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Malignant cells secrete membranous vesicles and soluble 
factors that target normal cells in the bone marrow and 
peripheral tissues to generate pre-metastatic niches in 

the target organs. These niches provide a beacon and a safe haven 
for circulating tumor cells, enabling their homing and subsequent 
metastatic colonization1–4.

Lungs are a primary site for hematogenous metastasis of many 
malignant tumors5,6. Many tumor-derived soluble factors3,7 and extra-
cellular vesicles3,8,9 act upon bone marrow-derived and lung cells, 
resulting in a lung myeloid infiltration, expression of specific inflam-
matory genes (for example, S100a8/9) and a localized stromagenic 
switch, exemplified by the activation of lung fibroblasts and ensuing 
extracellular matrix remodeling events (for example, accumulation 
of fibronectin)1,4,10. These common elements of pre-metastatic niches 
provide favorable conditions for proliferation and survival of dissemi-
nated malignant cells, leading to metastatic colonization1,4,11.

The pro-metastatic secretome of primary tumors contains a 
multitude of factors, which activate a variety of sensors on differ-
ent types of normal cells in the bone marrow and lung leading to 
the generation of pre-metastatic niches2,9. Despite such mechanistic 
diversity, these pathways converge to evoke the equivalent pheno-
typic manifestations of a pulmonary niche1,4,11. These commonalities 
suggest that numerous stimuli act through many sensors to trigger 
a common pathway underlying the generation of the niche. Here we 
sought to identify and characterize such signaling events activated 

by tumor-derived factors (TDFs) that act upon healthy cells to pro-
mote the formation of a pre-metastatic niche in the lungs.

Many danger-associated molecular patterns and inflamma-
tory cytokines generated by malignant cells activate the p38 
stress-activated protein kinases12. Among α/β/γ/δ isoforms of this 
subfamily, p38α, encoded by the MAPK14 gene, is ubiquitously 
expressed12. p38α phosphorylates numerous important substrates 
(for example, ATF2, CHOP, CREB and so on) and plays a key role in 
many homeostatic functions and in the pathogenesis of inflamma-
tion and cancer13–15. Activation of p38α by melanoma TDFs down-
regulates the IFNAR1 chain of type I interferon (IFN) receptor16, 
which otherwise acts to suppress distant metastases in mouse mela-
noma models17,18.

Here we report that TDFs from metastatic malignant cells acti-
vate p38α in lung fibroblasts and trigger a sequence of downstream 
intracellular events, including downregulation of IFNAR1 and 
ensuing induction of the fibroblast activation protein (FAP, which 
is implicated in many aspects of tumorigenesis19–21). FAP expres-
sion and its protease activity are, in turn, required for accumulation 
of lung fibronectin and induction of CXCL1-like chemokines and 
recruitment of neutrophils. These events generate favorable condi-
tions for metastatic pulmonary colonization. Whereas activation 
of p38α in normal cells from patients with melanoma correlates 
with increased metastatic disease and poor prognosis, use of p38 
inhibitors in the context of adjuvant therapy notably decreases lung 
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Fig. 1 | TDFs from highly metastatic melanoma cells induce the pre-metastatic niche and stimulate pulmonary metastases. a, A representative 
immunofluorescence staining of CD11b (left) and quantification of CD11b+ cells (right) in the lung tissues from WT mice treated with 
tumor-conditioned media (TCM) from B16F1 or B16F10 cells, or with serum-free media (SFM) as control (100 µl intravenously (i.v.), 3x per week for 
3 weeks). Quantitative data are shown as mean ± s.e.m. (n = 4 mice for SFM and F10 TCM groups, n = 7 mice for F1 TCM group). Two-tailed unpaired 
t-test was performed for the comparisons between two groups. Here and henceforth, the inset shows a zoomed (×2) area of the stained image. 
Scale bar, 100 µm. b, A representative immunofluorescence staining of fibronectin (left) and the quantification of fibronectin level (right) in the lung 
tissues from WT mice treated with B16F1 TCM, or B16F10 TCM or SFM as control (100 µl i.v., 3x per week for 3 weeks). Scale bar, 100 µm. Quantitative 
data are shown as mean ± s.e.m. (n = 7 mice per group). Two-tailed unpaired t-test was performed for the comparisons between two groups. c, 
Quantitative PCR (qPCR) analysis of mRNA levels of the niche genes in the lung tissues from WT mice treated with B16F1 TCM, or B16F10 TCM or 
SFM as control (100 µl i.v., 3x per week for 3 weeks). Data are shown as mean ± s.e.m. (n = 3 mice for SFM group, n = 4 mice for F1 TCM and F10 TCM 
groups). Two-way ANOVA and Tukey’s multiple comparisons test were performed. d, Schematic illustration for analysis of the lung metastasis in the 
B16F1 tumor-bearing mice treated with SFM or B16F10 TCM (100 µl every other day until primary tumor removal upon reaching the size ~200 mm2).  
e, Representative lung images and the corresponding H&E-stained lung sections in the B16F1 tumor-bearing mice treated with SFM or B16F10 TCM 
after surgery. Scale bar, 1 mm. Similar results were obtained from three independent experiments. f, Quantification of the number of metastatic lesions 
and total area in the lung tissue sections from B16F1 tumor-bearing mice treated with SFM (n = 9 mice) or B16F10 TCM (n = 10 mice) after surgery. 
Data are shown as mean ± s.e.m. Two-tailed unpaired t-test was performed. g, Kaplan–Meier analysis of survival of B16F1 tumor-bearing mice treated 
with SFM (n = 10 mice) or B16F10 TCM (n = 9 mice) after surgery by Gehan–Breslow–Wilcoxon test. F1, B16F1; F10, B16F10; IF, immunofluorescence; 
s.c., subcutaneously.
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metastases of mouse melanoma. In all, these results support a key 
role of p38α kinase in development of a pre-metastatic niche and 
metastatic lung colonization.

Results
TDFs from highly metastatic tumor cells activate p38 kinase 
and promote the p38-dependent generation of a pulmonary 

pre-metastatic niche. We sought to characterize the signaling 
pathways activated in normal cells by TDFs, which drive the gen-
eration of a pre-metastatic niche in the lungs. Given that lung 
metastases can be stimulated by both tumor-derived extracellular 
vesicles8,9 and soluble molecules7 that can be released by primary 
tumors into the systemic circulation, we administered into mice 
the entire cell culture media conditioned by syngeneic cancer 
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Fig. 2 | TDF-induced activation of p38 kinase correlates with metastatic disease in human patients with melanoma and mouse melanoma model. a, The 
phospho-p38 (p-p38)/total p38 ratio in the leukocytes isolated from the peripheral blood of patients with melanoma with metastasis (n = 19) and without 
metastasis (n = 18). The dashed line denotes the average p-p38/p38 ratio among all patients with melanoma. Data are shown as mean ± s.e.m. Two-tailed 
unpaired t-test was performed. b, Documented metastases in patients with melanoma whose lymphocytes had greater (p-p38/p38high) or lower (p-p38/
p38low) levels of p-p38/p38 signal ratio compared with the average p-p38/p38 ratio among all patients with melanoma. Fisher’s exact test was performed. 
P = 0.0128. c, Kaplan–Meier analysis of survival of patients with melanoma classified as p-p38/p38high (n = 12) or p-p38/p38low (n = 25) by log-rank test.  
d, A representative western blot analysis of p-p38 and total p38 in the WT lung fibroblasts 1 h after SFM, conditioned medium from normal lung fibroblasts 
(FCM) or TCM from different malignant cells including B16F1 and B16F10 melanoma, MH6499c4 pancreatic ductal adenocarcinoma and E0771 mammary 
adenocarcinoma cell lines. Similar results were obtained from three independent experiments. e, A representative western blot analysis of p-p38/p38 
(left) and quantification of the ratio of p-p38/p38 (right) in the lung tissue lysates isolated from WT mice treated with B16F1 TCM (n = 6 mice), B16F10 
TCM (n = 7 mice) or SFM (n = 3 mice) as control (100 µl i.v., 3x per week for 3 weeks). Quantitative data are shown as mean ± s.e.m. Two-tailed unpaired 
t-test was performed for the comparisons between two groups. f, A representative IHC staining of p-p38 (left) and quantification of IHC score for p-p38 
(right) in the lung tissue sections from WT mice treated with B16F1 TCM, or B16F10 TCM or SFM as control (100 µl i.v., 3x per week for 3 weeks). Scale bar, 
100 µm. Quantitative data are shown as mean ± s.e.m. (n = 9 mice per group). Two-tailed unpaired t-test was performed for the comparisons between two 
groups. Met, patients with metastases; Non-met, patients without metastases.
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cells. Here we used B16 mouse melanoma-derived isogenic cell 
lines exhibiting high (B16F10) or low (B16F1) metastatic activity 
(characterized in ref. 22 and Extended Data Fig. 1a–c). Intravenous 
administration of B16F10 cell-conditioned media into wild-type 
(WT) mice led to a robust generation of a pre-metastatic niche in 
the lungs, manifested by myeloid infiltration (Fig. 1a), accumula-
tion of fibronectin (Fig. 1b) and increased expression of S100a8, 
S100a9 and Mmp9 genes (Fig. 1c). Importantly, these changes 
were less pronounced in response to TDFs from less metastatic 
B16F1 cells (Fig. 1a–c).

To determine the importance of TDFs in the metastatic activities 
of malignant cells, we supplemented subcutaneous growth of B16F1 
tumors with administration of highly metastatic B16F10-derived 
TDFs (Fig. 1d). Without accelerating growth of primary B16F1 tumors 
(Extended Data Fig. 1d), B16F10-derived TDFs increased the number 
and size of B16F1 lung metastases (Fig. 1e,f) and decreased animal 
survival (Fig. 1g). These results suggest that production of TDFs that 
can induce the generation of a pre-metastatic niche plays an important 
role in defining the metastatic potential of malignant cells.

Given that p38 kinase activity can be stimulated in response to 
cancer-cell-produced soluble factors (for example, TNFα and IL-1 
(refs. 7,16)) or extracellular vesicles18, we examined activation of p38 
(assessed by its phosphorylation) in normal peripheral blood leuko-
cytes isolated from patients with melanoma with or without meta-
static disease (Extended Data Fig. 2a). Leukocytes from patients 
without signs of metastatic disease exhibited a notably lower level of 
p38 activation (Fig. 2a). Conversely, high levels of p38 activation were 
associated with occurrence of metastatic disease (Fig. 2b) and poor 
survival of these patients (Fig. 2c). These results suggest that human 
metastatic melanoma-derived TDFs activate p38 in normal cells and 
indirectly implicate this activation in the metastatic process.

Next we sought to re-capitulate these observations from human 
patients in mouse models. TDFs from highly metastatic melanoma 
and pancreatic or mammary adenocarcinoma cells activated p38 in 
primary mouse lung fibroblasts in  vitro (Fig. 2d). We observed a 
greater activation of p38 in vitro or in the lung tissues of mice that 
received B16F10-derived factors compared with those from normal 
fibroblasts or less metastatic B16F1 melanoma cells (Fig. 2d–f). To 
determine whether TDFs activate pathways downstream of p38, we 

examined the expression of IFNAR1, which plays a role in limit-
ing melanoma metastases17,18 and was shown to be phosphorylated, 
ubiquitinated and downregulated in response to soluble or vesicular 
TDFs in a p38-dependent manner16,18.

