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Smad3 is essential for polarization of tumor-
associated neutrophils in non-small cell lung
carcinoma
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Neutrophils are dynamic with their phenotype and function shaped by the
microenvironment, such as the N1 antitumor and N2 pro-tumor states within
the tumor microenvironment (TME), but its regulation remains undefined.
Here we examine TGF-β1/Smad3 signaling in tumor-associated neutrophils
(TANs) in non-small cell lung carcinoma (NSCLC) patients. Smad3 activation in
N2 TANs is negatively correlate with the N1 population and patient survival. In
experimental lung carcinoma, TANs switch from a predominant N2 state in
wild-typemice to anN1 state in Smad3-KOmicewhich associatewith enhanced
neutrophil infiltration and tumor regression. Neutrophil depletion abrogates
the N1 anticancer phenotype in Smad3-KO mice, while adoptive transfer of
Smad3-KO neutrophils reproduces this protective effect in wild-type mice.
Single-cell analysis uncovers a TAN subset showing a mature N1 phenotype in
Smad3-KO TME, whereas wild-type TANs mainly retain an immature N2 state
due to Smad3. Mechanistically, TME-induced Smad3 target genes related to
cell fate determination to preserve the N2 state of TAN. Importantly, genetic
deletion and pharmaceutical inhibition of Smad3 enhance the anticancer
capacity of neutrophils against NSCLC via promoting their N1 maturation.
Thus, our work suggests that Smad3 signaling in neutrophils may represent a
therapeutic target for cancer immunotherapy.

Cancer remains a leading cause of death worldwide1,2. Cancer cells are
heterogeneous, versatile, and adaptable, leading to primary and sec-
ondary resistance3. Indeed, only a small population of patients with
advanced lung cancer respond to immunotherapy4. However, rather
than targeting tumor cells directly, modifying the function of spec-
fic cell types—particularly immune cells—within the tumor micro-
environment (TME) is an alternative strategy since cancer growth,
invasion, and metastasis depend upon stromal conditions5. Thus, a
better understandingof the immunodynamics of theTMEmayuncover
new strategies for the development of effective anticancer therapies.

Leukocytes make up a substantial component of stromal cells in
lung cancer, with variable numbers of T cells, B cells, macrophages,
dendritic cells, mast cells, and granulocytes present6. While the con-
tribution ofmost of these immune cell types to tumor growth has been
investigated in detail, the role of neutrophils is less well understood.
Originally considered neutral bystanders, it is now evident that the
TME can induce neutrophil polarization into different functional
states7. Within the TME, neutrophils can be polarized to an antitumor
N1 state or to a protumor N2 state8. However, the mechanisms reg-
ulating this polarization remain to be fully explored.
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TGF-β is a potent immunosuppressive and differentiation factor
that can promote tumor growth9. Treatment with a small molecule
inhibitor of TGF-β receptor signaling substantially reduced the growth
of a mouse mesothelioma tumor in association with increased
CD8 + T cells10. This protective effect was also associated with
increased tumor-associated neutrophils (TANs) and polarization of
neutrophils to an antitumor N1 state8,11. Additional studies have shown
that TGF-β can stimulate a protumorN2 neutrophil phenotype, but the
underlying mechanisms remained unclear12,13. The TGF-β receptor
complex can engage both Smad-dependent canonical signaling and
Smad-independent non-canonical signaling14,15. Emerging evidence
indicates the importance of Smad3 in lung cancer TME. Activation
(phosphorylation) of SMAD3 in immune cells was negatively asso-
ciated with the overall and disease-free survival of patients with lung
cancer independent of their histological subtypes16. A critical role for
canonical TGF-β/Smad3 signaling in cancer development was
demonstrated by the substantial reduction tumor growth seen in
Smad3 gene-deficient mice (Smad3-KO)17. While TGF-β/
Smad3 signaling suppresses natural killer cell (NK cell) activity and
promotes the accumulation of cancer-associated fibroblasts17,18, the
contribution of TGF-β/Smad3 signaling in the polarization of TANs and
tumor growth remains unknown.

Here, we show that Smad3 activation in TANs is associated with a
predominant N2 state of polarization and a poor outcome in patients
with non-small-cell lung carcinoma (NSCLC). Smad3-KO mice exhibit
increased neutrophil infiltration and a switch to a predominant N1
antitumor state in a lung cancer model. A functional role for these
Smad3-KO N1 TANs in inhibiting tumor growth is confirmed by neu-
trophil depletion studies, while the adoptive transfer of Smad3-KO
neutrophils inhibits tumor growth in wild-type mice. In addition,
Smad3-KO neutrophils show the enhanced killing of tumor cells
in vitro. Integrating analysis of the transcriptome and chromatin
binding at the single cell level shows that Smad3 induces transcription
of genes promoting a protumor N2 state in TANs, whereas, without
Smad3, these TANs further differentiate into an antitumor N1 state.
Thus, inhibition of Smad3 is identified as a therapeutic strategy to
promote polarization of TANs to an antitumor N1 state and thus sup-
press the development of lung cancer.

