A) and CD206+ TAMs (B) in KPL
GEMMs treated with PBS or Bleo (n = 6).
(C) Representative images from IHC-
stained sections for F4/80 (scale bars,
500) and associated quantification of F4/
80+ TAMs per tumor area in KPLOG
GEMMs (n = 6). (D) Shown is a UMAP
projection depictingmass cytometry data
for myeloid cells isolated from the lungs
of PBS- or Bleo-treated KPLOG GEMMs.
cDCs, conventional dendritic cells;
AlvMacs, alveolar macrophages; pDCs,
plasmacytoid dendritic cells; Mono DCs,
monocytic dendritic cells; IntMacs, inter-
stitial macrophages; MigDCs, migratory
dendritic cells. (E and F) Heatmaps of se-
lected targets on alveolar (E) and inter-
stitial (F) macrophages are shown for the
indicated treatment groups (n = 6). (G)
Shown are UMAP projections of scRNA-
seq data on macrophage subsets isolated
from the lungs of KPLOG GEMMs treated
with PBS or Bleo. ProMacs, proliferating
macrophages. (H) Shown is a heatmap of
statistically differentially expressed che-
mokine genes from alveolar macrophag-
es isolated from the lungs of KPLOG
GEMMs treated with PBS or Bleo. (I)
Shown is a cartoon depicting the
mCherry (mCher) system and flow cy-
tometry analysis of mCher+ alveolar
macrophages from KPL86-bearing lungs
treated with PBS or Bleo (n = 6). (J to L)
Shown are representative H&E-stained
lung sections from KPL86 orthotopic
mice treated with IT clodronate or IP
αCSF1 and associated quantification of
tumor burden as a percentage of total
lung area (n = 10) (J), quantification of
CD8+ T cells as a percentage of total cells
(K), and quantification of Clec9α+ cells as
a percentage of total cells (L) from the
designated cohorts (n = 10). (M) Shown is
flow cytometry quantification of the fre-
quency of cDC1s in lungs from KPL and
KPLOG GEMMs (n = 6). (N) Shown is a
heatmap of selected targets on cDC1s
from mass cytometry of KPL GEMMs
treated with PBS or Bleo (n = 6). (O) Shown is quantification of flow cytometry analysis of mCher+ cDC1s from KPL86-bearing lungs treated with PBS or Bleo (n = 6). MFI,
mean fluorescence intensity. Data are presented as means ± SEM and were analyzed by two-sided t test between two groups. *P < 0.05.
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mCher from their surroundings, and those not present in tumor
nests will remain mCher negative (mCher−) (Fig. 5I) (47). Using
this system, we found that tumor-interacting alveolar macrophages
from fibrotic lungs had increased expression of MHC-I, as well as
PD-L1, PD-L2, and T cell immunoglobulin and mucin domain–
containing-3 (Tim3) (Fig. 5I). These changes were not observed
in mCher− alveolar macrophages (fig. S4H). Together, these data
suggest that tumor-interacting macrophages may contribute to T
cell dysfunction.

We next sought to determine the role of macrophage subsets in
fibrosis-accelerated tumor progression. To deplete alveolar macro-
phages, we used intratracheal clodronate (IT clodronate) liposomes,
and to deplete interstitial macrophages, we used intraperitoneal
anti–colony stimulating factor 1 (CSF1) antibody (IP αCSF1). We
observed a significant (P = 0.0001) reduction of alveolar macro-
phages, but not interstitial macrophages, in mice treated with IT
clodronate, whereas IP αCSF1 had no effect on alveolar macrophag-
es but significantly (P < 0.00001) reduced the numbers of interstitial
macrophages (fig. S4, I and J). Depletion of alveolar macrophages,
but not interstitial macrophages, led to a significant (P = 0.01) re-
duction in the tumor burden in fibrotic lungs but did not affect
tumor progression in the absence of experimental fibrosis
(Fig. 5J). Paralleling changes in tumor progression, depletion of al-
veolar macrophages restored CD8+ T cell and Clec9a+ cDC infiltra-
tion, comparable to the nonfibrotic lung (Fig. 5, K and L). These
data suggest that fibrosis-induced changes in alveolar macrophages
are specifically important in driving tumor progression and repress-
ing tumor immunity.

Given the role cDCs play in priming the antitumor immune re-
sponse, we further characterized them. In KPL GEMMs, we ob-
served a reduction in both CD103+ cDC1s and CD11b+ cDC2s in
the lung TME of mice primed with Bleo (Fig. 5M and fig. S4, K and
L). Characterization by CyTOF revealed reduced expression of
MHC-I and MHC-II and the costimulatory molecules CD80 and
CD86 in cDC1s (Fig. 5N). We also found similar changes in
cDC2s (fig. S4M). scRNA-seq analysis revealed reduced Toll-like re-
ceptors, interleukin-6 (IL-6), IL-12, and CD40 signaling pathway
signatures in cDC1s from the fibrotic lung (fig. S4, N and O).
These cells also exhibited reduced allograft rejection and inflamma-
tory response (fig. S4O). We next characterized tumor-interacting
and nontumor-interacting cDCs using the soluble mCher system.
We found that experimental fibrosis led to decreased expression
of MHC-II, CD80, and CD86 on mCher+ cDC1, whereas these
did not change in mCher− cDC1s (Fig. 5O and fig. S4P). Expression
of the immune checkpoint Tim3 was increased, whereas Tim4,
which is involved in antigen uptake (48), was reduced on mCher+
cDC1s in fibrotic lung tumors (Fig. 5O). Together, these data
suggest that fibrosis impairs cDC1 infiltration into the TME and
may impair cDC1 function within the lung tumors.