TDFs from metastatic pancreatic or mammary adenocarci-
noma cells notably downregulated IFNAR1 in vitro (Extended Data  
Fig. 2b). In addition, TDFs from highly metastatic B16F10 (but  
not B16F1) cells significantly decreased IFNAR1 levels in vitro and 
in mouse lung tissues (Extended Data Fig. 2b,c). In line with these 
observations, a greater extent of lung metastatic lesions (Extended 
Data Fig. 2d,e) and poorer survival (Extended Data Fig. 2f) were 
observed in B16F1 tumor-bearing Ifnar1−/− mice compared with 
WT animals; these data further suggest an important role of 
IFNAR1 loss in metastatic disease.

Importantly, treatment of cells or mice with the p38 inhibitor  
ralimetinib (LY2228820) attenuated downregulation of IFNAR1 
in vitro (Extended Data Fig. 3a) and in vivo (Fig. 3a). Ralimetinib also 
inhibited TDF-induced generation of a pulmonary pre-metastatic 
niche, manifested by myeloid infiltration (Fig. 3b), accumula-
tion of fibronectin (Fig. 3c) and increased expression of S100a8/9 
and Mmp9 genes (Fig. 3d). Importantly, whereas pretreatment of 
mice with B16F10 TDFs (Fig. 3e) increased the efficacy of lung  
colonization by intravenously injected B16F10 cells, this effect was 
completely reversed by addition of ralimetinib (Fig. 3f,g).

Subsequent genetic studies revealed that inducible whole-body 
ablation of p38α/Mapk14 (Mapk14Δ/Δ, achieved by tamoxifen 
treatment of Ubc9-CreER Mapk14fl/fl mice; Extended Data Fig. 3b)  
notably attenuated TDF-elicited events in the lungs, includ-
ing downregulation of IFNAR1 (Extended Data Fig. 3c), myeloid 
infiltration (Fig. 3h) and fibronectin accumulation (Fig. 3i). 
Importantly, these effects of Mapk14 ablation were reversed by 
additional deletion of Ifnar1 (Fig. 3h,i), indicating a pivotal role of 
p38 kinase and the downstream consequences of its activation (such 
as IFNAR1 downregulation) in the TDF-stimulated generation of a  
pre-metastatic niche.

As a complementary approach, we used another mouse model 
(Ifnar1S526A knock-in mice, termed ‘SA’), where this mutation 
within the IFNAR1 phospho-degron renders IFNAR1 insensitive 
to p38-driven phosphorylation, ubiquitination and degradation23,24.  

Fig. 3 | p38α is essential for generation of the pre-metastatic niche. a, A representative immunofluorescence staining of IFNAR1 (left) and quantification 
of IFNAR1 level (right) in the lung tissues from WT mice treated with SFM, B16F10 TCM plus vehicle or p38 inhibitor ralimetinib (LY2228820). Scale bar, 
100 µm. Quantitative data are shown as mean ± s.e.m. (n = 4 mice per group). Two-tailed unpaired t-test was performed for the comparisons between 
two groups. b, A representative immunofluorescence staining of CD11b (left) and quantification of CD11b+ cells (right) in the lung tissues from WT 
mice treated with B16F10 TCM plus vehicle or p38 inhibitor LY2228820. Scale bar, 100 µm. Quantitative data are shown as mean ± s.e.m. (n = 5 mice 
per group). Two-tailed unpaired t-test was performed for the comparison. c, A representative immunofluorescence staining of fibronectin (left) and 
quantification of fibronectin level (right) in the lung tissues from WT mice treated with B16F10 TCM plus vehicle or p38 inhibitor LY2228820. Scale bar, 
100 µm. Quantitative data are shown as mean ± s.e.m. (n = 4 mice per group). Two-tailed unpaired t-test was performed for the comparison. d, qPCR 
analysis of mRNA levels of the niche genes in the lung tissues from WT mice treated with SFM (control, n = 4 mice), B16F10 TCM plus vehicle (n = 6 mice) 
or LY2228820 (n = 3 mice). Data are shown as mean ± s.e.m. Two-way ANOVA and Tukey’s multiple comparisons test were performed. e, Schematic 
illustration for analysis of the tumor cell colonization in the lung of the mice pretreated with SFM (control), B16F10 TCM plus vehicle or LY2228820 
followed by intravenous injection of 2 × 105 B16F10 tumor cells per mouse. f, Representative lung images and the corresponding H&E-stained lung sections 
from the mice pretreated with SFM (control), B16F10 TCM plus vehicle or LY2228820 followed by intravenous injection of 2 × 105 B16F10 tumor cells as 
described in e. Scale bar, 1 mm. The experiment was repeated three times independently with similar results. g, Quantification of the number of metastatic 
lesions and total area in the lung tissue sections of the mice as shown in f. Data are shown as mean ± s.e.m. (n = 5 mice per group). Two-tailed unpaired 
t-test was performed for the comparisons between two groups. h, A representative immunofluorescence staining of CD11b (left) and quantification of 
CD11b+ cells (right) in the lung tissues from tamoxifen-treated Ubc9-CreER− Mapk14fl/fl Ifnar1+/+ (Mapk14fl/fl Ifnar1+/+), Ubc9-CreER+ Mapk14fl/fl Ifnar1+/+ 
(Mapk14Δ/ΔIfnar1+/+), Ubc9-CreER− Mapk14fl/fl Ifnar1−/− (Mapk14fl/flIfnar1−/−) and Ubc9-CreER+ Mapk14fl/fl Ifnar1−/− (Mapk14Δ/ΔIfnar1−/−) mice treated with 
SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as mean ± s.e.m. (n = 5 mice per group). 
Two-way ANOVA and Tukey’s multiple comparisons test were performed. i, A representative immunofluorescence staining of fibronectin (left) and the 
quantification of fibronectin level (right) in the lung tissues from tamoxifen-treated Ubc9-CreER− Mapk14fl/fl Ifnar1+/+ (Mapk14fl/fl Ifnar1+/+), Ubc9-CreER+ 
Mapk14fl/fl Ifnar1+/+ (Mapk14Δ/ΔIfnar1+/+), Ubc9-CreER− Mapk14fl/fl Ifnar1−/− (Mapk14fl/flIfnar1−/−) and Ubc9-CreER+ Mapk14fl/fl Ifnar1−/− (Mapk14Δ/ΔIfnar1−/−) 
mice treated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as mean ± s.e.m. (n = 4 mice 
in all SFM-treated groups, n = 8 mice in TCM-treated Mapk14fl/flIfnar1+/+ and Mapk14Δ/ΔIfnar1+/+ groups, n = 4 mice in TCM-treated Mapk14fl/flIfnar1−/− and 
Mapk14Δ/ΔIfnar1−/− groups). Two-way ANOVA and Tukey’s multiple comparisons test were performed. TCM-LY, combination of TCM with LY2228820.
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These SA mice also suppress distant metastases in the geneti-
cally engineered and transplanted melanoma models17,18. Upon 
administration of B16F10 TDFs, lungs of these mice retained 

IFNAR1 (Extended Data Fig. 4a) and sustained the expression of 
the IFN-stimulated genes (assessed by RNA sequencing; Fig. 4a), 
including Stat1, Irf7 and Ifitm3 (otherwise decreased by TDFs; 
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Extended Data Fig. 4b). Importantly, TDF treatment elicited a less 
pronounced pre-metastatic niche as in the lungs from SA (compared 
with WT) mice, manifested by differences in expression of S100a8/9 
and Mmp9 (Fig. 4b), myeloid infiltration (Fig. 4c) and fibronectin 
deposition (Fig. 4d). Furthermore, B16F10 TDFs did not promote 
metastatic disease and related death in SA mice bearing subcutane-
ous B16F1 tumors (Extended Data Fig. 4c–g).

In addition, pretreatment of animals with B16F10 TDFs (Fig. 4e) 
followed by administration of B16F10-TdTomato cells increased 
lung colonization in WT but not SA mice (Fig. 4f–h and Extended 
Data Fig. 4h). Importantly, TDF-pretreated SA mice displayed a 
notably lesser colonization compared with WT animals. A similar 
decrease in lung colonization was also observed in TDF-pretreated 
Mapk14Δ/Δ mice (Fig. 4f–h), further indicating that TDF-induced 
p38 activation and its downstream consequences (such as down-
regulation of IFNAR1) are important for the generation of a 
pre-metastatic niche.

p38α-mediated induction of the neutrophil-attracting che-
mokines stimulates malignant cell colonization in the lungs. 
Characterization of leukocytes in the lungs of WT mice treated with 
TDFs revealed a predominance of polymorphonuclear myeloid cells 
(Extended Data Fig. 5a). Numbers of these cells were decreased in 
the lungs of SA mice (Extended Data Fig. 5a) or WT mice treated 
with p38 inhibitor (Fig. 5a). These cells exhibited neutrophil mark-
ers (CD45+CD11b+Ly6G+Ly6Clow) and undetectable immune sup-
pressive properties ex vivo (Extended Data Fig. 5b,c), suggesting 
that these cells are not myeloid-derived suppressors25,26. Together 
with results reported in melanoma tumor-bearing Ifnar1−/− mice27, 
these data are consistent with neutrophils being the major type of 
myeloid cells that infiltrate the lungs downstream of TDF-induced 
activation of p38 kinase.

Indeed, careful examination and validation of gene expression pro-
files revealed increased levels of several chemokines known to attract 
neutrophils (including Cxcl1, Cxcl3 and Cxcl5) in the lungs of B16F10 
TDF-treated WT mice (Fig. 5b). TDFs from pancreatic and mammary 
adenocarcinoma cells also increased expression of these genes in vitro 
(Extended Data Fig. 5d). Induction of chemokine expression in vivo 
was notably less pronounced in either SA mice (Fig. 5a,c) or WT mice 
treated with B16F1 TDFs (Extended Data Fig. 5e) or WT that received 
B16F10 TDFs along with ralimetinib (Fig. 5d). These results suggest 
that TDF-induced p38 activation and IFNAR1 downregulation trigger 
elevated expression of the neutrophil-attracting chemokines. Indeed, 
treatment of mice with an inhibitor of CXCR2 (a receptor for CXCL1, 

CXCL3 and CXCL5) decreased the numbers of lung neutrophils 
(Extended Data Fig. 5f), suggesting an important role of the CXCR2 
ligands in TDF-induced myeloid pulmonary infiltration.

We next sought to define the mechanistic relationship among 
p38-driven downregulation of IFNAR1, increased expression of 
CXCR2-activating chemokines, pulmonary neutrophil infiltration 
and metastatic colonization. Adenoviral delivery of Cxcl1 to the 
lungs of SA mice (Fig. 5e) increased Cxcl1 expression (Extended 
Data Fig. 5g) and lung infiltration with myeloid cells (Extended Data 
Fig. 5h), including neutrophils (Fig. 5f). Remarkably, whereas lungs 
from SA mice intravenously inoculated with B16F10-TdTomato cells 
displayed few melanoma cells and virtually no macro-metastatic 
lesions (Fig. 4f,g), expression of Cxcl1 in the lungs of SA mice 
robustly reversed this phenotype and sufficed to enable the meta-
static colonization in these animals (Fig. 5g–i). Collectively, these 
data suggest that p38-driven inactivation of IFNAR1 leads to an 
induction in expression of CXCL1 (and likely of similarly acting 
chemokines) to recruit neutrophils and, in the presence of malig-
nant cells, to stimulate the metastatic colonization.

The intratumoral fibroblasts are the major source of CXCL1 that 
recruits the CD45+CD11b+Ly6G+Ly6Clow cells to the primary tumor 
microenvironment28. We found that primary WT lung fibroblasts 
responded to TDF treatment in  vitro with a robust induction of 
Cxcl1/3/5 expression; this induction was even greater in Ifnar1−/− 
cells (Fig. 6a). A notably less pronounced chemokine expression was 
observed in lung fibroblasts isolated from SA or Mapk14Δ/Δ mice but 
not in mice lacking both p38 and IFNAR1 (Fig. 6a). Importantly, p38 
activation was not affected by the IFNAR1 status (Extended Data 
Fig. 6a,b). Collectively, these data suggest that p38-driven downreg-
ulation of IFNAR1 provides a license for lung fibroblasts to increase 
the expression of the neutrophil-recruiting chemokines.