Results
SMAD3 activation negatively correlates with N1 TAN abundance
in NSCLC
We investigated SMAD3 activation (phosphorylation) in TAN in a bank
of NSCLC tissue samples. Neutrophils were identified by expression of
the CD16b antigen19–21, whichwas validated in a freshNSCLC sample by
flow cytometry which demonstrated distinct CD16b+ neutrophil and
CD68+ macrophage populations (Supplementary Fig. 1A). Multicolor
immunostaining identified iNOS+CD16b+ and CD206+CD16b+ cells,
designated as N1 and N2 TANs, respectively (Fig. 1A, B). N1 state TANs
represented a low percentage of total CD16b+ cells in both NSCLC
tumors and control lung tissue. By contrast, N2 state TANs represented
over 50% of total CD16b+ cells in tumors, but less than 10% of CD16b+

cells in control lung tissue (Fig. 1C). Immunoperoxidase staining
showed many p-SMAD3+ in tumors compared to few stained cells in
control lung tissue (Supplementary Fig. 1B). Three-dimensional con-
focal imaging showed p-SMAD3 staining in many CD206+CD16b+ N2
TANs (Fig. 1D). Unexpectedly, SMAD3 phosphorylation was negatively
correlatedwith the percentage of N1 cells in total CD16b+ TANs but did
not correlate with the percentage of N2 TANs in patients with lung
adenocarcinoma in our patient cohort (n = 72, Fig. 1E, F and Supple-
mentaryTable 1). Based on themedian value, a higher abundance ofN1
TANs (≥10% of the area) was associated with better disease-free sur-
vival in NSCLC patients (Fig. 1G and Supplementary Data 1), whereas a
lower N1/N2 or N1/p-SMAD3+ TAN ratio was associated with disease
progression (Supplementary Fig. 1C, D). These findings demonstrate

an association between SMAD3 activation and N1/N2 polarization in
cancer progression.

Smad3 deletion promotes N1 state TANs and reduces tumor
growth in the LLC model
The role of Smad3 in regulating neutrophil recruitment and polariza-
tion in lung cancer was investigated in wild-type (Smad3-WT) and
Smad3-knockout (Smad3-KO) mice using the syngeneic Lewis lung
carcinoma (LLC) cell model14,17. LLC tumors in wild-type mice showed
manyp-Smad3+ cells, with twocolor staining showing numerous Ly6G+

neutrophils also exhibiting p-Smad3 staining (Fig. 2A and Supple-
mentary Fig. 2A). Smad3-KO mice inoculated with LLC cells showed a
marked increase in the abundance of neutrophils in both the circula-
tion and the TME as shown by immunostaining and flow cytometry, as
well as substantially less tumor growth on day 15 compared to wild-
type controls (Fig. 2A–C and Supplementary Fig. 2A, B). While LLC
tumors showed p-Smad3 staining in Smad3-KO mice (Fig. 2A), this
staining was absent from Ly6G+ TANs and was attributed to Smad3
activation within LLC tumor cells (Supplementary Fig. 2A, B). LLC
tumors in wild-type mice displayed a high proportion of TANs with an
N2 phenotype (CD206+Ly6G+ cells) and low levels of TANs with an N1
phenotype (iNOS+Ly6G+ cells). By contrast, neutrophils in the TME in
Smad3-KO mice contained a low proportion of N2 and a high pro-
portion of N1 phenotype cells (Fig. 2D, E and Supplementary Fig. 2C,
D), implying a role for Smad3 in the N1/N2 polarization of TAN in lung
cancer.

scRNA-seq analysis of Smad3 regulation of N1/N2 polarization
in TANs
To capture the transcriptome profile of TAN populations, we used
Fluorescence-activated Cell Sorting (FACS) to isolate Ly6G+ CD11b+