Altered fibroblast phenotypes contribute to the
immunosuppressive TME in NSCLC
We previously observed increased numbers of CAFs in NSCLC
compared with healthy tissue. To further characterize these cells,
we analyzed the lungs of mice treated with PBS or Bleo by flow cy-
tometry and again saw an increased number of CD45− EpCAM−

CD31− CAFs in the fibrotic lung (Fig. 6A and fig. S5A). When we
analyzed markers of specific CAFs, we found that fibroblast activa-
tion protein α (FAP+) and CD90+ (Thy-1) CAFs increased in the

fibrotic lung (Fig. 6, B and C, and fig. S5, B to D). CD90+ and
FAP+ CAFs have been associated with reduced survival in patients
with NSCLC (49, 50). Together, these data show that total CAFs in-
crease in these models of lung cancer–associated fibrosis, but there
is some specificity to which CAF phenotypes are altered.

Recently, the heterogeneity of CAFs within NSCLC has been
better elucidated using scRNA-seq (42). To better understand the
molecular and functional heterogeneity of CAFs in our fibrotic
tumor models, we isolated CD45− EpCAM− CD31− cells from
KPL GEMM tumor-bearing mice with and without Bleo treatment
and performed scRNA-seq. UMAP analysis of CAFs revealed 10
clusters that all express key identifying genes such as Col1a1 (fig.
S5, E and F, and data file S3). Xie et al. (51) demonstrated three
primary populations of fibroblasts within the lung separated by ex-
pression of αSMA (Acta2), collagen 13 (Col13a1), and collagen 14
(Col14a1). We analyzed the 10 clusters for these markers to group
them into three distinct clusters. Acta2-expressing [myofibroblasts
(Myofib)], Col14a1-expressing (Col14), and Col13a1-expressing
(Col13) fibroblasts were identified within lung mesenchymal cells
(Fig. 6D, fig. S5G, and data file S3). Comparing PBS-treated with
Bleo-treated tumor–bearing lungs revealed a relative increase in
Col13+ fibroblasts and Myofib with a concomitant decrease in
Col14+ fibroblasts (Fig. 6E) and a transcriptional shift in the
Col13+ fibroblasts (Fig. 6F). Specific subsets of fibroblasts may
play a role in promoting immune suppression within the TME
(28–30). Given the alterations observed in the Col13 fibroblast pop-
ulation after inducing fibrosis, we focused on this population and
asked whether they exhibited an altered chemokine or cytokine
profile that might affect the TME immune composition. Differential
gene expression analysis found the up-regulation of Ccl6, Cxcl12,
and Cxcl16 in fibroblasts that have previously been associated
with Bleo-induced lung fibrosis (Fig. 6G and data file S4) (52, 53).
We also identified changes in several chemokines, suggesting that
fibrosis induced an immunosuppressive microenvironment. For
example, consistent with the observed alterations in macrophages
and Tregs, we noted increases in chemokines associated with tissue
infiltration of myeloid cells (Ccl4 and Ccl9) (54, 55) and Treg recruit-
ment (Cxcl12) (Fig. 6G and data file S4) (56, 57). Ccl19, a chemo-
attractant for cDC infiltration, was reduced in Col13 fibroblasts
isolated from fibrotic lungs (58, 59). Chemokines involved in the
recruitment of cytotoxic T cells, such as Cxcl10 (60, 61), were
reduced in the fibrotic model, suggesting that the changes in
CAFs may lead to immunosuppression (Fig. 6G and data file S4).

We next sought to test whether fibroblasts from Bleo-induced
fibrotic lungs could modulate macrophage phenotype. To accom-
plish this, we cocultured primary fibroblasts from control or Bleo-
exposed lungs with bone marrow–derived macrophages (BMDMs)
using a Transwell system. We found that compared with controls,
fibroblasts from fibrotic lungs induced higher expression of Arg1,
Mrc1 (CD206), and Il6 (fig. S5, H to J). These data suggest that ac-
tivated fibroblasts from fibrotic lungs may contribute to immune
suppression through regulation of macrophages.

To test the impact of activated fibroblasts in vivo, we used genetic
depletion of platelet-derived growth factor receptor α+ (PDGFRα+)
cells because PDGFRα+ is expressed by both Col13+ and Col14+ fi-
broblasts but not αSMA+ fibroblasts (fig. S5K). Crossing
Pdgfratm1.1(cre/ERT2)(PDGFRα-CreERT2) mice (62) to lox-stop-lox
(LSL)–diphtheria toxin receptor (DTR) mice (63) enabled the in-
ducible expression of DTR on PDGFRα+ cells in the resultant
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Fig. 6. Phenotypic changes in CAFs alter immune cell recruitment in the fibrotic TME and enhance TGFβ expression. (A to C) Shown is flow cytometry analysis of
total CD45− EpCAM− CD31− cancer-associated fibroblasts (CAFs) (A), FAP+ CAFs (B), and CD90+ CAFs (C) from the lungs of KPL GEMMs treated with PBS or Bleo (n = 6). (D)
The dotplot shows selected markers of myofibroblasts (Myofib), Col14, and Col13 CAFs. (E) Shown is the relative abundance of each CAF subset in the lungs of KPLOG
GEMMs treated with PBS or Bleo. (F) Shown are UMAP projections of scRNA-seq data for Myofib, Col14, and Col13 CAFs from the lungs of PBS- and Bleo-treated KPLOG
GEMMs. (G) The heatmap shows chemokine genes with significantly altered expression in Col13 CAFs. (H) Shown is the schema for generation of PDGFRα-cell depletion
by crossing Pdgfra-CreERT2 mice with LSL-DTR mice (PDGFRDTR). (I) Shown is flow cytometry analysis of PDGFRα CAFs after PDGFRα depletion. (J) Shown are represen-
tative H&E-stained sections from KPL86-bearing lungs of PDGFRDTR or littermate controls (WT) treated with Bleo [scale bars, 1 mm and 100 μm (inset)] and quantification
of tumor burden from PDGFRDTR or littermate controls (WT) treated with PBS or Bleo. (K) Shown is flow cytometry quantification of alveolar macrophages after PDGFRα
depletion. (L) Shown are representative images from IHC-stained sections for CD8 and associated quantification of CD8+ T cells as a percentage of cells in the tumor area
in PDGFRDTR or littermate controls (WT) treatedwith Bleo (n = 7). Data are presented asmeans ± SEM andwere analyzed by two-sided t test between two groups.*P < 0.05.
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mice (PDGFRαDTR). Tamoxifen administered for five consecutive
days followed by a single dose of diphtheria toxin resulted in effi-
cient depletion of PDGFRα cells, whereas no change in αSMA cells
was observed (Fig. 6, H and I, and fig. S5, L and M). After depletion
of PDGFRα+ cells, including Col13+ fibroblasts, tumor burden was
markedly reduced in mice treated with Bleo (Fig. 6J). Flow cytom-
etry revealed a reduction in alveolar macrophages (Fig. 6K) and an
increase in intratumoral CD8+ T cell numbers (Fig. 6L). This sug-
gests that PDGFRα+ fibroblasts, which include Col13+ fibroblasts,
play a role in altered immune infiltration in lung tumors in the
setting of fibrosis. Consistent with what is known about Bleo-
induced pulmonary fibrosis, overrepresentation analysis found
that the TGFβ response pathway was increased in Bleo-treated com-
pared with PBS-treated Col13+ fibroblasts (fig. S5N). Although
nearly all CAF subsets had cells that expressed the TGFβ response
signature (data file S5), Col13+ fibroblasts had a large positive signal,
suggesting that this was the dominant CAF subset expressing TGFβ
(fig. S5O). We confirmed increased TGFβ within the Bleo-treated
lungs using IHC (fig. S5P). Together, these data suggest that in ad-
dition to driving an increase in specific CAF subsets, fibrosis shifts
their phenotype toward being more immunosuppressive.