We next examined putative mechanisms underlying the regu-
lation of chemokine expression in TDF-treated WT and SA lung 
fibroblasts. No notable differences in the Cxcl1 messenger RNA 
half-life were detected under these conditions (Extended Data  
Fig. 6c). In pancreatic cancer cells harboring activated Myc, tran-
scriptional activation of the Cxcl1 promoter depends on trimethyl-
ation of Lys4 residue of histone H3 (ref. 29); however, we did not find 
differences in this H3K4me3 modification between TDF-treated 
WT and SA lung fibroblasts (Extended Data Fig. 6d). Instead, we 
found that expression of the lysine methyltransferase Setdb2 (known 
to be induced by type I IFN and to regulate the Cxcl1 promoter30,31) 
was suppressed by TDFs in WT but not SA fibroblasts (Extended 
Data Fig. 6e,f). Accordingly, TDF treatment of WT (but not SA) 

Fig. 4 | p38α-driven inactivation of the type I IFN pathway drives the formation of a pre-metastatic niche in the lungs. a, The heatmap and gene set 
enrichment analysis of type I IFN signature genes in the lung tissues of WT and SA mice treated with B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). 
Expression values are represented as colors, where the range of colors (red, pink, light blue, dark blue) shows the range of expression values (high, 
moderate, low, lowest). n = 2 mice per group. NES, normalized enrichment score; FDR, false discovery rate. b, qPCR analysis of mRNA levels of indicated 
genes in the lung tissues from WT and SA mice treated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Data are shown as mean ± s.e.m. 
(n = 3 mice per group). Two-way ANOVA and Tukey’s multiple comparisons test were performed. c, A representative immunofluorescence staining of 
CD11b+ (left) and quantification of CD11b+ cells (right) in the lung tissues from WT and SA mice treated with SFM or B16F10 TCM (100 µl i.v., 3x per week 
for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as mean ± s.e.m. (n = 4 mice per group). Two-way ANOVA and Sidak’s multiple comparisons 
test were performed. d, A representative immunofluorescence staining of fibronectin (left) and quantification of fibronectin level (right) in the lung 
tissues from WT and SA mice treated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as 
mean ± s.e.m. (n = 5 mice per group). Two-way ANOVA and Sidak’s multiple comparisons test were performed. e, Schematic illustration for analysis of 
the tumor cell colonization in the lung of WT, SA and tamoxifen-treated Mapk14fl/flUbc9CreER− (Mapk14fl/fl) and Mapk14fl/flUbc9CreER+ (Mapk14Δ/Δ, p38α 
knockout in the whole body) mice pretreated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks) followed by intravenous injection of 5 × 105 
B16F10-TdTomato cells. f, Representative lung images and the corresponding H&E-stained lung sections of the indicated mice as described in e. Scale 
bar, 1 mm. Similar results were obtained from three independent experiments. g, The percentage of TdTomato+ tumor cells analyzed by flow cytometry 
in the lung tissues of indicated mice as described in e. Data are shown as mean ± s.e.m. (n = 3 mice for SFM-treated WT and SA groups, n = 3 mice for 
TCM-treated Mapk14fl/fl and Mapk14Δ/Δ groups, n = 4 mice for TCM-treated WT group, n = 5 for TCM-treated SA group). Two-tailed unpaired t-test was 
performed for the comparisons between two groups. h, Quantification of metastatic lesion area in the lung tissues of indicated mice as described in  
e. Data are shown as mean ± s.e.m. (n = 4 mice for SFM-treated WT and SA groups and TCM-treated WT group, n = 3 mice for TCM-treated Mapk14fl/fl 
and Mapk14Δ/Δ groups, n = 5 mice for TCM-treated SA group). Two-tailed unpaired t-test was performed for the comparisons between groups.
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lung fibroblasts elicited a decreased trimethylation of histone H3 
Lys9 (H3K9me3) on the Cxcl1 promoter (Fig. 6b); this result is con-
sistent with transcriptional de-repression of this gene as a putative 
mechanism of Cxcl1 induction.

TDF-induced p38α-dependent expression of FAP in the lungs plays 
a key role in the generation of a pre-metastatic niche. Remodeling of 
the extracellular matrix in a pre-metastatic niche requires activation of 
lung fibroblasts2,4,10,32. Intra-tumoral fibroblasts exposed to TDFs are 
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known to become activated and express several markers of this activa-
tion including the FAP protease19–21, which in normal adult tissues is 
predominantly expressed in bone marrow33. Intriguingly, treatment of 
WT mice with TDFs led to expression of FAP in the lungs (Fig. 6c). 
Furthermore, TDFs upregulated FAP cell surface levels on WT (but 
not SA) lung fibroblasts in vitro (Extended Data Fig. 6g), indicating 
the role of IFNAR1 in suppressing FAP levels.

Accordingly, TDF-induced expression of FAP in the lungs was 
notably less pronounced in SA mice (Fig. 6c), or in WT mice 
treated with ralimetinib (Extended Data Fig. 6h) or upon ablation 
of Mapk14 (Fig. 6d). In the last case, the phenotype was promptly 
reversed by genetic deletion of Ifnar1 (Fig. 6d). Remarkably, genetic 
ablation of Fap in mice34 notably interfered with the TDF-induced 
fibronectin accumulation (Fig. 6e) as well as with expression 
of Cxcl1, Cxcl3 and Cxcl5 (Fig. 6f); and neutrophil infiltration  
(Fig. 6g) in vivo. Likewise, despite exhibiting a comparable extent of 
p38 activation (Extended Data Fig. 6i) and of IFNAR1 downregula-
tion (Extended Data Fig. 6j), TDF-treated lung fibroblasts, which 
either completely lacked FAP or harbored catalytically inactive 
FAPS624A mutant (that expressed comparable to WT levels of FAP; 
Extended Data Fig. 6k,l), exhibited lower levels of Cxcl1/3/5 mRNA 
(Fig. 6h). Conversely, treatment of FAP-null fibroblasts with a 
recombinant, soluble and enzymatically active extracellular domain 
(ECD) of FAP partially increased levels of Cxcl1/3/5 (Fig. 6h).  
Collectively, these data suggest that TDF-induced activation of p38 
and downstream pathways in lung fibroblasts induce FAP, which 
plays a key role in the generation of a pre-metastatic niche.

To further test this hypothesis, we ablated p38α in the fibro-
blasts by treating Col1a2-CreER Mapk14fl/fl mice with tamoxi-
fen to produce Mapk14ΔFib mice (Extended Data Fig. 7a). These 
(and appropriate control) animals were administered with TDFs 
derived from metastatic B16F10 melanoma or from MH6499c4 
pancreatic adenocarcinoma. Examination of the lungs of these 
mice revealed that ablation of p38α in the fibroblasts notably 
attenuated the TDF-induced events, including downregulation of 
IFNAR1 (Extended Data Fig. 7b), an increase in the levels of FAP 
(Fig. 7a) and fibronectin (Fig. 7b), expression of the niche and 
chemokine genes, and pulmonary neutrophil infiltration either 
before or after malignant cell inoculation (Fig. 7c,d and Extended 
Data Fig. 7c–e). Consistent with these data, a decreased coloniza-
tion of the lungs of TDF-treated Mapk14ΔFib mice by malignant 
cells (Fig. 7e–g and Extended Data Fig. 7f) further indicates that 
p38 status in the fibroblasts is important for the formation of the 
pre-metastatic niche.

Targeting p38α in the context of (neo)adjuvant therapy suppresses 
pulmonary melanoma metastases. We mimicked the TDF-induced 
activation of p38 and downregulation of IFNAR1 by ablating this 
receptor specifically in fibroblasts (Ifnar1ΔFib, achieved by tamoxifen 
treatment of Col1a2-CreER Ifnar1fl/fl mice; Extended Data Fig. 8a).  
Increased chemokine expression (Extended Data Fig. 8b), neutrophil 
infiltration (Extended Data Fig. 8c,d) and lung colonization by intra-
venously administered B16F10 cells (Fig. 8a,b) were observed in the 
Ifnar1ΔFib mice compared with control animals. We then assessed the 
importance of the p38 activation in the fibroblasts in a spontaneous 
metastatic process using a model wherein B16F10 tumor-bearing 
mice underwent survival surgery to remove primary tumors 
(Extended Data Fig. 8e) and then were analyzed for lung metastases 
and animal survival. Under these conditions, Mapk14 ablation nota-
bly decreased the number of lung lesions (Fig. 8c,d) and prolonged 
animal survival (Fig. 8e), further supporting an important role of 
p38α in fibroblasts in development of metastatic disease.

This genetic evidence prompted us to examine whether phar-
macologic p38 inhibitors such as ralimetinib and SB203580 were 
suitable for the adjuvant therapy of melanoma (Fig. 8f). TDFs from 
ralimetinib-treated B16F10 cells induced a modestly lesser activa-
tion of p38 and downregulation of IFNAR1 in vitro (Extended Data  
Fig. 8f,g). In vivo administration of p38 inhibitors elicited a modest 
effect on primary tumor growth; thus, we modified the timing of the 
surgical resection of primary tumors to remove tumors of similar 
volume in all groups (Extended Data Fig. 8h), followed by additional 
treatments with vehicle or ralimetinib or SB203580. Under these 
conditions, p38 inhibitors elicited a suppressive effect on lung metas-
tases (Fig. 8g,h) and notably prolonged animal survival (Fig. 8i).

Discussion
Work presented here supports a model (Fig. 8j) where the 
pro-metastatic secretome-driven activation of p38α kinase in lung 
fibroblasts represents a pivotal step in forming a pre-metastatic 
niche, manifested by accumulation of fibronectin and entrap-
ment of neutrophils. Both of these events require TDF-stimulated 
expression of FAP, which also contributes to induction of the 
CXCR2-interacting chemokines that recruit neutrophils. Given that 
p38 supports growth of primary tumors35, including lung cancers36, 
TDF-driven p38 activation in lung fibroblasts may generate a simi-
lar protective environment for survival and growth of cancer cells 
within both primary and secondary metastatic lung tumors. Indeed, 
p38α plays an important role in metastatic colonization (Fig. 8c–e 
and see ref. 37).