neutrophils from LLC tumors dissected from Smad3-WT and
Smad3-KO mice and performed 10X single-cell RNA sequencing
(scRNA-seq)14 (Supplementary Fig. 3A). In our single-cell dataset,
we sorted 4116 cells from Smad3-WT TANs and 2514 cells from
Smad3-KO TANs with a median of 1311 unique molecular identifiers
(UMIs) with 603 genes per cell (Supplementary Table 2). The
dataset was then filtered according to multiple neutrophil-specific
markers (S100a9, S100a8, Csf3r, and Il1rn)22, resulting in 3293
Smad3-WT TANs and 1323 Smad3-KO TANs retained for down-
stream analysis (Supplementary Fig. 3B). By merging the two
cleaned datasets, we detected distinct transcriptome signatures of
Smad3-WT (red) and Smad3-KO (blue) TANs (Fig. 3A, Supplemen-
tary Fig. 4A, and Supplementary Data 2), where N1 markers (Tnf,
Icam1, and Fas) were highly expressed in the Smad3-KO clusters,
whereas N2 markers (Arg1, Ccl2, and Vegf-b) were highly expressed
in the Smad3-WT clusters (Fig. 3B). Smad3-WT and KO TANs were
then unbiasedly clustered into P1 to P8 according to their tran-
scriptome profile (Fig. 3C, D, Supplementary Fig. 4B, Supplemen-
tary Table 3, and Supplementary Data 2), where P1 is a WT-specific
cluster with N2 marker expression and P8 is a KO-specific cluster
with N1 markers expression as shown in t-SNE plots (Fig. 3E). By
comparison with the reported gene signatures of N1 and N2 TANs23,
we identified that the WT-specific cluster P1 corresponded to N2
TANs, whereas the KO-specific cluster P8 corresponded to N1 TANs
(Fig. 3F and Supplementary Data 2). The upregulated differentially
expressed genes (DEGs) of the Smad3-KO-specific cluster P8 were
strongly associated with antitumor functions (immune response
and positive regulation of cell killing), whereas protumor functions
(angiogenesis and positive regulation of cell proliferation) were
linked to the Smad3-WT-specific cluster P1 (Fig. 3G, H and Supple-
mentary Data 2). Furthermore, we observed a progressive pheno-
typic change of N2 to N1 marker expression in clusters P1 to P8
(Fig. 3I), suggesting a regulatory role of Smad3 in neutrophil
development.
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Smad3 limits neutrophil development in TME at the transcrip-
tional level
To elucidate the potential regulatory role of Smad3 in neutrophil
development in TME,we performedRNA velocity analysis to recapture
the developmental pathway of Smad3-WT and -KO TANs in LLC tumor
with single-cell resolution24. Unexpectedly, we found that Smad3-WT-
specific TAN (cluster 3) can be gradually transited into Smad3-KO-
specific TAN (cluster 2) indicated by their developmental direction
arrows in Fig. 4A. Interestingly, we observed that N2 (Arg1, Ccl2, and
Vegf-b) and N1 (Fas, Icam1, and Tnf) phenotypes were respectively
associated with the expression levels of neutrophil immature (Stmn1
and Ube2c) and mature (Il-1b and Csf3r) markers in TANs in a Smad3-
dependent manner (Fig. 4B, C); suggesting that Smad3 may suppress
N1 phenotype via limiting TAN maturation in TME. To validate the

hypothesis, we examined the developmental pattern and potential
connections of Smad3-WT and -KO TANs clusters in Fig. 3D with
MetaCell pipeline25 and transcriptional signatures26. Encouragingly, we
detected a strong developmental connection between Smad3-WT and
-KO TANs (Fig. 4D) and a gradual maturation status from the Smad3-
WT-specific cluster P1 to the Smad3-KO-specific cluster P8 at the
transcriptional level (Fig. 4E and Supplementary Data 2). In addition,
we characterized the intermediate clusters P2 to P7 according to their
functions ofmature neutrophils (e.g., chemotaxis, granule production,
and ROS biosynthetic process27), revealing that P2-P3 belong to
immature neutrophils with N2-like phenotype while P4-P7 showed a
progressive maturation to a fully developed N1 phenotype (Fig. 3I, 4E
and Supplementary Fig. 5A). Furthermore, we also confirmed the
findings by reconstructing the developmental pathways of Smad3-WT

Fig. 1 | SMAD3 activation is negatively associated with an N1 phenotype in
NSCLC. A–C Confocal imaging and quantification show a marked accumulation of
N2 TANs (CD206+CD16b+ cells) in NSCLC compared to adjacent normal lung tissue,
which contrasts with the small population of N1 TANs (iNOS+CD16b+ cells)
(**P <0.01 vs. normal lung; two-tailed t-test). D Three-dimensional confocal image
showing SMAD3activation (p-SMAD3, blue) inmanyN2TANs (CD206+CD16b+ cells)
in NSCLC. Correlation analysis shows that Smad3 activation (E) has a negative

correlation with the proportion of N1 TANs (F) but does not correlate with the
proportion of N2 TANs (Pearson correlation two-tailed test).G A low proportion of
N1 TANs are significantly associated with higher patient mortality in NSCLC (log-
rank (Mantel–Cox) test). Scale bar, 50μm. A–D Data represents mean ± SEM of
three patients/group. E–GData based on a cohort of 72 patients. The exact P values
of normal lung vs. NSCLC tissue are 1C. P =0.0655(N1 TAN) and P =0.004(N2 TAN).
Source data are provided as a Source Data file.
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and Smad3-KO TANs based on the expression levels of N1 (Tnf) and N2
(Ccl2)markerswith pseudotime analysis (Fig. 4F),where additionalN1/
N2 markers and neutrophil development genes can be successfully
mapped along the pseudotime pathway (Supplementary Fig. 5B, C).
Thus, our findings discovered a developmental direction of TAN from
N2 to N1 in TME, which can be blocked by the inhibitory role of Smad3
in neutrophil maturation.