Targeting transforming growth factor β receptor-1 (TGFβR-
I) signaling restores immune checkpoint efficacy only when
combined with chemotherapy
TGFβ is well established in the pathogenesis of pulmonary fibrosis
(64, 65), and we confirmed that TGFβ expression in the lung, using
intratracheal delivery of adeno-associated virus (AAV) serotype 6
expressing TGFβ1, could induce fibrosis as measured by collagen
deposition (fig. S6A). Furthermore, lung AAV-TGFβ1 expression
led to increased tumor burden and CD206 macrophage infiltration
and reduced intratumor CD8+ T cells (fig. S6, A to D) comparable to
Bleo- or FITC-induced experimental fibrosis models. We next
sought to determine whether we could reverse the protumorigenic
phenotype of pulmonary fibrosis observed in our models. To this
end, we evaluated several agents that are currently used to treat pul-
monary fibrosis in humans, including nintedanib and pirfenidone.
However, these agents failed to alter the amount of collagen 1 dep-
osition when given after the establishment of tumor-associated fi-
brosis (Fig. 7A and fig. S6E). Because we had observed that
increased TGFβ signaling response in the Bleo-exposed fibroblasts
and TGFβ overexpression in the lung recapitulated the phenotype
observed in the fibrotic lungs treated with Bleo or FITC, we sought
to target this pathway using a tool compound TGFβR-I inhibitor,
Ly364947. We found that Ly364947 was able to mostly reduce the
amount of collagen I within the lung when given after induction of
fibrosis (Fig. 7A and fig. S6E). Furthermore, whereas fibrosis signif-
icantly (P = 0.017) reduced the number of CD8+ T cells, treatment
with Ly364947 restored pulmonary CD8+ T cell numbers back to
baseline (Fig. 7B). By contrast, nintedanib and pirfenidone had
similar frequencies of CD8+ T cells as the fibrotic lung alone
(Fig. 7B). Consistent with this finding, treatment of tumor-
bearing mice with Ly364947 had a modest effect on tumor
burden in the fibrotic lung compared with vehicle control–, ninte-
danib-, or pirfenidone-treated mice (Fig. 7C).

To determine whether the TGFβR-I inhibitor Ly364947 was able
to synergize with standard-of-care treatments for NSCLC, we
treated mice with fibrotic, tumor-bearing lungs with the following
treatment regimens: Ly364947 alone, Ly364947 combined with an

anti–PD-1 immunoglobulin G (IgG) (PD-1), carboplatin plus pe-
metrexed combined with PD-1 (Chemo/PD-1), or Chemo/PD-1
plus Ly364947. Treatment with Ly364947 alone led to a slight de-
crease in tumor burden (Fig. 7, D and E). Combining Ly364947
with either PD-1 or Chemo alone failed to improve tumor
burden compared with vehicle control (Fig. 7, D and E, and fig.
S6F). Chemo/PD-1 significantly (P = 0.0002) reduced tumor
burden compared with controls (Fig. 7, D and E). However, com-
bining Chemo/PD-1 with Ly364947 led to a reduction in tumor
burden to near-baseline (without fibrosis) and restored tumor-infil-
trating CD8+ T cells, suggesting that the addition of Ly364947 en-
hances the efficacy of Chemo/PD-1 (Fig. 7, D and E, and fig. S6G), a
standard treatment approach for patients with NSCLC.We only ob-
served a benefit from adding TGFβR1 inhibition to Chemo/PD-1
on tumor burden and CD8+ T cell and Clec9α+ cDC1 infiltration
in the presence of experimental fibrosis, suggesting that in the
absence of fibrosis-associated TGFβ, signaling may not have
reached a critical threshold (Fig. 7, F to H). To explore the utility
of these findings in human samples, we analyzed data from
POPLAR and OAK clinical trials using atezolizumab in patients
with metastatic NSCLC (66). We found that the TGFβ response sig-
nature that we observed in the Col13+ CAFs correlated with im-
proved overall survival in these patients (Fig. 7I and fig. S6H).
Furthermore, a gene signature of the top 50 genes from Col13
CAFs (data file S3) correlated with increased M2 macrophages
(Fig. 7J) but reduced M1macrophages (Fig. 7K), activated dendritic
cells (Fig. 7L), and CD8+ T cells (fig. S6I). Together, these data
suggest that these TME elements could be important in patients re-
ceiving immune checkpoint blockade.