Fig. 5 | p38α activation-mediated induction of the neutrophil-attracting chemokines stimulates melanoma cell colonization in the lungs. a, 
Representative flow cytometry analysis of myeloid cell subpopulations (total myeloid cells, CD45+CD11b+; granulocytes, CD45+CD11b+Ly-6G+Ly-6Clow; 
monocytes, CD45+CD11b+Ly-6G−Ly-6C+) (above) and quantification of these cell subpopulations (below) in the lung tissues of WT mice treated with 
B16F10 TCM plus vehicle or p38 inhibitor LY2228820. Quantitative data are shown as mean ± s.e.m. (n = 4 mice per group). Two-tailed unpaired t-test 
was performed for the comparison. b, Heatmap of gene expression of chemokines in the lung tissues of WT and SA mice treated with B16F10 TCM (100 µl 
i.v., 3x per week for 3 weeks). Expression values are represented as colors, where the range of colors (red, pink, light blue, dark blue) shows the range of 
expression values (high, moderate, low, lowest). The red asterisks denote core enriched genes in WT mice compared with SA mice. c, qPCR analysis of 
mRNA levels of the indicated chemokines in the lung tissues of WT and SA mice treated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). 
Data are shown as mean ± s.e.m. (n = 3 mice for SFM group, n = 4 mice for TCM group). Two-way ANOVA and Tukey’s multiple comparisons test were 
performed. d, qPCR analysis of mRNA levels of the indicated chemokines in the lung tissues of WT mice treated with SFM (n = 3 mice), B16F10 TCM plus 
vehicle (n = 6 mice) or p38 inhibitor LY2228820 (n = 4 mice). Data are shown as mean ± s.e.m. Two-way ANOVA and Tukey’s multiple comparisons test 
were performed. e, Schematic illustration for analysis of the tumor cell colonization in the lungs of SA mice engineered to re-express CXCL1 by intranasally 
delivered adenoviruses. f, Representative flow cytometry analysis of neutrophils (above) and quantification of the percentage of neutrophils (below) in the 
lung tissues of SA mice as described in e. Quantitative data are shown as mean ± s.e.m. (n = 4 mice for Ad-ctrl group, n = 5 for AdCXCL1 group). Two-tailed 
unpaired t-test was performed for the comparison. g, Representative flow cytometry analysis of TdTomato+ tumor cells (above) and the quantification 
(below) in the lung tissues of SA mice as described in e. Quantitative data are shown as mean ± s.e.m. (n = 4 mice for Ad-ctrl group, n = 5 mice for 
AdCXCL1 group). Two-tailed unpaired t-test was performed for the comparison. h, Representative lung images and the corresponding H&E-stained lung 
sections of SA mice as described in e. Scale bar, 1 mm. Similar results were obtained from three independent experiments. i, Quantification of metastatic 
lesion area in the lung tissues of SA mice as shown in h. Data are shown as mean ± s.e.m. (n = 4 mice per group). Two-tailed unpaired t-test was performed 
for the comparison. FSC-A, forward scatter area.
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It is also plausible that epithelial and/or endothelial lung cells (impli-
cated in the niche formation4,11) exposed to TDFs produce additional 
factors (for example, cytokines) that can further activate p38α kinase 

in lung fibroblasts, thereby amplifying the entire pro-metastatic path-
way. In addition to fibroblasts, other FAP- or collagen-expressing cells 
(for example, macrophages, vascular smooth muscle cells, fibrocytes 
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or pericytes) were implicated in the development of a pre-metastatic 
niche38–41; the role of p38α kinase in these cells should not be ruled out.

It is likely that many diverse soluble factors and extracellular 
vesicles within the malignant cell secretome (thoroughly cataloged 
in refs. 3,11) are responsible for activation p38α kinase and for trig-
gering the generation of the pre-metastatic niche. For example, 
pro-inflammatory cytokines16, vascular endothelial growth factor42 
and the ligands for the pathogen recognition receptors43 (such as 
lipids/protein/nucleic acids and other biomolecules present in the 
extracellular vesicles44–46) were all associated with p38 activation 
and IFNAR1 downregulation. In this context, p38 kinase acts as an 
integrator of inputs from malignant cells and as a key translator of 
these signals into downstream events leading to the formation of a 
pulmonary pre-metastatic niche.

Whereas genetic studies reported here emphasize the essential 
role of p38α/MAPK14, the importance of other p38 isoforms in 
the metastatic process cannot be ruled out. Phosphorylation medi-
ated by p38α is pivotal for TDF-driven proteolytic loss of IFNAR1  
(refs. 16,18). Consistently, current data supporting the importance of 
IFNAR1 inactivation in the generation of the pre-metastatic niche 
and stimulation of metastases are consistent with studies in mela-
noma and breast cancer models demonstrating that IFNAR1-null 
mice exhibited a greater metastatic disease27,47 and that animals resis-
tant to IFNAR1 downregulation (SA mice) were deficient in distant 
metastases17,18.

TDFs induce FAP in the lungs, which otherwise express little 
(if any) of this protease (see refs. 33,48 and Fig. 6). FAP has been 
well characterized as a marker of activated reactive/inflammatory 
fibroblasts including cancer-associated fibroblasts19,21,49,50. Although 
FAP is found in the tumor microenvironment of many human 
and mouse primary tumors19,21, primary subcutaneously growing 
B16F10 tumors exhibited negligible levels of FAP (data not shown). 
It appears that fibroblasts (and possibly other cells) in the lungs dis-
play a distinct ability to respond to TDFs with an induction of FAP. 
Understanding of the molecular basis of these distinctive character-
istics as well as how inactivation of IFNAR1 leads to FAP expression 
is of major interest and warrants further investigations.

FAP mediates production of fibronectin (Fig. 6); the latter, 
along with other elements of reshaped extracellular matrix, helps 
to entrap the recruited neutrophils in the lungs4,10,11. Delineation of 
the mechanisms underlying the effects of FAP on expression of the 
neutrophil-attracting chemokines requires further investigation. 

Given that knock-in of inactive FAPS624A impeded the induction 
of Cxcl1/3/5, whereas treatment of FAP-null lung fibroblasts with 
an active recombinant FAP partially restored chemokine expres-
sion (Fig. 6h), it is plausible that protease activity of FAP toward 
polypeptide substrates of cell surface or/and extracellular matrix 
acts to produce factors stimulating expression of these chemo-
kines. However, a noncatalytic role of FAP in neutrophil recruit-
ment (similar to a recently reported role of dipeptidase-1 (ref. 51)) 
should not be ruled out. Regardless of these considerations, cur-
rent data clearly suggest an important mechanistic role of FAP in 
the formation of a pre-metastatic niche. This function is consistent 
with suppressed metastases of pancreatic ductal adenocarcinoma 
in Fap-null mice52.

Neutrophils represented the bulk of myeloid cells in the lungs 
from animals treated with TDFs. Elegant recent studies demon-
strated that neutrophils attracted to inflamed lungs harboring 
already disseminated yet dormant malignant cells play a critically 
important role in re-awakening these cells and in stimulation of 
lung colonization53. Future studies will be required to decipher the 
commonalities and dissimilarities between the mechanisms under-
lying stimulation of metastatic colonization in the context of either 
generation of a pre-metastatic niche or disruption of the dormant 
niche in the lungs.

Although metastases are the major cause of cancer-related 
patient deaths, the pace of development of therapeutic modalities 
targeting metastatic disease is slower than the progress achieved 
in the efforts to control growth of primary tumors54. It was 
reported that p38 inhibitors such as SB203580 administered in 
immune-compromised settings can activate dormant cancer cells 
and actually stimulate lung metastatic colonization55. Yet, in the 
model of metastatic pulmonary colonization in immune-competent 
mice, SB203580 decreased metastatic load56. Importantly, given the 
efficacy of p38 inhibitors (such as SB203580 or ralimetinib) shown 
in this work, these agents might be of translational importance in 
the context of adjuvant or/and neoadjuvant therapy.

Furthermore, inhibition of p38 kinase may improve the 
anti-tumorigenic effect of the cytotoxic lymphocytes that can 
kill these cancer cells57, thereby contributing to the robust 
anti-metastatic effects of p38 inhibitors observed in this study in 
an immune-competent model. Whereas ralimetinib exhibited an 
acceptable safety profile and modest activity in a phase I trial for aro-
matase refractory metastatic breast cancer58, future clinical studies  

Fig. 6 | TDF-induced p38α-dependent expression of FAP in the lungs plays a key role in the generation of the pre-metastatic niche. a, qPCR analysis 
of indicated chemokine mRNA levels in the lung fibroblasts (from indicated mice) at 6 h after SFM or B16F10 TCM treatment in vitro. Data are shown 
as mean ± s.e.m. (n = 5 biologically independent samples). Two-way ANOVA and Tukey’s multiple comparisons test were performed. b, ChIP analysis 
of H3K9me3 binding to the Cxcl1 promoter in the isolated WT and SA lung fibroblasts treated with SFM or B16F10 TCM for 12 h. Data are shown 
as mean ± s.e.m. (n = 4 independent experiments). Two-way ANOVA and Sidak’s multiple comparisons test were performed. c, A representative 
immunofluorescence staining of FAP (left) and quantification of FAP+ cells (right) in the lung tissues of WT and SA mice treated with SFM or B16F10 TCM 
(100 µl i.v., 3x per week for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as mean ± s.e.m. (n = 5 mice per group). Two-way ANOVA and Sidak’s 
multiple comparisons test were performed. d, A representative immunofluorescence staining of FAP (left) and quantification of FAP+ cells (right) in the 
lung tissues of indicated mice treated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as 
mean ± s.e.m. (n = 4 mice per group). Two-way ANOVA and Tukey’s multiple comparisons test were performed. e, A representative immunofluorescence 
staining of fibronectin (left) and quantification of fibronectin level (right) in the lung tissues from WT and Fap−/− mice treated with SFM or B16F10 TCM 
(100 µl i.v., 3x per week for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as mean ± s.e.m. (n = 5 mice per group). Two-way ANOVA and 
Sidak’s multiple comparisons test were performed. f, qPCR analysis of mRNA levels of the indicated chemokines in the lung tissues of WT and Fap−/− mice 
treated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Data are shown as mean ± s.e.m. (n = 3 mice per group). Two-way ANOVA and 
Sidak’s multiple comparisons test were performed. g, Representative flow cytometry analysis of neutrophils (left) and quantification of their percentage 
(right) in the lung tissues of WT and Fap−/− mice treated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Quantitative data are shown as 
mean ± s.e.m. (n = 3 mice per group). Two-way ANOVA and Sidak’s multiple comparisons test were performed. h, qPCR analysis of mRNA levels of the 
indicated chemokines in the lung fibroblasts isolated from WT, FapS624A knock-in and Fap−/− mice 6 h after SFM or B16F10 TCM treatment with or without 
adding FAP ECD (FAPECD, 0.3 µg ml−1). Data are shown as mean ± s.e.m. n = 6 biologically independent samples in SFM- and TCM-treated WT cells and 
SFM-treated Fap−/− cells, n = 5 biologically independent samples in TCM-treated Fap−/− cells, n = 4 biologically independent samples in SFM-treated 
FapS624A cells, n = 3 biologically independent samples in TCM-treated FapS624A cells and Fap−/− cells with FAP ECD added. Two-way ANOVA and Tukey’s 
multiple comparisons test were performed.
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are required for determining the potential of this agent (as well as 
other inhibitors of p38 kinases) for adjuvant treatment of metastatic 
melanoma and, possibly, other highly metastatic cancers.

Methods
Animal studies. All in vivo experiments carried out on mice of C57Bl/6 
background were approved by the Institutional Animal Care and Use Committee of 
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the University of Pennsylvania. Mice were maintained in a specific-pathogen-free 
facility in accordance with American Association for Laboratory Animal Science 
guidelines. Littermate Ifnar1+/+ (‘WT’) and Ifnar1S526A mice (SA)23 as well as 
Fap−/− mice34 were described previously. Ifnar1−/− mice were generously provided 
by Dr. Susan Weiss (University of Pennsylvania, Philadelphia, USA). Ubc9-CreER 
mice (gift from E. Brown, University of Pennsylvania) were crossed with Mapk14fl/fl  
mice (generously provided by Yibin Wang, University of California, Los Angeles, 
USA) and Ifnar1−/− mice to generate either Ubc9-CreER+/0; Mapk14fl/fl; Ifnar1+/+ 
or Ubc9-CreER+/0; Mapk14fl/fl; Ifnar1−/− littermates. Col1a2-CreER mice (obtained 
from Jackson Laboratory) were crossed with Mapk14fl/fl mice or Ifnar1fl/fl mice 
(obtained from Jackson Laboratory) to generate Col1a2-CreER+/0; Mapk14fl/fl or 
Col1a2-CreER+/0; Ifnar1fl/fl littermates, respectively. All of these mice were viable 
and fertile with no reported abnormalities. The genotyping PCR primers are 
provided in Supplementary Table 1. Littermate animals from different cages  
were randomly assigned into experimental groups, which were either co-housed  
or systematically exposed to other groups’ bedding to ensure equal exposure  
to all groups’ microbiota. To induce Mapk14 deletion in the whole body 
or specifically in fibroblasts, Mapk14fl/fl Ubc9-CreER+/0 mice or Mapk14fl/fl 
Col1a2-CreER+/0 mice were given tamoxifen (Sigma, dissolved in maize oil) once 
daily via oral gavage for 5 consecutive days at a dose of 0.2 mg per gram of body 
weight per day.