In addition, we further validated our findings from the experi-
mental lung carcinomamodel with a public scRNA-seq dataset derived
from patients with NSCLC to ensure its clinical relevance. The human
TANs from the dataset were re-clustered through dimensionality
reduction with UMAP and clustering based on the expression of mar-
ker genes (CSF3R, FPR1,NAMPT,MNDA, and FCGR3B) according to the
10x Genomics protocol (Supplementary Fig. 6A). Consistently, neu-
trophil immature markers (STMN1, UBE2S, and TUBA1B) were down-

regulated in SMAD3-ve human TANs of NSCLC associated with their
N1 signature (Supplementary Fig. 6B, C)23. In line with this notion, both
genetic deletion and pharmacologic inhibition of Smad3 resulted in
enhanced N1 development of mouse bone marrow-derived neu-
trophils (BMDNs) stimulatedwith LLC cancer cell conditionedmedium
(LLC-CM) in vitro, arguing that Smad3 restricts TANmaturation in lung
cancer (Fig. 4H and Supplementary Fig. 7). Therefore, Smad3 may
represent a potential therapeutic target for enhancing N1 anticancer
immunity in lung cancer.

Smad3 silencing enhances the anticancer activity of TAN in vivo
and in vitro
We investigated the contribution of Smad3-WT and Smad3-KO neu-
trophils in LLC tumor growth by neutrophil depletion using the anti-
Ly6G antibody (clone 1A8)11,28. Neutrophil depletion, which was

Fig. 2 | Smad3 deficiency increases the proportion of N1 TANs in LLC tumors.
AConfocal imaging andB flowcytometry, show an increase in Ly6G+ neutrophils in
the circulation and in the TME of LLC-bearing Smad3-KO mice compared to wild-
type (Smad3-WT) controls (**P <0.01, ***P <0.001 vs. Smad3-WT, two-tailed t-test).
C Smad3-KOmice show smaller tumors compared to Smad3-WT controls on day 15
(**P <0.01 vs. WT, two-tailed t-test). D Immunofluorescence and E flow cytometric
analysis showed a low proportion of N1 (iNOS+Ly6G+) and a high proportion of N2
(CD206+ Ly6G+) phenotype TANs in Smad3-WT mice, which is reversed in Smad3-

KO mice which show a high abundance of N1 and a low abundance of N2 TANs
(***P <0.01 vs. WT, two-tailed t-test). Scale bars, 50μm. A–E Data represents
mean ± SEM of five mice/group. The exact P values of WT vs. KO are 2A.
P =0.0002(TAN in TME), 2B. P =0.002(Circulating Neutrophil), P =0.0004(TAN),
P =0.0078(Normalized TAN count). 2C. P =0.0011. 2D. P =0.0003(N1 TAN),
P =0.0002(N2 TAN). 2E. P =0.0002(N1 TAN), P =0.0005(N2 TAN). Source data are
provided as a Source Data file.
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Fig. 3 | Transcriptome analysis showing that Smad3 regulates N1/N2 polar-
ization in TANs. TANs (Ly6G+CD11b+ cells) sorted from LLC tumors in Smad3-WT
and Smad3-KO mice (pooled from eight tumors /group) underwent scRNA-seq.
A t-SNE plot and heatmap of the filtered scRNA-seq dataset show distinct tran-
scriptome profiles of TANs from Smad3-WT (red) and Smad3-KO (blue) mice.
B Expression plot shows Smad3-KO TANs predominantly expressmarkers of an N1
phenotype (Tnf, Icam1, and Fas), whereas Smad3-WT TANs predominantly express
markers of an N2 phenotype (Arg1, Ccl2, and Vegf-b). C Heatmap andD t-SNE plot
showing the top 100 differential expressed genes (DEGs) and the relationship
amongst eight clusters (P1 to P8) of Smad3-WT and -KO TANs unbiasedly grouped
using the Louvain method. E t-SNE plots show enrichment of N2 markers (Arg1,
Ccl2, and Vegf-b) in the Smad3-WT-specific P1 cluster and enrichment of N1