DISCUSSION
Our data demonstrated that fibrosis in NSCLC leads to lung tumor
progression and T cell dysfunction. The fibrotic TME led to changes
in innate immunity and reduced numbers of cDCs, with the re-
maining cDC1s appearing to be more tolerant. In contrast, we ob-
served increased macrophage populations indicative of an
immunosuppressive phenotype. We also identified distinct
changes within the Col13+ CAF subsets, suggesting that these
cells produce chemokines to recruit macrophages and Tregs and
not recruit cDCs and cytotoxic T cells in the setting of fibrosis. Fur-
thermore, coculture of fibroblasts from fibrotic lungs led to in-
creased expression of several genes associated with
immunosuppressive macrophages. Targeting fibrosis through
TGFβR-I signaling led to enhanced infiltration of T cells and im-
proved response to combined immune checkpoint blockade and
chemotherapy but only in the setting of fibrosis, suggesting that
the benefit is directly related to fibrosis.

Fibrosis has been identified as a key modulator of neoplastic pro-
gression in multiple cancer types (67). Fibrosis is composed of a
dense ECM and fibroblasts. Multiple studies have demonstrated
the importance of fibrosis in modulating immune surveillance
(28–30). Most patients with NSCLC have a smoking history, and
this is associated with fibrotic remodeling and scarring of lung
tissue (39). Furthermore, conditions with increased pulmonary fi-
brosis, such as idiopathic pulmonary fibrosis, are associated with
increased incidence of lung cancer; likewise, patients with early-
stage NSCLC who harbor higher amounts of cancer-associated fi-
brosis have a shorter life expectancy (36–38, 40). Although fibrosis
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Fig. 7. Targeting TGFβR-I signaling enhances efficacy of chemotherapy combined with checkpoint blockade. (A) Shown are representative images of IHC-stained
for collagen I in lung tissue in KPL86 orthotopic tumor–bearing mice treated as indicated. (B) Quantification of lung tumors IHC-stained for CD8+ T cells in KPL86 or-
thotopic tumor–bearing mice treated as indicated (n = 8). (C) Quantification of tumor burden in KPL86 orthotopic tumor–bearing mice treated as indicated (n = 8). (D)
Shown are representative H&E-stained lung sections from KPL86 orthotopic tumor–bearing mice treated with vehicle, Ly364947, Ly364947, and anti–PD-1, Chemo (car-
boplatin and pemetrexed) combined with anti–PD-1 checkpoint blocking antibody (Chemo/PD-1), or Ly364947 combined with Chemo/PD-1. Scale bars, 1 mm (top) and
100 μm (bottom). (E) Quantification of tumor burden from (D) (n = 8). (F) Shown are representative H&E-stained lung sections from KPL86 orthotopic tumor–bearingmice
treated with Chemo (carboplatin and pemetrexed) combined with anti–PD-1 checkpoint–blocking antibody (Chemo/PD-1) or Ly364947 combined with Chemo/PD-1
(scale bars, 1 mm) with quantification of tumor burden (n = 10). (G and H) Quantification of CD8+ T cells (G) and Clec9α+ cDC1s (H) measured by IHC is shown for lung
tissue isolated from KPL86 orthotopic tumor–bearingmice from (F) (n = 10). (I) Shown is a Kaplan-Meyer curve for patients with low or high expression of a TGFβ signature
from the POPLAR and OAK clinical trials (HR, hazard ratio). (J to L) Shown are correlation analyses between a Col13 gene signature and CIBERSORT clusters of M2_Mac-
rophages (J), M1_Macrophages (K), and activated DCs (L). Data are presented as means ± SEM and were analyzed by two-sided t test between two groups, ANOVA, Cox
regression for Kaplan-Meier survival curve (I), or Pearson correlation (J to L) . *P < 0.05.
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has been associated with poor prognosis for patients with NSCLC
(36, 37), its impact on immune surveillance and response to immu-
notherapy has remained poorly understood. Our initial evaluation
of patient-derived surgical resection samples shows that patients
with NSCLC often have a robust fibrotic TME. The degree of fibro-
sis correlated with reduced T cell infiltration, which has previously
been associated with improved overall survival (68). We then sought
to determine the role of fibrosis in immune surveillance of NSCLC
and developed several models to study this in vivo. In animal
models, we showed that experimentally induced lung fibrosis en-
hanced lung tumor progression. Although the methods are differ-
ent, these findings are consistent with a recent study evaluating the
role of radiation-induced fibrosis and posttreatment progression
(69). We also observed decreased T cell infiltration in animal
models of tumor-associated fibrosis, similar to the findings ob-
served in humanNSCLC. Consistent with fibrosis-related reduction
of T cell infiltration playing a prominent role in tumor progression,
depletion of T cells in the presence of fibrosis failed to elicit disease
progression beyond that of fibrosis alone.