FapS624A knock-in mice expressing FAP mutant that lacks the protease 
activity were generated as follows: CRISPR–CAS9 homology directed repair 
targeting was used to generate a single 1-base pair (bp) change at the S624 site: 
T to G. WT is ‘TCC’ which codes for serine and the mutant is ‘GCC’ which 
codes for alanine. The CRISPR Guide targets used were Guide no. 2 (sense: 
5′-GATGTCTCTACAGTCCT ACGG-3′) for the F8 cell line and Guide no. 
5 (sense: 5′-GACAATGTCTCTACAGTCCTA-3′) for the H7 cell line. The 
single-stranded 158-mer Ultramer homology directed repair template sequence 
was: sense: 5′-GTA GAC TTT AAA AAC ACA GAG ATG CTT TTG AGC TTG 
TGT CTG GGG CTG ACC AAT AAC AAT GTC TCT ACA GGC CTA CGG AGG 
TTA TGT TTC ATC CCT GGC CCT TGC ATC TGG AAC TGG TCT TTT CAA 
ATG TGG CAT AGC AGT GGC TCC AGT CTC CAG CT -3′. The genotyping 
PCR primers and sequencing primer are provided in Supplementary Table 1. 
The genomic DNA amplified a 677-bp fragment of both WT and knock-in mice. 
Sequencing of this 677-bp PCR product revealed two chromatogram peaks for 
heterozygous (T/G), one peak each in WT ‘T’ and homozygous mutant animal ‘G’. 
The S624A knock-in also generated a Stu1 restriction site (AGG | CCT) only in the 
knock-in mice. Digestion of PCR products with Stu1 yielded 210-bp and 467-bp 
fragments. The FapS624A knock-in mice were backcrossed with WT C57Bl/6 mice. 
The homozygotes (mixed background of 129/Sv and C57Bl/6) were used for lung 
fibroblast isolation.

Lung fibroblast isolation. The lung tissues from 3–5-week-old mice were washed  
with ice-cold PBS, minced and incubated with 3 ml of solution containing 
Collagenase II (2 mg ml−1) and DNase I (100 µg ml−1) for 1 h at 37 °C. After stopping 
digestion by adding equal volumes of fetal bovine serum (FBS), cells were passed 
through 100-μm and 40-μm filters, spun down, washed and then resuspended with 
complete medium (DMEM containing 10% FBS and 1% Penicillin-Streptomycin) 
and cultured overnight. The next day, the nonadherent cells were thoroughly 

washed off with PBS and the remaining cells were cultured in complete medium 
for around 1 week before use.

Cell lines and tumor-conditioned medium (TCM) preparation. Mouse 
melanoma cell lines B16F1 (ATCC CRL-6323) and B16F10 (ATCC CRL-6475) 
were purchased from ATCC and maintained in DMEM (Gibco) supplemented 
with 10% FBS (HyClone) and 100 U ml−1 Penicillin-Streptomycin (Gibco). 
Mouse mammary adenocarcinoma cell line E0771 was purchased from CH3 
Biosystems (cat. no. 940001) and maintained in RPMI 1640 medium (Gibco) 
supplemented with 10% FBS and 100 U ml−1 Penicillin-Streptomycin according to 
the instructions. Mouse pancreatic tumor cell clone MH6499c4 was isolated from 
late-stage primary tumors from a spontaneous tumor model as described before29. 
All of the cell lines were regularly tested for Mycoplasma.

Tumor cells were plated on 150-mm cell culture plates and allowed to adhere 
overnight in growth medium. The next day, when the cells were 80% confluent, 
growth medium was removed, and the cells were washed with PBS three times 
and cultured in serum-free medium (SFM) for 48 h. After that, the conditioned 
medium was collected and filtered with a 0.22-μm filter, and then stored at −80 °C 
until use. For in vivo treatment, 100 μl of TCM was intravenously injected into 
mice three times a week for 3 weeks. SFM injection was set as negative control. 
After that, mice were euthanized and lung tissues were collected for analysis. For 
in vitro treatment, cells were plated on six-well plates and treated with 1.5 ml of 
TCM/SFM plus 0.5 ml of complete medium (ratio 3:1) for 6–12 h.

Human samples. Informed consent was obtained from all study participants. 
Study approval was given by the Institutional Review Board of the University of 
Pittsburgh. Peripheral blood was aseptically collected into (green top) Na Heparin 
vacutainer tubes from 40 patients with melanoma (stage I, II, III or IV). The blood 
was then stored at room temperature (16–30 °C) and processed as follows. The 
sample was centrifuged for 5 min at 1,000 r.p.m. and without stopping the speed 
was increased to 1,800–2,000 r.p.m. for 20 min with the brake off. The peripheral 
blood leukocyte layer between the clear lymphocyte separation medium and 
upper PBS layer was gently pipetted off. The cells were washed with PBS three 
times and suspended in medium (Iscov’s Modified Dulbecco’s Medium, 10% 
human serum, 1% Penicillin-Streptomycin solution, 1% l-glutamine, 1% MEM 
nonessential amino acids 10 mM, 1% HEPES buffer solution 1 M) with 10% 
dimethylsulfoxide for incubation at −80 °C overnight before long-term storage 
at −140 °C. For recovery, frozen cells were thawed rapidly in a 37 °C water bath. 
The thawed cells were slowly, but immediately, transferred into 10 ml of PBS and 
washed with PBS twice before lysis.

Western blot analysis. The human blood leukocytes were lysed with 60 μl of 
RIPA lysis buffer for 30 min on ice. All of the samples were diluted to the same 
concentration (3 of 40 samples had too low a concentration and were excluded 
from the analysis). The immunoblotting analyses were carried out as previously 
described16,24. The following antibodies were purchased and used: phospho-p38 
(Thr180/Tyr182) (Cell Signaling Technology, Clone 28B10 cat. no. 9216S, 1:1,000) 
and p38α (Santa Cruz, Clone C-20 cat. no. sc-535, 1:1,000), GAPDH (Cell 
Signaling Technology, Clone D16H11 cat. no. 5174S, 1:5,000) and β-Tubulin (Cell 
Signaling Technology, cat. no. 2146S, 1:5,000). Goat anti-rabbit HRP-conjugated 

Fig. 7 | p38α deficiency specifically in fibroblasts impairs the generation of a pre-metastatic niche in the lung. a, A representative immunofluorescence 
staining of FAP (left) and quantification of FAP level (right) in the lung tissues of tamoxifen-treated Mapk14fl/flCol1a2-CreER− (Mapk14fl/fl) and Mapk14fl/fl 

Col1a2-CreER+ (Mapk14ΔFib, p38α knockout specifically in fibroblasts) mice injected with SFM, B16F10 TCM or MH6499c4 TCM (100 µl i.v., 3x per week 
for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as mean ± s.e.m. (n = 6 mice for SFM- and B16F10 TCM-treated groups, n = 5 mice for 
MH6499c4 TCM-treated group). Two-way ANOVA and Tukey’s multiple comparisons test were performed. b, A representative immunofluorescence 
staining of fibronectin (left) and quantification of fibronectin level (right) in the lung tissues of Mapk14fl/fl and Mapk14ΔFib mice injected with SFM, B16F10 
TCM or MH6499c4 TCM (100 µl i.v., 3x per week for 3 weeks). Scale bar, 100 µm. Quantitative data are shown as mean ± s.e.m. (n = 6 mice for SFM- and 
B16F10 TCM-treated groups, n = 5 mice for MH6499c4 TCM-treated group). Two-way ANOVA and Tukey’s multiple comparisons test were performed. 
c, qPCR analysis of mRNA levels of the indicated chemokines and niche genes in the lung tissues of Mapk14fl/fl and Mapk14ΔFib mice injected with SFM, 
B16F10 TCM or MH6499c4 TCM (100 µl i.v., 3x per week for 3 weeks). Data are shown as mean ± s.e.m. (n = 6 mice for SFM-treated group, n = 5 mice 
for B16F10 and MH6499c4 TCM-treated groups). Two-way ANOVA and Tukey’s multiple comparisons test were performed. d, The percentage (left) and 
the absolute number of neutrophils (right) analyzed by flow cytometry in the lung tissues of Mapk14fl/fl and Mapk14ΔFib mice injected with SFM, B16F10 
TCM or MH6499c4 TCM (100 µl i.v., 3x per week for 3 weeks). Data are shown as mean ± s.e.m. (n = 6 mice for SFM- and B16F10 TCM-treated groups, 
n = 5 mice for MH6499c4 TCM-treated group). Two-way ANOVA and Tukey’s multiple comparisons test were performed. e, The percentage of tumor 
cells (TdTomato+ cells) analyzed by flow cytometry in the lung tissues of Mapk14fl/fl and Mapk14ΔFib mice injected with SFM, B16F10 TCM or MH6499c4 
TCM (100 µl i.v., 3x per week for 3 weeks) followed by intravenous injection of 5 × 105 B16F10-TdTomato cells. Data are shown as mean ± s.e.m. (n = 4 
mice for SFM-treated group, n = 5 mice for B16F10 and MH6499c4 TCM-treated groups). Two-way ANOVA and Tukey’s multiple comparisons test were 
performed. f, Representative lung images and the corresponding H&E-stained lung sections of Mapk14fl/fl and Mapk14ΔFib mice injected with SFM, B16F10 
TCM or MH6499c4 TCM (100 µl i.v., 3x per week for 3 weeks) followed by intravenous injection of 5 × 105 B16F10-TdTomato cells. Scale bar, 1 mm. Similar 
results were obtained from three independent experiments. g, Quantification of metastatic lesion area in the lung sections of indicated mice as shown in 
f. Data are shown as mean ± s.e.m. (n = 6 mice for SFM-treated group, n = 5 mice for B16F10 and MH6499c4 TCM-treated groups). Two-way ANOVA and 
Tukey’s multiple comparisons test were performed.
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IgG (Millipore, cat. no. AP187P, 1:20,000) or Goat anti-mouse HRP-conjugated 
IgG (Cell Signaling Technology, cat. no. 7076S, 1:20,000) was used as secondary 
antibody, correspondingly. The intensity of the bands was analyzed by ImageJ and 
the ratio of phospho-p38 to total p38 was calculated.

Experimental tumor metastasis model. B16F1/B16F10 tumor cells in a single-cell 
suspension (1 × 105 in 100 μl of PBS) were subcutaneously injected into the right 
flanks of mice. Tumors were aseptically resected at a volume of ~200 mm2. After 
surgery, mice were monitored and killed when moribund. Lung tissues were 
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collected, fixed in 4% PFA-PBS (Thermo Fisher Scientific) and hematoxylin and 
eosin (H&E) stained for lung metastasis analysis.

For tumor cell lung colonization assay, 2 × 105 B16F10 or 5 × 105 
B16F10-TdTomato cells per mouse were intravenously injected into mice. Around 
3 weeks after tumor cell injection, mice were euthanized and lung tissues were 
collected and fixed in 4% PFA-PBS for H&E staining.