markers (Tnf, Icam1, and Fas) in the Smad3-KO-specific P8 cluster. F Heatmap
analysis further indicates that P1 and P8 clusters share transcriptome signatures
with N2 and N1 TANs, respectively, as defined by ref. 23. G Volcano plot shows the
distinct transcriptome profile of P8 compared to P1 (statistical significance calcu-
latedbyLoupeCell Browser).HGOanalysis of upregulateddifferentially expressed
genes (DEGs) extracted from Smad3-WT (P1) and Smad3-KO (P8) specific clusters
reveals that Smad3-KO TANs acquired anticancer functions via cell killing and
immune responses, compared to Smad3-WT TANs which exhibit a protumor
phenotype with functions of angiogenesis and positive regulation of cell pro-
liferation. (Benjamini–Hochberg–corrected two-tailed t-test). IDot plot visualizing
the switch of N1 and N2 marker expression across clusters P1–P8, suggesting a
regulatory role of Smad3 in the phenotypic shift of TANs.
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validated by immunostaining in tumor tissues (Supplementary Fig. 8),
resulted in a marked increase in tumor growth in Smad3-KOmice, but
did not affect tumor growth in wild-type controls (Fig. 5A, B and
Supplementary Fig. 8).

An adoptive transfer approach was used as an additional strategy
to examine how Smad3-KO and Smad3-WT neutrophils can affect

tumor growth.Wild-typemicewithmatched tumor sizes were injected
on days 15 and 20 withMACS-sorted Smad3-WT or Smad3-KO BMDNs,
and tumors were assessed on day 25 (Supplementary Fig. 9). The
transfer of wild-type BMDN did not affect tumor growth despite an
increased number of TANs being evident, although the N1/N2 balance
of TANswas not affected (Fig. 5C–F). By contrast, the adoptive transfer
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of Smad3-KO-BMDNcaused a substantial reduction in tumorgrowth in
association with an even greater increase in total TANs, which exhib-
ited a dominant N1 phenotype (Fig. 5C–F). Enhanced recruitment of
Smad3-KO-BMDN over that of Smad3-WT-BMDN into the TME was
demonstrated in an adoptive transfer experiment in which equal
numbers of dye-labeled Smad3-WT and Smad3-KO-BMDN were injec-
ted into tumor-bearing mice, and the TME examined 24 h later (Sup-
plementary Fig. 10). Finally, we assayed the antitumor activity of
Smad3-WT and Smad3-KO-BMDN in co-culture with LLC cells. Smad3-
KO-BMDN exhibited increased binding to LLC cells, much greater
cytotoxicity towards LLC cells, and increased phagocytosis of LLC cells
compared to Smad3-WT-BMDN (Fig. 6A–C and Supplementary Fig. 11).
In sum, these findings identify Smad3 as an immunoregulator that
facilitates tumor growth via polarizing neutrophils towards an N2
phenotype within the TME.

Smad3 regulates the development of TANs at the genomic level
Smad3 is a transcription factor that facilitates someof the pathological
actions of TGF-β1 in disease14,29. Therefore, we investigated the gene
promoters to which Smad3 binds in neutrophils at the genomic level.
BMDN isolated from wild-type mice were cultured for 2 h with or
without LLC cell conditioned medium (LLC-CM) and then assayed by
ChIP-sequencing. Compared to control cells, LLC-CM stimulation
markedly altered the Smad3 binding pattern in the genome of BMDN
(Fig. 6D, H). The Smad3 bindingmotifs weremapped to the genome of
BMDN under control and LLC-CM stimulation conditions. This identi-
fied 64 direct Smad3 target genes under LLC-CM stimulation, includ-
ing candidate genes responsible for cell development and
differentiation (Fig. 6I, J and Supplementary Data 3). Of note, we
identified several neutrophilN2developmental factors (such as Afdn30,
Cdon31, Elf4enif132, and Limd133) as Smad3 target genes under LLC-CM
stimulation conditions (Fig. 6K). Moreover, interrogating the devel-
opmental pathway reconstructed from the TAN scRNA-seq dataset
with the Smad3 target genes identified by ChIP-seq, identified
enrichment of these genes in the N2 state (Fig. 6L). By comparing total
Smad3-WT and Smad3-KO TANs, we confirmed that expression levels
of Smad3 target genes by ChIP-seq were associated with N1 and
N2 states that operate in a Smad3-dependent fashion (Fig. 6M). These
findings highlight the regulatory role of Smad3 inN1/N2polarizationof
TANs in lung carcinoma.