T cell–mediated tumor control requires activation of antigen-
specific T cells, which most commonly occurs through cDCs that
present antigen within the draining lymph node. These T cells are
then recruited back to the TME through signaling chemokines such
as CXCL9 and CXCL10 (14, 19). We observed reduced T cell infil-
tration into the fibrotic lung and determined that, within the fibrot-
ic lung microenvironment, cDCs were reduced. This is consistent
with previous data that demonstrate a need for dendritic cells to
be able to properly prime an antigen-specific immune response
(29). In particular, CD103+ cDC1s, which are critical regulators of
the antitumor immune response, including T cell infiltration (18),
were reduced. The dendritic cells that were present exhibited
reduced antigen presentation machinery and CCR2, which has
been shown to be critical for the migration of dendritic cells
within the lung (70). By analyzing the macrophage populations,
we identified an increase in the number of CD206+ macrophages
and an increase in arginase 1 (ARG1+) alveolar macrophages,
both of which are associated with an immunosuppressive TME
(71–73). Despite an increase in interferon responses, we found
reduced inflammatory response and allograft rejection pathways,
suggesting a dysfunctional tissue repair cascade that results in im-
paired immune cell priming. Depletion of alveolar macrophages led
to a rescue of both T cell infiltration and improved tumor burden in
the fibrotic lung.

CAFs are a critical component of tumor stroma. In addition to
producing much of the tumor ECM, they can also play a critical role
modulating immune surveillance either through direct immune cell
sequestration or recruitment of various immune cells by chemo-
kines (74–76). We identified a shift in the several populations of
CAFs, including increases in Myofib and Col13+ CAFs. Not only
were these two populations proportionally increased in the fibrotic
TME but also their chemokine profile suggested that they weremore
likely to recruit tumor-promoting macrophages and Tregs while re-
ducing recruitment of cDCs and cytotoxic T cells. Coculture of fi-
broblasts with BMDMs led to similar increases in genes associated
with an immunosuppressive macrophage. Furthermore, depletion
of PDGFRα cells led to reduced tumor burden and improvement
in CD8+ T cell infiltration. CAFs are known to be a source of
TGFβ, and both Col13+ CAFs and Myofib had a TGFβ-responsive
signature in our lung model. TGFβ signaling can impair tumor

immune surveillance (77, 78). Despite promising preclinical data
suggesting that targeting TGFβ signaling would lead to tumor re-
sponses, multiple trials have failed to demonstrate a meaningful
clinical benefit of targeting TGFβ signaling, either targeting TGFβ
or TGFβR-I, when combined with immune checkpoint blockade in
NSCLC (NCT03631706 and NCT02423343). Consistent with these
clinical observations, targeting TGFβR-I signaling either alone or in
combination with immune checkpoint blockade had minimal
benefit in our NSCLC models, despite reducing fibrosis and im-
proving T cell infiltration. However, we saw that the addition of che-
motherapy enhanced the benefit of TGFβR-I inhibition and
immune checkpoint blockade. Why TGFβ-targeting agents have
failed to provide clinical benefit when added to immune checkpoint
blockade is unknown; however, recent data suggest that one possible
mechanism is that chemotherapy can also play an important
immune-modulating role and either enhance or impair immune
checkpoint efficacy that improves antitumor immunity by reducing
immunosuppressive cells (79–82). We found that combining
TGFβR-I inhibition and immune checkpoint blockadewith chemo-
therapy increased efficacy in our fibrotic NSCLCmodels, suggesting
that this may be a potential strategy for treating human NSCLC.

Our study has the following limitations. The human data repre-
sent correlation, not causation, and require further study in a more
prospective manner. Our mouse models use experimental induc-
tion of pulmonary fibrosis. Although we used several different
types of experimental systems, none of these models of fibrosis
can fully recapitulate the fibrosis observed in patients with
NSCLC. Human causes of fibrosis in NSCLC likely include pro-
longed exposure to cigarette smoke, underlying genetics of
NSCLC, and additional environmental factors that have not been
modeled here. Additional studies are needed to determine the
optimal way in which to target fibrosis in patients.

Together, these data suggest that, in NSCLC, fibrosis leads to
tumor progression through reduced antitumor immunity. Fibrosis
induces alterations in fibroblasts and tumor-associated macrophag-
es that impaired dendritic cells and T cell responses, which ulti-
mately reduced the antitumor immune responses necessary for
optimal checkpoint therapy efficacy. Thus, treatment strategies tar-
geting this fibrotic TME could improve responses to chemotherapy
and immunotherapy in human NSCLC.

MATERIALS AND METHODS
Study design
This study was designed to understand the impact of fibrosis on
immune surveillance and response to immune checkpoint blockade
in NSCLC. We used two well-established pulmonary fibrosis
models to evaluate the impact of fibrosis on NSCLC progression
in murine models of NSCLC. We used conventional histology
and IHC approaches along with flow cytometry, mass CyTOF,
and scRNA-seq. Historical human NSCLC tissue blocks were ob-
tained at Washington University and the Siteman Cancer Center
under Institutional Review Board protocol nos. 201908148 and
201805041. All animal studies were approved by the Washington
University School of Medicine Institutional Animal Studies Com-
mittee. The investigators were not blinded to the treatment condi-
tions. Sample sizes are given in the respective figure legends and
were calculated to achieve a minimum power of 95%.
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Murine models
KPL or KPLOG mice were generated by delivering adenovirus Cre-
recombinase into the tracheas of KP (KrasLSL-G12D;Trp53fl/fl) or
KPOG (KrasLSL-G12D;Trp53fl/fl OVA-GFP) mice (29). PdgfaERT2-
DTR+ (PDFGRDTR) mice were generated by crossing B6.129S-
Pdgfratm1.1(cre/ERT2) (strain: 032770, the Jackson Laboratory,
Maine) with C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J mice
[strain: 007900; ROSA26iDTR (LSL-DTR), the Jackson Laborato-
ry]. All mice used in these studies have been bred to the C57BL/
6J background in our laboratory using speed congenics and
further backcrossed more than five times. All mice were housed,
bred, and maintained under specific pathogen–free conditions in
accordance with National Institutes of Health–Association for As-
sessment and Accreditation of Laboratory Animal Care Interna-
tional (AAALAC) standards and were consistent with the
Washington University School of Medicine Institutional Animal
Care and Use Committee regulations (protocol nos. 20160265
and 19-0856).