The composite images of whole H&E-stained lung sections were taken by the 
Leica DM6000 Widefield microscope. The number and size of tumor metastatic 
lesions in lung tissues were analyzed by ImageJ.

Adenovirus and chemical inhibitors treatment. Adenovirus-expressing mouse 
CXCL1 (Ad-CXCL1) and the control adenovirus (Ad-ctrl) were purchased 
from Applied Biological Materials. Mice were anesthetized with ketamine and 
xylazine and intranasally delivered with adenoviruses (20 μl per mouse at 2 × 108 
plaque-forming units per mouse). After 3 d, these mice were intravenously 
injected with 5 × 105 B16F10-TdTomato cells and then continually administered 
with Ad-CXCL1 or Ad-ctrl every 5 d. At day 25 after tumor cell injection, mice 
were euthanized, and lung tissues were collected for FACS analysis of tumor cells 
(Tomato+) and fixed in 4% PFA-PBS for H&E staining.

p38 kinase inhibitor LY2228820 (Selleckchem, cat. no. S1494) was dissolved 
in 1% methylcellulose and administered by oral gavage at the dose of 10 mg kg−1 
every other day. SB203580 hydrochloride (Tocris Bioscience, cat. no. 1402) was 
dissolved in sterile water and administered by intraperitoneal injection at the 
dose of 10 mg kg−1 every other day. CXCR2 inhibitor SB225002 (Selleckchem, cat. 
no. S7651) was dissolved in 2% dimethylsulfoxide + 30% PEG300 + 5% Tween 
80 + double-distilled H2O and administered by oral gavage at the dose of 10 mg kg−1. 
For adjuvant therapy, 1 × 105 B16F10 tumor cells were subcutaneously injected into 
WT mice. When the tumor size reached around 50 mm2, mice began the presurgical 
treatment with p38 inhibitors or vehicle every other day. Once the tumor size 
reached ~200 mm2, the primary tumors were resected. At 1 week after surgery, the 
animals began the treatment with these drugs every other day for 1 month. When 
animals displayed signs of respiratory stress or became moribund, they were killed 
and their lungs were collected and fixed in 4% PFA-PBS for H&E staining.

Immunofluorescence staining. The following antibodies were purchased 
and used: primary CD11b (BioLegend, Clone M1/70 cat. no. 101202, 1:100), 
Fibronectin (Abcam, cat. no. ab23750, 1:100), IFNAR1 (Sino Biological, cat. 
no. 50469-RP02, 1:100) and FAP (R&D, cat. no. AF3715, 1:100); and secondary 
antibodies: Alexa Fluor 488 Goat anti-Rat (Thermo Fisher Scientific, cat. no. 
A11006, 1:500) for CD11b, Alexa Fluor 488 Goat anti-Rabbit (Thermo Fisher 
Scientific, cat. no. A11070, 1:500) for fibronectin, Alexa Fluor 594 Goat anti-Rabbit 
(Thermo Fisher Scientific, cat. no. A11072, 1:500) for IFNAR1 and Alexa Fluor 
488 Donkey anti-sheep (Thermo Fisher Scientific, cat. no. A11015, 1:500) for 
FAP. Immunofluorescence analyses were carried out as previously described18. 
The images were taken using the Olympus BX51 microscope. The quantification 
of immunofluorescence intensity was performed by ImageJ. Three sections were 
analyzed for each mouse and 6–10 fields in each section were quantified.

Flow cytometry analysis. Lung tissues were collected and washed with ice-cold 
PBS, and then cut into small pieces and incubated in dissociation solution with 
2 mg ml−1 Collagenase II (MP Biomedicals), 1 mg ml−1 Collagenase IV (Roche) 
plus 100 μg ml−1 DNase I (Roche) solution for around 1 h with continuous 
agitation. The digestion mixture was passed through a 70-μm cell strainer 
and washed with PBS once. Then, 5 ml of RBC lysis buffer was added to cells 
and incubated for 5 min to lyse red blood cells. The cells were then washed 
with PBS once and resuspended with 1% BSA-PBS containing 1 mM EDTA. 

The isolated cells were incubated with anti-mouse CD16/CD32 antibody 
(BioLegend, Clone 93 cat. no. 101302, 1:50) for 15 min at room temperature to 
block nonspecific Fc receptor binding. Cells were then stained with cell surface 
markers anti-CD45-FITC (BioLegend, Clone 30-F11 cat. no. 103108, 1:500), 
anti-CD11b-APC (BioLegend, Clone M1/70 cat. no. 101212, 1:500), anti-Ly-
6C-PE (BioLegend, Clone HK1.4 cat. no. 128007, 1:500), anti-Ly-6G-APC/Cy7 
(BioLegend, clone 1A8 cat. no. 127624, 1:500), anti-CD45-APC/Cy7 (BioLegend, 
Clone 30-F11 cat. no. 103115, 1:500), anti-CD31-AF488 (BioLegend, Clone 
MEC13.3 cat. no. 102513, 1:500), anti-EpCAM (CD326)-PE/Cy7 (BioLegend, 
Clone G8.8 cat. no. 118216, 1:500), anti-PDGFRα (CD140a)-APC (BioLegend, 
Clone APA5 cat. no. 135908, 1:500) or anti-IFNAR1 (BioLegend, clone MAR1-
5A3 cat. no. 127312, 1:500) and incubated on ice for 30 min. After washing with 
PBS, cells were resuspended with FACS buffer containing DAPI (1:2,000) for 
10 min and acquired by LSRFortessa flow cytometry (BD Biosciences). Data were 
analyzed with FlowJo software (Tree Star).

For IFNAR1 and FAP staining on the isolated lung fibroblasts in vitro, cells 
were incubated with cell dissociation buffer (Gibco, cat. no. 13150-016) for 15 min 
at 37 °C and dispersed into a single-cell suspension. After washing with PBS, 
cells were stained with PE-conjugated anti-mouse IFNAR1 (BioLegend, clone 
MAR1-5A3 cat. no. 127312, 1:400) for 30 min, or biotinylated anti-mouse FAP 
(Dr. Puré laboratory home-made, 1:400) for 30 min, followed by a secondary 
streptavidin-APC (BioLegend, cat. no. 405207, 1:500) staining for another 30 min. 
Cells stained with PE-conjugated IgG-ctrl (BioLegend, clone MOPC-21 cat. no. 
400112) or only secondary staining were used as negative control. After washing, 
cells were resuspended with FACS buffer containing DAPI (1:2,000) for 10 min and 
acquired on an LSRFortessa flow cytometer (BD Biosciences). Data were analyzed 
with FlowJo software (Tree Star).

Immunohistochemistry (IHC) staining. The IHC staining for phospho-p38 
(Thr180/Tyr182) (Cell Signaling Technology, Clone 12F8 cat. no. 4631S, 1:400) 
of paraffin-embedded lung tissue sections was performed by the Histology Core 
at the School of Veterinary Medicine, University of Pennsylvania. The IHC score 
was assessed blindly by two pathologists who calculated both the percentage of 
stained cells and the intensity of staining as follows: the proportion of positive 
cells was estimated and given a percentage score on a scale from 1 to 6 (1, 1–10%; 
2, 11–20%; 3, 21–40%; 4, 41–60%; 5, 61–80%; and 6, 81–100%). The average 
intensity of the positively stained cells was given an intensity score from 0 to 3 (0, 
no staining; 1, weak; 2, moderate; and 3, strong staining). The final IHC score was 
then calculated by multiplying the percentage score by the intensity score to yield a 
minimum value of 0 and a maximum value of 18.

Ex vivo immunosuppression assay. Granulocytes (Ly-6G+) were purified from 
the lungs of mice that were administered with B16F10 TCM or from the spleens of 
MC38 tumor-bearing mice using MACS Separation kit (Miltenyi Biotec). Isolated 
granulocyte cells (1 × 105) were incubated with OT-1 WT splenocytes at different 
ratios of 1:1, 1:2 and 1:4. The mixed cells were co-cultured in 96-well plates with 
SIINFEKL (0.5 ng μl−1) peptide stimulation for 48 h, and then 3H thymidine 
(PerkinElmer) was added (1 µl per well for 24 h). The radioactivity of samples was 
counted with a TopCount NXT instrument (PerkinElmer) as previously described59.

Quantitative PCR with reverse transcription. Total RNA was extracted using 
Trizol reagent (Invitrogen). The High-Capacity RNA-to-cDNA Kit (Applied 
Biosystems) was used to make complementary DNA. Real-time PCR was 
performed using SYBR Green Master Mix reagents (Applied Biosystems).  
The expression of each gene was calculated based on the cycle threshold, 
set within the linear range of DNA amplification. The relative expression 

Fig. 8 | p38α deficiency specifically in fibroblasts attenuates lung metastasis and p38 inhibitors show efficient adjuvant therapeutic effects. a, 
Representative lung images and the corresponding H&E-stained lung sections from the tamoxifen-treated Ifnar1fl/flCol1a2-CreER− (Ifnar1fl/fl) and Ifnar1fl/fl 

Col1a2CreER+ (Ifnar1ΔFib, IFNAR1 knockout specific in fibroblasts) mice after intravenous injection with B16F10 tumor cells (2 × 105 per mouse). Scale bar, 
1 mm. Similar results were obtained from three independent experiments. b, Quantification of the number of metastatic lesions and total area in the lung 
tissues of Ifnar1fl/fl (n = 8) and Ifnar1ΔFib (n = 7) mice after B16F10 tumor cell injection as shown in a. Data are shown as mean ± s.e.m. Two-tailed unpaired 
t-test was performed for the comparison. c, Representative lung images and the corresponding H&E-stained lung sections from the tamoxifen-treated 
B16F10 tumor-bearing Mapk14fl/fl and Mapk14ΔFib mice after primary tumor removal at equivalent size (~200 mm2). Scale bar, 1 mm. Similar results were 
obtained from three independent experiments. d, Quantification of the number of metastatic lesions and total area in the lung tissues of Mapk14fl/fl (n = 11) 
and Mapk14ΔFib mice (n = 10) after surgery as shown in c. Data are shown as mean ± s.e.m. Two-tailed unpaired t-test was performed for the comparison. 
e, Kaplan–Meier analysis of survival of B16F10 tumor-bearing Mapk14fl/fl (n = 13) and Mapk14ΔFib (n = 11) mice after surgery by log-rank test. f, Schematic 
illustration for analysis of the effect of p38 inhibitors ralimetinib (LY) or SB203580 (SB) as neoadjuvant/adjuvant therapeutic agents. g, Representative 
lung images and the corresponding H&E-stained lung sections in the mice after surgery as described in f. Scale bar, 1 mm. Similar results were obtained 
from three independent experiments. h, Quantification of the number of metastatic lesions and total area in the lung tissues of the mice after surgery 
as shown in g. Data are shown as mean ± s.e.m. (n = 8 mice in Vehicle group, n = 10 mice in LY group, n = 6 mice in SB group). Two-tailed unpaired t-test 
was performed for the comparison. i, Kaplan–Meier analysis of survival of B16F10 tumor-bearing mice after surgery as described in f by log-rank test 
(n = 9 mice in Vehicle and LY groups, n = 7 mice in SB group). j, A model highlighting the key role of p38α kinase and downstream activation of FAP in the 
generation of the pre-metastatic niche in lung.
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was calculated by the cycle threshold method, with normalization of raw 
data to a housekeeping gene (Gapdh). The primer sequences are provided in 
Supplementary Table 1.