Targeting SMAD3 enhances neutrophil cytotoxicity in human
lung tumor cells
We next examined whether SMAD3 regulates N1/N2 polarization and
tumor killing in human neutrophils in vitro and in vivo using the
human NSCLC cell line, A549. First, we silenced SMAD3 expression in
human peripheral blood-derived neutrophils (PBDNs) by siRNA
transfection and evaluated their anticancer activity against A549 cells
in vitro. As shown in Fig. 7A, B, silencing of SMAD3 in PBDN (S3KD-
PBDN) significantly enhanced their ability to kill A549 cells in vitro,
compared to the nonsense-treated control PBDN (NC-PBDN). More-
over, adoptive transfer of the S3KD-PBDNs into A549-bearing NSG

mice caused a significant inhibition of tumor growth in vivo, whereas
transfer of NC-PBDN were without effect (Fig. 7C). In contrast to the
predominant N2 polarization (CD206+CD16b+ cells) with SMAD3 acti-
vationofTAN in themice receivingNC-PBDN, therewas apredominant
N1 polarization (iNOS+CD16b+ cells) and lack of SMAD3 activation in
TAN of mice receiving S3KD-PBDN (Fig. 7D). These findings show that
inhibition of SMAD3 in human neutrophils promotes an N1 polariza-
tion within the TME and an antitumor function.

Finally, we askedwhether a drug-based approach could beused to
promoteN1 polarization of TANs and reduce lung tumor growth.Wild-
typemice were given daily treatment with varying doses of the Smad3
inhibitor, SIS3, or vehicle, beginning on day 7 after inoculation with
LLC cells. Compared to vehicle treatment, SIS3 treatment showed a
dose-response in terms of reducing tumor size and weight, increasing
the total number of TANs, and inducing N1 polarization to markedly
change theN1/N2 ratio (Fig. 8A–G). Taken together, our results identify
Smad3 as a regulator of neutrophil N1/N2 polarization within the TME
and demonstrate that Smad3 is a druggable target to enhance
neutrophil-mediated antitumor activity in lung cancer.

Discussion
Neutrophils have long been known to play a key role in response to
infectious organisms, whereas their role in cancer development has
only recently become an area of great interest7,34. In this study, by
resolving the transcriptome dynamics of neutrophils in the TME at a
single-cell resolution, we demonstrate that Smad3 induces polariza-
tion of TAN to a predominantN2 state in lung cancer, whereas deletion
of Smad3 induces polarization to anN1 state. This profound difference
in N1/N2 polarization in wild-type versus Smad3-KO TANs was func-
tionally important, as shown by the potent antitumor activity of
Smad3-KO TANs.

Fridlender et al. suggested the terms N1 and N2 to represent
antitumor and protumor neutrophil phenotypes, respectively, akin to
the M1 and M2 phenotypes of tumor-associated macrophages11,35.
Subsequent studies identified Tnf, Icam1, and iNOS as signature genes
for the N1 phenotype, with Vegf-b, Arginase, and Cd206 as signature
genes for the N2 phenotype23,36,37. Notably, single antigen markers are
not able to uniquely identify N1 or N2 neutrophil populations; this
requires the use of a neutrophil-specific marker in combination with
one or more additional markers. Therefore, inmouse studies, we used
double staining for iNOS/Ly6G to detect N1 state TANs and CD206/
Ly6G staining for N2 state TANs. In studies of human NSCLC, we
employed iNOS/CD16b and CD206/CD16b double staining to identify
N1 and N2 TANs, respectively. While wild-type mice with LLC tumors
showed a predominant N2 phenotype in the TME, Smad3-KO mice
showed an opposite polarization with a predominant N1 phenotype in
TANs. In human studies, CD16b is considered a specific neutrophil
marker19–21. However, it is important to acknowledge that immune cells
can change their marker expression during an immune response.
Therefore, we used flow cytometry to validate that CD16b is expressed
by neutrophils, but not byCD68 +monocyte/macrophages, in the TME
of human NSCLC. Thus, one important finding of this study is a

Fig. 4 | Transcriptome analysis shows a derivation of TAN development in N1/
N2 TANs. A The arrows in the diffusion plot of RNA velocity analysis of the TAN
dataset from Fig. 3A indicates that the Smad3-KON1 population (cluster 2, green) is
derived from the Smad3-WT N2 (cluster 3, red) as shown by: B expression of
neutrophil maturation markers, C expression of N1/N2 markers, and D the cell line
assignment (k-NN) MetaCell network graph showing the developmental relation-
ship between Smad3-WT and KO TAN from Fig. 3A. E Dot plot showing the tran-
scriptiongradient of neutrophil development gene expression from immatureP1 to
the mature P8 cluster. The size and color of the circles represent the value of log2
fold change and the direction of change in expression, respectively, of neutrophil
development genes (lower panel) in each cluster. F Pseudotime analysis of the TAN
scRNA-seq dataset clearly visualized an extended trajectory of the Smad-WT N2