The KPL86 cell line was derived from lung tissues of the 9-
month-old KrasLSL-G12D/p53flox/+ female mouse treated with adeno-
virus-delivered Cre-recombinase (University of Iowa Viral Vector
Core). Cells were grown on collagen-coated tissue culture flasks
for <10 passages. The KPL-mCher cell line was generated using
the KPL86 cell line as previously described (47). To establish ortho-
topic NSCLC models, 500,000 KPL86, KPL-mCher, or LLC cells in
100 μl of PBS (Trevigen) were retro-orbitally injected into 8- to 12-
week-old C57BL/6 mice.

A single dose of Bleo (1 mg/kg), FITC (3.5 mg/kg), or PBS was
intratracheally administered in anesthetized (ketamine/xylazine
cocktail) and intubatedmice 2 days after the establishment of ortho-
topic models to avoid altering seeding of the cancer cell lines. Mice
were randomized after the administration of the fibrosis-inducing
agent. Mice were euthanized at 3 weeks after the introduction of
cancer cells into the mice. In GEMMs, Bleo or FITC was adminis-
tered 4 weeks after the administration of adenovirus Cre-recombi-
nase and at least 4 weeks before end points to allow for ample time
for fibrosis to develop and limit the direct effect of these agents on
the immune cells within the lung at the time of euthanasia.

Macrophage depletion studies
To deplete pulmonary macrophages, 6- to 8-week-old C57BL/6J
mice were treated with three doses of CSF1-neutralizing antibody
(clone 5A1, Bio X Cell) (1, 0.5, and 0.5 mg on days −2, 0, and 7;
Fig. 5, K and M) and three doses of clodronate-containing lipo-
somes (200 μl each on days −2 and 5; Liposoma). Control mice
were treated with the same doses per volume of IgG (clone
TNP6A7, Bio X Cell) and control liposomes (or PBS as indicated,
Liposoma). On day 0, mice were implanted orthotopically with
500,000 KPL86 cells and then treated with Bleo (1 mg/kg) on day 2.

PDGFRα cell depletion studies
To deplete PDGFRα+ cells, 8- to 12-week-old PDFGRDTR mice and
wild-type littermates were administered 2.0 mg of tamoxifen
(Sigma-Aldrich) in 100 μl of PBS of corn oil per mouse for 5
days. On day 3 of tamoxifen injections, KPL86 cells were retro-or-
bitally injected as above at 500,000 cells per 100 μl of PBS (Trevi-
gen). On day 5, mice received the fifth dose of tamoxifen in the
early morning. Mice then received single-dose administration of
either Bleo (1mg/kg in 50 μl) or PBS (50 μl) and were intratracheally

administered as described above. In the evening on day 5, they re-
ceived 100 μl of diphtheria toxin (at 25 ng/g of body weight; catalog
number: BML-G135-0001, Enzo Life Sciences) intraperitoneally.
On days 7 and 9, mice received tamoxifen, and on days 8 and 10,
mice received diphtheria toxin, as described above. Mice were eu-
thanized on day 14.

Pulmonary TGFβ overexpression studies
Overexpression of TGFβ in the lung was achieved by administering
AAV6-CMV-m-TGFB1 [AAV-274099; RefSeq no. for gene of inter-
est (GOI) is BC013738; 3.3 × 1012 genome copies (GCs) per ml].
AAV6-CMV-Null (Vector Biosystems) was administered as a
control. Three days after retro-orbital injection of KPL86 cells as
above, 2.2 × 1010 GCs of AAV6-CMV-m-TGFB1 or AAV6-CMV-
Null were administered intratracheally.

Tissue harvest
Mice were euthanized by intracardiac perfusion with 15 ml of PBS-
heparin under isoflurane anesthesia. For flow cytometry experi-
ments, CD45-eFluor605 was injected 5 min before euthanasia to
exclude blood-derived CD45+ cells. Normal and tumor-bearing
tissues were manually minced and digested in 20 ml of Hank’s ba-
lanced salt solution (Thermo Fisher Scientific) supplemented with
collagenase A (2 mg/ml; Roche) and 1× deoxyribonuclease I
(DNase I; Sigma-Aldrich) for 30 min (20 min for normal tissue)
at 37°C with agitation. After digestion, the cell suspensions were
quenched with 5 ml of fetal bovine serum (FBS) and filtered
through 40-μm nylonmesh. The filtered suspensions were then pel-
leted by centrifugation (1800 rpm for 4 min at 4°C) and resuspend-
ed in flow cytometry buffer [PBS containing 1% bovine serum
albumin (BSA) and 5 mM EDTA] as a single-cell suspension.

Flow cytometry
After tissue digestion, single-cell suspensions were blocked with rat
anti-mouse CD16/CD32 antibodies (eBioscience) for 10 min on ice
and pelleted by centrifugation. The cells were subsequently labeled
with 100 μl of fluorophore-conjugated anti-mouse extracellular an-
tibodies at recommended dilutions for 30 min on ice in flow cytom-
etry buffer. All antibodies are listed in data file S6. All samples were
analyzed on X-20 cytometers.