Purification of FAP ECD. The 6xHistidine-tagged FAP ECD recombinant protein 
was expressed in 293T cells and purified on an Ni-NTA agarose column (Qiagen, 
cat. no. 30210). Briefly, 293T cells expressing His-FAP ECD were expanded in T225 

flasks at ~80% confluency (~1.5 × 106 cells). Cells were collected and resuspended 
in 90 ml of 293 SFM II (Invitrogen, cat. no. 11686029), and incubated at 37 °C and 
8% CO2 with vigorous shaking. Cells were collected, spun down and resuspended 
in 30 ml of fresh media every 2 d until the cells looked round and bright. Then, 
15 ml of cells (1.5–2 × 106 cells per ml) were added into the growth compartment 
and 975 ml of media into the nutrient compartment in the bioreactor flask after 
equilibrium by adding 25 ml media and incubation at 37 °C for 15 min. After 72 h, 
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cells were collected and the supernatant was collected and subjected to dialysis 
against PBS. The dialyzed supernatant was incubated with washed Ni-Agarose 
slurry (Qiagen, cat. no. 30210) for 1 h at 4 °C with rocking. The incubation mix 
was added into a column followed by washing and elution with the corresponding 
buffer according to the manufacturers’ instructions. Purity of this protein was 
assessed by SDS–PAGE followed by silver staining. FAP ECD was used in the 
in vitro assays at 0.3 µg ml−1.

Chromatin immunoprecipitation (ChIP) analysis. ChIP analysis was 
performed in the lung fibroblasts treated with TCM or SFM for 12 h 
as previously described29 using the following antibodies: H3K4me3 
(Abcam, cat. no. ab8580), H3K9me3 (Abcam, cat. no. ab8898) and isotype 
control (Abcam, cat. no. ab171870). The following primers were used as 
described31: Cxcl1 promoter region, 5′-CCTCTTCACATGCCTCCCTG-3′ 
(forward) and 5′-CGGGGATGGAAGCTTGTCTT-3′ (reverse); and Actb 
promoter region, 5′-CCTCTGGGTGTGGATGTCAC-3′ (forward) and 
5′-TGTCCATTCAATCCAGGCCC-3′ (reverse).

RNA sequencing. WT and SA mice were intravenously injected with B16F10 
TCM three times a week for 3 weeks. After injection, mice were euthanized. 
Lung tissues were collected and snap-frozen in liquid nitrogen. Total RNA of 
the lung tissue was isolated with miRNeasy mini kit (QIAGEN). Biotin-labeled 
antisense RNA preparations were obtained using TargetAmp-Nano Labeling Kit 
(Epicentre) as recommended by the manufacturer. Thereafter, 0.75 μg of antisense 
RNA was hybridized to Illumina Sentrix Mouse-6 v.1 BeadChips, which were 
scanned with an Illumina BeadStation 500 (both from Applied Biosystems Life 
Technologies). Data were collected with Illumina BeadStudio 3.1.1.0 software, 
and statistical analyses were conducted on the IlluminaGUI R-package. Gene set 
enrichment analysis was performed for overlap with curated datasets (C5, H) in 
MSigDB using the web interface available at http://www.broadinstitute.org/gsea/
msigdb/index.jsp.

Statistics and reproducibility. All described results are representative of at 
least three independent experiments. Statistical analyses and the number of 
samples (n) were described in detail for each figure panel. No statistical method 
was used to predetermine sample size. Data were presented as average ± s.e.m. 
Statistical analysis was performed using Microsoft Excel (Microsoft) or 
GraphPad Prism 8 software (GraphPad). Two-tailed unpaired Student’s t-test 
was used for the comparison between two groups. One-way analysis of variance 
(ANOVA) or two-way ANOVA followed by the Sidak’s or Tukey’s test was used 
for the multiple comparisons. Repeated-measures two-way ANOVA (mixed 
model) followed by the Sidak’s multiple comparisons test was used for analysis 
of the tumor growth curve. The Kaplan–Meier curves were used to depict the 
survival function from lifetime data for mice and human patients; the log-rank 
test or Gehan–Breslow–Wilcoxon test was used to analyze the differences 
between the groups. Fisher’s test was used for other comparisons. A value of 
P < 0.05 was considered significant. Mice that died within 24 h after surgery 
were assumed to have died because of procedure-related complications and were 
excluded from analysis. In western blot analysis of human blood leukocytes, 
three samples were excluded due to the low amount of protein (<1 µg). No other 
data were excluded. The experiments were not randomized, except that the mice 
were randomly grouped before treatment. Investigators were not blinded to 
allocation during the experiments and outcome assessments, except for the IHC 
score analysis.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
RNA-sequencing data that support the findings of this study have been deposited 
in the Gene Expression Omnibus (GEO) under accession code GSE133781. Source 
data for Figs. 1–8 and Extended Data Figs. 1–8 have been provided as Source data 
files. All other data supporting the findings of this study are available from the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | Characterization of the metastasis in the lung tissues of B16F1 and B16F10 tumor bearing mice. a, The primary tumor growth in 
WT mice s.c injected with 1 × 105 B16F1 or B16F10 tumor cells prior to surgery at equivalent tumor size (~200 mm2). Data shown as mean ± SEM (n = 7 
mice per group). Repeated-measure two-way ANOVA and Sidak’s multiple comparisons test were performed. b, A representative lung images and the 
corresponding H&E stained lung sections in the B16F1 and B16F10 tumor bearing mice after surgery. Scale bar: 1 mm. This experiment was repeated three 
times independently with similar results. c, Quantification of the number of metastatic lesions and total area in the lung tissues from B16F1 and B16F10 
tumor bearing mice after surgery as shown in b. Data shown as mean ± SEM (n = 7 mice per group). Two-tailed Unpaired t test was performed for the 
comparison. d, The primary tumor growth in the B16F1 tumor bearing mice treated with SFM or B16F10 TCM prior to surgery (100 μl every other day until 
primary tumor removal upon reaching the size ~200 mm2). n = 5 mice per group.