(Ccl2+) phenotype towards the Smad3-WT N1 (Tnf+) phenotype within the LLC
tumor, where G Smad3-KO TANs (397/429 cells = 92.5%) preserved an N1 pheno-
type compared to Smad3-WT cells (199/1111 cells = 17.9%). H RT-PCR analysis of
BMDN stimulated LLC conditioned medium shows increased fold change of N1
markers (iNOS, Tnf-α, and Icam1) in Smad3-KO neutrophils, while Smad3-WT
neutrophils showed increased levels of N2 markers (CD206, Vegf, and Arg1)
(*P <0.05, ***P <0.001 vs.WT-BMDN, n = 3 independent samples, one-wayANOVA).
H Data represents mean ± SEM from three independent experiments. The exact
P values of WT-BMDN vs. KO-BMDN are 4H. P =0.0001 (iNOS), P =0.0001(Tnf-α),
P =0.0149(Icam1), P =0.001(CD206), P =0.0001(Vegf), and P =0.0211(Arg1).
Source data are provided as a Source Data file.
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validation of CD16b/iNOS and CD16b/CD206 as markers to identify
humanN1 andN2 TANs, respectively, using flow cytometry or confocal
microscopy.

The function of TGF-β/Smad3 signaling in cancer is highly con-
text-dependent, with both cancer-promoting and cancer-suppressing
effects described in ref. 38. A biopsy study of early-stage NSCLC found

that SMAD3phosphorylation inT cell populations and inmacrophages
in the TME negatively impacted overall and partially disease-free sur-
vival, although SMAD3 activation in neutrophils was not assessed16.
Our biopsy study in NSCLC extends these findings by demonstrating
that SMAD3 activation is prominent inN2 TANs, that SMAD3 activation
negatively correlates with the percentage of N1 state TANs, and that a
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greater percentage of N1 TANs in the TME is associated with better
disease-free survival.

We previously showed that Smad3-KO mice exhibit a profound
reduction in tumor growth using the LLC and B16F10 cancer cell lines.
Importantly, the deletion of Smad3 in only the bone marrow com-
partment was sufficient to provide this protection17,39. Here, we show
that Smad3-KO neutrophils polarize to an N1 state with a potent anti-
tumor effect in the syngeneic LLC lung cancer model. Neutrophil
depletion in Smad3-KO mice abolished protection against lung tumor
growth, establishing the antitumor role of Smad3-KO neutrophils. By
contrast, neutrophil depletion in wild-type mice had no effect on
tumor growth, arguing that despite a predominant N2 TAN protumor
phenotype, they did not significantly impact tumor development.
Indeed, the use of neutrophil depletion in mouse models of lung
cancer have produced disparate results, with some showing antitumor
effects11,37, some showing no effect40,41, and others showing enhanced
growth and metastasis as a result of neutrophil depletion42,43. To fur-
ther substantiate the function of N1 Smad3-KO neutrophils in lung
cancer development, we performed adoptive transfer studies, which
showed that delivery of Smad3-KO-BMDN, but not wild-type BMDN,
could suppress tumor growth. This finding was confirmed in immu-
nocompromised mice with the A549 cell tumor in which adoptive
transfer of human PBDN with SMAD3 knock-down suppressed tumor
growth, while control PBDN had no effect. In addition, deletion or
knock-down of Smad3 in mouse or human neutrophils augmented
their cytotoxic response to tumor cells in vitro. Together, these inde-
pendent experiments point to Smad3 driving a protumor N2 state in
TANs, while Smad3 deletion/knock-down exposes an alternative
N1 state in TANs with potent antitumor activity.

The applicationof single-cell RNA-seqprovides important insights
into Smad3 regulation of N1/N2 polarization in TANs. The directed
information of TAN maturation regarding N1/N2 phenotypes was
demonstrated by RNA velocity and further resolved with MetaCell
analysis via intensive analysis of clusters according to gene signatures
of neutrophil development and functions26,27. We observed that N2 is
an early state of TANs which progressively develops towards an
N1 state in the TME. By using the expression pattern of signature genes
identifying the N1 state (Tnf, Fas), the N2 state (Arg1, Ccl2), and
immature neutrophils (Stmn1, Ube2c), pseudotime analysis confirmed
the developmental direction of TANs with N2 as an early state of TANs
in the lung cancer TME. We also validated that our findings can be
applied to human TANs by interrogation of an NSCLC scRNA-seq
dataset. Furthermore, we identified that Smad3 deficiency drives the
polarization of TANs to an N1 state at the transcriptome level. Con-
sistent with this finding, the culture of Smad3-KO-BMDN under sti-
mulation by tumor cell conditioned media resulted in a predominant
N1 phenotype, whereas wild-type BMDN polarized into a predominant
N2 phenotype. In addition, mechanisms bywhich Smad3 regulates the

polarization of BMDN stimulated with tumor cell cultured media was
investigated at the genome level via ChIP-seq and unbiased bioinfor-
matic analysis. Gene ontology analysis showed that direct targets of
Smad3 in the stimulated BMDN are associated with cell development
and differentiation. Moreover, we also confirmed the enrichment of
these target genes along the pseudotime analysis of the development
of the N2 state. Some of those highlighted Smad3 target genes have
been reported to relate to neutrophil development and function; for
example, Elf4ebp1 has been implicated in neutrophil differentiation,
albeit in the HL-60 cell line44. Further studies are required to investi-
gate howtheseSmad3 target genes contribute toN2polarization in the
TME. Taken together, these data identify Smad3 as a key regulator of
the N1/N2 polarization of TANs operating at the level of the genome
and transcriptome.