Mass cytometry
Mouse tumor-bearing lung samples (six mice per group) were col-
lected and digested in Hank’s balanced salt solution supplemented
with collagenase A (2 mg/ml; Roche) and DNase I at 37°C for 30
min with agitation to generate single-cell suspensions. Cell suspen-
sions were counted, and 2 million cells per sample were taken for
subsequent staining. Cells were stained in 5 μM cisplatin for 1
min on ice and washed with CyFACS buffer (PBS, 0.1% BSA,
0.02%NaN3, and 2mMEDTA) twice. The cells were then incubated
with FcR blocking reagent (1:200 in CyFACS) for 10 min on ice,
followed by surface-antibody cocktail for 40 min on ice. After incu-
bation, surface marker–stained cells were washed twice with
CyFACS buffer. Cells were then fixed with formaldehyde for 25
min on ice, after which permeabilization buffer was added for 5
min (00-5523-00, eBioscience). The cells were then washed once
with permeabilization buffer and resuspended in permeabilization
buffer containing the intracellular stain cocktail for 40 min on ice.
All antibodies are listed in data file S7. The cells were then washed
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and fixed a second time in 4% paraformaldehyde (PFA) in PBS at
4°C at least overnight. One day before acquisition, each sample was
barcoded with a unique combination of palladium metal barcodes
using the manufacturer’s instructions (Fluidigm). After bar coding,
the cells were pooled together and incubated overnight at 4°C in 2%
PFA containing 40 nM iridium nucleic acid intercalator (Fluidigm).
On the day of acquisition, the barcoded samples were washed and
suspended in water containing 10% EQ Calibration Beads (Fluid-
igm) before acquisition on a CyTOF2 mass cytometer (Fluidigm).

Cells were normalized with the MATLAB normalizer
(v.7.14.0.739 run in MATLAB R2012a). The normalized data were
uploaded into Cytobank. Sample barcodes were interpreted using a
single-cell debarcoder tool. Flow cytometry standard (FCS) files
were then uploaded to Cytobank and manually gated to exclude
normalization beads, cell debris, dead cells, doublets, and CD45−

cells. The filtered sample from each individual specimen was then
exported and analyzed using the R CATALYST package in R,
version 3.8.2 (the R Project for Statistical Computing, Vienna,
Austria). Briefly, FCS files were downsampled to equivalent cell
counts before clustering with the R implementation of the Pheno-
graph algorithm. All markers were used for clustering analysis,
except for CD45 (already gated on in Cytobank), Ki67 (to avoid
driving clustering on the basis of proliferation and not cell type),
Ox40L, and CCR7 [low non-redundancy score (NRS)]. Dimension-
al reduction and visualization were performed using the UMAP al-
gorithm. Last, differential cluster abundance testing and differential
cluster expression testing were performed with the R diffcyt package
using a generalized linear mixed model.

Single-cell RNA sequencing
Lung tissues were taken from three 12-week-old KPL GEMM mice
treated with either PBS (n = 3) or Bleo (n = 3) and processed to
single-cell suspension as explained in the tissue harvest section,
and mice from each treatment group were pooled together and
sorted for immune cells (CD45+) or mesenchymal cells (CD45−

CD31− EpCAM−) using an Aria II cell sorter (BD Biosciences).
Sorted cells from each sample were submitted to McDonnell
Genome Institute at Washington University in St. Louis School of
Medicine, where they were encapsulated into droplets, and libraries
were prepared using Chromium Single Cell 3′ v3 Reagent kits ac-
cording to the manufacturer’s protocol (10x Genomics). The gen-
erated libraries were sequenced by a NovaSeq 6000 sequencing
system (Illumina) to an average of 50,000 mean reads per cell.
The Cellranger mkfastq pipeline (10x Genomics) was used to de-
multiplex illumine base call files to FASTQ files. Files from the
PBS- or Bleo-treated tumor–bearing lungs were demultiplexed
with >97% valid barcodes and >94% q30 reads. Afterward,
FASTQ files from each sample were processed with Cellranger
counts and aligned to the mm10 reference (v.3.1.0, 10x Genomics).

Mouse scRNA-seq data analysis
The filtered feature barcode matrix from the KPL lungs from PBS-
or Bleo-treated mice were loaded into Seurat as Seurat objects
(Seurat v.3). For each Seurat object, genes that were expressed in
fewer than three cells and cells that expressed fewer than 1000 or
more than 8000 genes were excluded. Cells with greater than 10%
mitochondrial RNA content were also excluded. For immune cells,
this resulted in 4491 and 7457 cells for PBS and Bleo, respectively.
For CAFs, this resulted in 5812 and 13,575 cells for PBS and Bleo,

respectively, which represents 87% of the total number of cells that
were sorted, and the resulting single-cell RNA was filtered for
purity, as described above. SCTransform with default parameters
was used on each individual sample to normalize and scale the ex-
pression matrix against the sequence depths and percentages of mi-
tochondrial genes. Principal components analysis (PCA) was
performed on the 3000 variable genes calculated earlier (function
RunPCA). A UMAP dimensional reduction was performed on
the scaled matrix using the first 25 PCA components to obtain a
two-dimensional representation of cell states. Then, these defined
25 dimensionalities were used to refine the edge weights between
any two cells on the basis of Jaccard similarity (FindNeighbors)
and were used to cluster cells through FindClusters functions,
which implemented shared nearest-neighbor modularity optimiza-
tion with a resolution of 0.3, leading to 21 clusters.

To characterize clusters, the FindAllMarkers function with log-
fold threshold = 0.25 and minimum 0.25-fold difference and
Model-based Analysis of Single-Cell Transcriptomics (MAST) test
were used to identify signatures alone with each cluster. The mac-
rophage/monocytes were selected, and the top 3000 variable fea-
tures were recalculated to recluster to a higher resolution of 0.3.
Macrophages were selected on the basis of clusters with high expres-
sions of known macrophage marker genes, including Csf1r, C1qa,
C1qb, and H2-Aa, confirmed by the absence of Cd3e, Ms4a1,
Krt19, Zbtb46, and Flt3, and further confirmed by identifying
DEGs associated with potential macrophage clusters when com-
pared with known macrophage-specific marker genes. The fibro-
blasts were selected, and the top 3000 variable features were
recalculated to recluster to a higher resolution of 0.3. Fibroblast
subsets were defined by expression of Col1a1, Tagln, Pdgfrb,
Col14a1, Clec3b, Ly5c1, Col13a1, S100a1, Fn1, Saa3, and Acta2.