Nature Cancer | www.nature.com/natcancer

http://www.nature.com/natcancer


ArticlesNAturE CAncEr ArticlesNAturE CAncEr

Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Tumor derived factors induce p38 activation and IFNAR1 downregulation. a, A representative western blot analysis of p-p38 and 
total p38 in the leukocytes isolated from the peripheral blood of melanoma patients with metastasis (Met) and without metastasis (Non-Met). The ratio 
of p-38 to p38 was shown at bottom for each patient. This experiment was repeated three times independently with similar results. b, A representative 
flow cytometry histogram (left) and the quantification of surface IFNAR1 level (right) in WT lung fibroblasts 2 hr after SFM, conditioned media from 
normal lung fibroblasts (FCM), or TCM from different tumor cells including B16F1, B16F10, MH6499c4, and E0771. Quantitative data shown as mean ± 
SEM (n = 3 biologically independent samples). Two- tailed Unpaired t test was performed for the comparisons between two groups. c, A representative 
immunofluorescence staining of IFNAR1 (left) and the quantification of IFNAR1 level (right) in the lung tissues from WT mice treated with SFM, B16F1 
TCM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Scale bar: 100 µm. Quantitative data shown as mean ± SEM (n = 10 mice per group). Two-tailed 
Unpaired t test was performed for the comparisons between two groups. d, Representative lung images and the corresponding H&E-stained lung sections 
in WT and Ifnar1−/− B16F1 tumor bearing mice after surgery. Lung metastases were analyzed around 30–60 days after primary tumor removal upon 
reaching the size ~200mm2. Scale bar: 1 mm. This experiment was repeated three times independently with similar results. e, Quantification of the number 
of metastatic lesions and total area in the lung tissues from WT (n = 13 mice) and Ifnar1−/− (n = 14 mice) B16F1 tumor bearing mice after surgery. Data 
shown as mean ± SEM. Two-tailed Unpaired t test was performed for the comparison. f, Kaplan-Meier analysis of survival of WT (n = 9 mice) and Ifnar1−/− 
(n = 10 mice) B16F1 tumor bearing mice after surgery by Log-rank test.
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Extended Data Fig. 3 | p38α inhibition or gene deletion impede tumor derived factors-induced downregulation of IFNAR1. a, A representative flow 
cytometry analysis (left) and the quantification of surface IFNAR1 level (right) in WT lung fibroblasts pretreated with vehicle (DMSO) or p38 inhibitor 
Ralimetinib (LY2228820, 4 µM for 2 hr) followed by SFM, or B16F10 TCM treatment for additional 2 hr. Quantitative data shown as mean ± SEM (n = 5,and 
n = 6 biologically independent samples in Vehicle and LY treated group). Two-way ANOVA and Sidak’s multiple comparisons test were performed.  
b, A representative western blot analysis of total p38α protein level in the lung tissues of Mapk14fl/fl Ubc9-CreER− and Mapk14fl/flUbc9-CreER+ mice after 
tamoxifen treatment. Similar results were obtained from three independent experiments. c, A representative immunofluorescence staining of IFNAR1 
(left) and the quantification of IFNAR1 level (right) in the lung tissues from Mapk14 competent mice (Mapk14fl/fl) and Mapk14 deleted mice (Mapk14Δ/Δ) 
treated with SFM or B16F10 TCM (100 µl i.v., 3x per week for 3 weeks). Scale bar: 100 µm. Quantitative data shown as mean ± SEM (n = 5 mice per group). 
Two-way ANOVA and Sidak’s multiple comparisons test were performed.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | p38α-mediated IFNAR1 downregulation drives the formation of pre-metastatic niche in the lungs. a, A representative 
immunofluorescence staining of IFNAR1 (left) and the quantification of IFNAR1 level (right) in the lung tissues from WT and SA mice treated with SFM 
or B16F10 TCM. Scale bar: 100 µm. Quantitative data shown as mean ± SEM (n = 5 mice per group). Two-way ANOVA and Sidak’s multiple comparisons 
test were performed. b, qPCR analysis of mRNA levels of indicated interferon stimulated genes in the lung tissues of WT and SA mice treated with SFM 
or B16F10 TCM. Data shown as mean ± SEM (n = 3, n = 4 mice in SFM and TCM treated group respectively). Two-way ANOVA and Tukey’s multiple 
comparisons test were performed. c, Schematic illustration for analysis of the lung metastasis in the B16F1 tumor bearing SA mice treated with SFM or 
B16F10 TCM (100 µl i.v. every other day until primary tumor removal upon reaching the size ~200 mm2). d, The primary tumor growth of B16F1 in SA mice 
treated with SFM or B16F10 TCM prior to surgery. Data shown as mean ± SEM (n = 4 mice per group). Repeated-measure two-way ANOVA and Sidak’s 
multiple comparisons test were performed. e, Representative lung images and the corresponding H&E-stained lung sections of indicated mice as described 
in c. Scale bar: 1 mm. Similar results were obtained from three independent experiments. f, Quantification of the number of metastatic lesions and total 
area in the lung tissues from B16F1 tumor bearing SA mice treated with SFM (n = 10 mice) or B16F10 TCM (n = 9 mice) after surgery. Data shown as mean 
± SEM. Two-tailed Unpaired t test was performed for the comparison. g, Kaplan-Meier analysis of survival of B16F1 tumor bearing SA mice treated with 
SFM (n = 9 mice) or B16F10 TCM (n = 9 mice) after surgery by Log-rank test. h, Representative flow cytometry analysis of tumor cells (TdTomato+) in the 
lung tissues of WT, SA, and tamoxifen treated-Mapk14fl/flUbc9-CreER− (Mapk14fl/fl) and Mapk14fl/flUbc9-CreER+ (Mapk14Δ/Δ) mice pretreated with SFM or 
B16F10 TCM followed by intravenous injection of 5*105 B16F10-TdTomato cells. Similar results were obtained from three independent experiments.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | p38α-mediated IFNAR1 downregulation induces CXCL1/CXCL3/CXCL5-CXCR2 axis which is critical for the neutrophil 
recruitment. a, Representative flow cytometry analysis of myeloid cell subpopulations (above) and the quantification of these cell subpopulations (below) 
in the lung tissues of WT and SA mice treated with SFM or B16F10 TCM. Quantitative data shown as mean ± SEM (n = 4 mice per group). Two-way 
ANOVA and Sidak’s multiple comparisons test were performed. b, Representative flow cytometry analysis of the purity of the isolated granulocytes 
from lung tissues of WT and SA mice treated with B16F10 TCM. Similar results were obtained from three independent experiments. c, Antigen-specific 
proliferation of CD8+ T cells in the presence of isolated granulocytes (Ly-6G+) from the lung tissues of WT and SA mice treated with B16F10 TCM at a 
ratio of 1:1, 1:2 or 1:4 measured as the uptake of 3H thymidine and presented relative to that in the absence of granulocytes which set as 100%. Splenic 
PMN-MDSC isolated from MC38 tumor-bearing mice served as a positive control for the suppression. Data shown as mean ± SEM (n = 6 mice for WT 
and SA group, n = 3 mice for PMN-MDSC). Two-way ANOVA and Sidak’s multiple comparisons test were performed. d, qPCR analysis of mRNA levels 
of the indicated chemokines in WT lung fibroblasts 6 hr after SFM, conditioned media from normal lung fibroblasts (FCM), or TCM from different tumor 
cells including B16F1, B16F10, MH6499c4, and E0771. Data shown as mean ± SEM (n = 3 biologically independent samples). Two-tailed Unpaired t 
test was performed for the comparisons between two groups. e, qPCR analysis of mRNA levels of the indicated chemokines in the lung tissues of WT 
mice treated with SFM (n = 3 mice), B16F1 TCM (n = 4 mice) or B16F10 TCM (n = 4 mice). Data shown as mean ± SEM. Two-way ANOVA and Tukey’s 
multiple comparisons test were performed. f, Representative flow cytometry analysis (left) and the quantification of percent of neutrophils (right) in the 
lung tissues of WT mice treated with SFM (n = 5 mice), B16F10 TCM plus vehicle (n = 4 mice) or CXCR2 inhibitor (n = 5 mice). Quantitative data shown 
as mean ± SEM. Two-tailed Unpaired t test was performed for the comparisons between two groups. g, qPCR analysis of mRNA level of Cxcl1 in the 
lung tissues of SA mice intranasally administered with control (n = 3 mice) or CXCL1 (n = 7 mice) expressing adenovirus. Data shown as mean ± SEM. 
Two-tailed Unpaired t test was performed for the comparison. h, The percent of total myeloid cells in the lung tissues of SA mice intranasally administered 
with control (n = 4 mice) or CXCL1 (n = 5 mice) expressing adenovirus. Data shown as mean ± SEM. Two-tailed Unpaired t test was performed for the 
comparison.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | p38α-mediated IFNAR1 downregulation induces FAP expression. a, A representative western blot analysis of p-p38 and total 
p38 in the lung fibroblasts of WT, SA, Ifnar1 null (Ifnar1−/−), Mapk14 deletion (Mapk14Δ/Δ), Mapk14 deletion along with Ifnar1 null (Mapk14Δ/Δ Ifnar1−/−) 
1 hr after SFM or B16F10 TCM treatment in vitro. b, A representative flow cytometry analysis of surface IFNAR1 level in the lung fibroblasts of WT, SA, 
Ifnar1−/−, Mapk14Δ/Δ, Mapk14Δ/Δ Ifnar1−/− 2 hr after SFM or B16F10 TCM treatment in vitro. c, The decay of Cxcl1 mRNA in WT and SA lung fibroblasts 
treated with SFM, or B16F10 TCM for 12 hr, then exposed to Actinomycin D (5 µg/ml) to terminate transcription. Cxcl1 mRNA level was determined by 
qPCR. Data shown as mean ± SEM (n = 3 independent experiments). Repeated-measure two-way ANOVA and Sidak’s multiple comparisons test were 
performed. d, ChIP analysis of H3K4me3 binding to the Cxcl1 promoter in the isolated WT and SA lung fibroblasts treated with SFM or B16F10 TCM for 
12 hr. Data shown as mean ± SEM (n = 3 independent experiments). Two-way ANOVA and Sidak’s multiple comparisons test were performed. e, The 
mRNA level of Setdb2 in WT and SA lung fibroblasts treated with PBS or murine IFNβ (1000 IU/ml) for 4 hr. Data shown as mean ± SEM (n = 3 biologically 
independent samples). Two-way ANOVA and Sidak’s multiple comparisons test were performed. f, The mRNA level of Setdb2 in WT and SA lung 
fibroblasts treated with SFM or B16F10 TCM for 4 hr. Data shown as mean ± SEM (n = 3 biologically independent samples). Two-way ANOVA and Sidak’s 
multiple comparisons test were performed. g, A representative flow cytometry histogram (left) and the quantification of FAP expression (right) in the 
lung fibroblasts of WT, SA, and Fap−/− 24 hr after SFM or B16F10 TCM treatment. Quantitative data shown as mean ± SEM (n = 3 biologically independent 
samples). Two-way ANOVA and Sidak’s multiple comparisons test were performed. h, A representative immunofluorescence staining of FAP (left) and 
the quantification of FAP+ cells (right) in the lung tissues from WT mice treated with B16F10 TCM plus vehicle or p38 inhibitor LY2228820. Scale bar: 
100 µm. Quantitative data shown as mean ± SEM (n = 5 mice per group). Two-tailed Unpaired t test was performed for the comparison. i, A representative 
western blot analysis of p-p38 and total p38 in the lung fibroblasts of WT and Fap−/− 1 hr after SFM or B16F10 TCM treatment in vitro. j, A representative 
flow cytometry histogram (above) and the quantification of surface IFNAR1 level (bottom) in the lung fibroblasts of WT and Fap−/− 2 hr after SFM or 
B16F10 TCM treatment in vitro. Quantitative data shown as mean ± SEM (n = 3 biologically independent samples). Two-way ANOVA and Sidak’s multiple 
comparisons test were performed. k, Genotyping of FapS624A mutant mice. A 677 bp amplicon was amplified by PCR both in the wild-type and FapS624A 
knock-in mouse. The 1 bp change generated a Stu1 restriction site (AGG | CCT) only in the knock-in mice. The PCR products were cleaned up and then 
digested with Stu1 producing the cut size of 210 bp and 467 bp. l, A representative flow cytometry analysis of FAP levels in the adult dermal fibroblasts 
isolated from Fap+/+, Fap−/−, FapS624A/S624A and FapS624A/+ mice. The experiments in a, b, i, k, l were repeated three times independently with similar results, 
and the results of one representative experiment are shown.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | P38α expression in fibroblasts is critical for the generation of pre-metastatic niche. a, Representative western blot analysis of 
p38α protein level in the isolated lung fibroblasts from tamoxifen-treated Mapk14fl/flCol1a2-CreER− (Mapk14fl/fl) and Mapk14fl/flCol1a2-CreER+ (Mapk14ΔFib, 
p38α knock out specific in fibroblasts) mice. b, A representative flow cytometry gating and histogram of IFNAR1 level in the lung fibroblasts of Mapk14fl/fl  
and Mapk14ΔFib mice injected with SFM, B16F10 TCM, or MH6499c4 TCM. c, Representative flow cytometry analysis of neutrophils in the lung tissues 
of Mapk14fl/fl and Mapk14ΔFib mice injected with SFM, B16F10 TCM, MH6499c4 TCM. d, qPCR analysis of the indicated chemokines in the lung tissues of 
Mapk14fl/fl and Mapk14ΔFib mice pretreated with SFM, B16F10 TCM, or MH6499c4 TCM followed by intravenous injection of 5*105 B16F10-TdTomato cells. 
Data shown as mean ± SEM (n = 4 mice for SFM treated Mapk14ΔFib group, n = 5 mice for all the other groups). Two-way ANOVA and Tukey’s multiple 
comparisons test were performed. e, Representative flow cytometry analysis (left) and the quantification of percent and absolute number (right) of 
neutrophils in the lung tissues of Mapk14fl/fl and Mapk14ΔFib mice pretreated with SFM, B16F10 TCM, MH6499c4 TCM followed by intravenous injection of 
5*105 B16F10-TdTomato cells. Quantitative data shown as mean ± SEM (n = 4 mice for SFM treated group, n = 5 mice for TCM treated group). Two-way 
ANOVA and Tukey’s multiple comparisons test were performed. f, Representative flow cytometry analysis of tumor cells (TdTomato+) in the lung tissues of 
Mapk14fl/fl and Mapk14ΔFib mice pretreated with SFM, B16F10 TCM, or MH6499c4 TCM followed by intravenous injection of 5*105 B16F10-TdTomato cells. 
The experiments in a, b, c, f were repeated three times independently with similar results, and the results of one representative experiment are shown.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | The effect of p38α deficiency specifically in fibroblasts and p38 inhibitors on the primary tumor. a, Representative flow 
cytometry analysis of IFNAR1 level in the isolated lung fibroblasts from tamoxifen treated Ifnar1fl/flCol1a2-CreER− (Ifnar1fl/fl) and Ifnar1fl/flCol1a2-CreER+ 
(Ifnar1ΔFib, Ifnar1 knock out specific in fibroblasts) mice. Similar results were obtained from three independent experiments. b, qPCR analysis of the 
indicated chemokines in the lung tissues of Ifnar1fl/fl (n = 7 mice) and Ifnar1ΔFib mice (n = 6 mice) after intravenous injection with 5*105 B16F10-TdTomato 
cells. Data shown as mean ± SEM. Two-way ANOVA and Sidak’s multiple comparisons test were performed. c, Representative flow cytometry analysis 
of neutrophils in the lung tissues of Ifnar1fl/fl and Ifnar1ΔFib mice after intravenous injection with 5*105 B16F10-TdTomato cells. Similar results were obtained 
from three independent experiments. d, Quantification of the percent (left) and the absolute number of neutrophils (right) in the lung tissues as described 
in c. Data shown as mean ± SEM (n = 6 mice for Ifnar1fl/fl group, n = 7 for Ifnar1ΔFib group). Two-tailed Unpaired t test was performed for the comparison. 
e, The primary tumor growth of B16F10 in the Mapk14fl/fl (n = 5 mice) and Mapk14ΔFib (n = 8 mice) mice s.c injected with 1 × 105 B16F10 tumor cells prior 
to surgery at equivalent tumor size (~200 mm2). f, A representative western blot analysis of p-p38 and total p38 in the WT lung fibroblasts 1 hr after 
treatment with SFM, or TCM from B16F10 tumor cells pretreated with vehicle (DMSO) or p38 inhibitor LY2228820 (4 µM) for 24 hr. Similar results were 
obtained from three independent experiments. g, A representative flow cytometry histogram (left) and the quantification of surface IFNAR1 level (right) 
in WT lung fibroblasts 2 hr after treatment with SFM, or TCM from B16F10 tumor cells pretreated with vehicle (DMSO) or p38 inhibitor LY2228820 
(4 µM) for 24 hr. Quantitative data shown as mean ± SEM (n = 3 biologically independent samples). Two- tailed Unpaired t test was performed for the 
comparisons between two groups. h, Primary tumor growth of B16F10 in mice that received vehicle, LY2228820 (LY), or SB203580 (SB) treatment prior to 
surgery at equivalent tumor size (~200 mm2). Data shown as mean ± SEM (n = 6 mice per group).
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