Analysis of RNA-seq data
Gene expression data from the POPLAR (NCT01903993) and OAK
(NCT02008227) clinical trial cohorts were accessed via
EGAD00001008391 and EGAD00001008390. Clinical data were ac-
cessed via EGAD00001008549 and EGAD00001008548. Data were
formatted in log2 transcript per million reads. Indicated gene signa-
tures were calculated using the UCell gene set enrichment approach
(83) in the escape R package (v1.4.1) (84). Absolute cell abundance
deconvolution using the bulk sequencing was performed using CI-
BERSORT (85) using the based support vector machine model for
cell types. Survival analysis was performed using the survival (v3.5-
3) and survminer (v0.4.9) R packages. High/low survival cohorts
were separated on the basis of optimal log-rank testing with the
maximal ratio for calculation set at 85:15. Cox proportional
hazard analysis was performed for binary comparisons. Pearson
correlation was used to evaluate the relationship between a patients’
Col13 CAF top 50 gene signature (data file S5) score with the de-
scribed immune subset abundance from CIBERSORT after extract-
ing the samples that had no available data for that cell type of
interest. These data were imported to GraphPad Prism (version
9.3) for presentation purposes.

IHC staining
Mouse tissues were fixed in 10% formalin for 24 hours and embed-
ded in paraffin after graded ethanol dehydration. Embedded tissues
were sectioned into 6-μm sections using a microtome. TMAs
LUC1021 and LUC1505 were obtained from Pantomics. Where
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applicable, formalin-fixed, paraffin-embedded (FFPE) sections
were stained for H&E (Thermo Fisher Scientific) or Masson’s Tri-
chrome (Diagnostic Biosystems). Where applicable, FFPE 6-μm
sections loaded into a BOND RXm (Leica Biosystems) and stained
with antibodies listed in data file S8. On the basis of antibody host
species, default manufacturer’s protocols were used (IntenseR and
Polymer Refine), containing antigen-retrieval with citrate buffer,
goat serum, and peroxide block; primary antibody incubation;
and postprimary incubation, and chromogenically visualized with
a 3,3’-diaminobenzidine (DAB) substrate. Images were obtained
using a Axioscan Slide Scanner (Zeiss) and analyzed with HALO
software (Indica Labs) with the default manufacturer’s settings.

Coculture of BMDMs and primary lung fibroblasts
BMDMs were isolated as described previously (86). Briefly, bone
marrow cells were isolated by flushing femurs and tibias from
C57BL/6J mice and cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium (Lonza) containing 10% FBS, pen-
icillin-streptomycin (Gibco), and macrophage colony-stimulating
factor (M-CSF; 20 ng/ml; PeproTech). Primary fibroblasts were iso-
lated from mouse lungs treated with PBS or Bleo. Briefly, after right
heart perfusion using sterile technique, lungs were manually
minced and digested using 20 ml of Hank’s balanced salt solution
(Thermo Fisher Scientific) supplemented with collagenase A (2 mg/
ml; Roche) and 1× DNase I (Sigma-Aldrich), which had been fil-
tered through a 0.22-μm filter and then had G418/Gentamicin
(50 μg/ml; Gibco) and amphotericin B (2.5 μg/ml; Gibco) added.
The tissue was digested in the above solution for 25 min at 37°C
with agitation. Digested tissue was filtered through a 100-μm
filter into sterile DMEM/F12 medium (Lonza) containing 10%
FBS, penicillin-streptomycin (Gibco), as well as G418/Gentamicin
(50 μg/ml; Gibco) and amphotericin B (2.5 μg/ml, Gibco). After 5
days in culture, adherent macrophages or primary fibroblasts were
harvested. BMDMs were seeded on six-well plate, and fibroblasts
from PBS- or Bleo-treated lungs were cultured on Transwell mem-
branes (353090, Corning) in six-well plates. The following day, fi-
broblasts on transwell membranes were placed into the six-well
plates with BMDMs in DMEM/F12 medium (Lonza) containing
10% FBS, penicillin-streptomycin (Gibco), and M-CSF (20 ng/ml;
PeproTech). BMDMs were harvested 24 hours later. The medium
was removed, and cells were rinsed with PBS before RNA isolation.

RNA isolation and real-time polymerase chain reaction
Total RNA was extracted from cells using an E.Z.N.A. Total RNA
Kit (Omega). cDNAs were synthesized using qScript cDNA Super-
Mix (QuantaBio). Quantitative real-time polymerase chain reaction
(PCR) TaqMan primer probe sets (Applied Biosystems) were used.
Relative gene expression was determined on an ABI 7900HT quan-
titative PCR machine (ABI Biosystems) using TaqMan Gene Ex-
pression Master Mix (Applied Biosystems). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), TATA box–binding protein
(TBP), and hypoxanthine phosphoribosyl transferase (HPRT)
were used for normalization of gene expression to calculate the
fold changes in gene expression.

Statistics
All raw, individual-level data for experiments where n < 20 are pre-
sented in data file S9. Statistical analyses were performed by Graph-
Pad Prism (version 9.3). For comparison of multiple groups, a one-

way analysis of variance with a multiple-comparison test was used.
A chi-square test was used for continuous variables. For comparison
of two groups (except in scRNA-seq data), the two-sided, unpaired t
test was used. P values of less than 0.05 were considered statistically
significant and are labeled with single asterisks. For GSEA compar-
isons, the log2 (fold change) of all genes detected with min.pct > 0.1
and past MAST test was used as a ranking metric. GSEA was per-
formed using Gene Ontology terms, Kyoto Encyclopedia of Genes
and Genomes pathways, Reactome, and MsigDB gene sets with a
Benjamini-Hochberg false discovery rate of <0.05 in ClusterProfiler.
For DEGs between the two groups in eachmouse NSCLCmodel, we
filtered genes with a Bonferroni-corrected P < 0.05 and a fold
change of >1.2 or <0.8.
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