It is known that TGF-β/Smad3 signaling in leukocytes promotes
tumor growth by suppressing antitumor cytotoxicity by CD8 +T cells10

and NK cells9, and by promoting the transition of tumor-associated
macrophages into fibroblasts within the TME14. Here we demonstrate
that TGF-β/Smad3 signaling also promotes tumor growth by promot-
ing a protumor N2 state in TANs. Notably, while the suppressive effect
of Smad3 signaling on NK cell antitumor activity can only be demon-
strated in models with depletion of background immunity9, here we
show that Smad3-KO BMDNs are effective in suppressing cancer pro-
gression in the immunocompetent TME. Another interesting finding
was that Smad3 deletion led to increased neutrophil recruitment into
the TME. This was evident in both the Smad3-KO mice, and with an
increased number of TANs following the adoptive transfer of Smad3-
KO versus Smad3-WT-BMDN in the LLC cancer model. Furthermore,
using dye labeling we demonstrated that Smad3-KO-BMDN shows
enhanced infiltration into the TME of wild-type mice, arguing that this
enhanced recruitment is not due to factors produced by the TME, but
rather a difference in the responseof the Smad3-KOneutrophils per se.
This increased infiltration of Smad3-KO neutrophils in the TME is
consistent with the increased neutrophil infiltration seen in Smad3-KO
mice in models of skin contact hypersensitivity and cutaneous
irradiation45,46. Furthermore, given the interest in neutrophils for the
tumor-specific delivery of anticancer drugs47,48, then utilizing Smad3-
KO neutrophils might aid in this effort.

Targeting TGF-β signaling in cancer has moved into clinical trials
with an inhibitor of the kinase activity of the TGF-β receptor type I
(TGFBR1/ALK5), Vactosertib, now in several trials, including a phase 2
trial in NSCLC (NCT04515979). This builds on the work of ref. 11, which
showed that oral administration of the TGFBR1 kinase inhibitor, SM16,
suppressed the growth of a mouse lung tumor in association with a
polarization of neutrophils to an antitumor N1 state. Theoretically,
targeting SMAD3 is expected to cause fewer side effects than targeting
TGFBR1, which would allow for a greater degree of SMAD3 inhibition
compared to the tolerable level of TGFBR1 inhibition. We have

Fig. 5 | Silencing of Smad3 enhances the antitumor activity of TANs in vivo.
A, B Smad3-WT and Smad3-KO mice were treated with anti-Ly6G or control IgG
beginning 3daysbefore inoculationwith LLC cells andkilledonday 16 and analysed
for;A tumor size, andB tumorweight (*P <0.05, ***P <0.001 vs. IgG-treated Smad3-
WT mice; ##P <0.01, ###P <0.001 vs. IgG-treated Smad3-KO mice; one-way
ANOVA). C–F Adoptive transfer of Smad3-knockout (KO-BMDN), but not wild-type
BMDNs (WT-BMDN), on days 15 and 20 significantly inhibited the growth of LLC
tumors in Smad3-WTmice as shown by: C tumor size, and D tumor weight, on day
25. E Immunohistochemistry and H&E staining shows that adoptive transfer of WT-
BMDNs increases the proportion of neutrophils within the TME in LLC tumors,
while the transfer of KO-BMDN resulted in an even greater proportion of neu-
trophils in the TME. F Immunostaining shows that the transfer ofWT-BMDNdid not
affect the proportions of N1 and N2 TANs in the TME, whereas the transfer of KO-
BMDNcaused a substantial change in the proportion of N1 and N2 TANs. (*P <0.05,
**P <0.01, ***P <0.001 vs. Control, ##P <0.01, ###P <0.001 vs.WT-BMDN, one-way
ANOVA). Scale bars, 50μm.A–FData represents mean ± SEM of 4mice/group. The

exactP values of IgG- vs. anti-Ly6G-treatment are 5A. P =0.0001 (IgGKOvs. IgGWT,
D14), P =0.0122 (anti-Ly6G KO vs. IgG WT, D14), P =0.0049 (anti-Ly6G KO vs. IgG
KO, D14), P =0.0001 (IgGKOvs. IgGWT,D16),P = 0. 0001 (anti-Ly6GKOvs IgGWT,
D16), P =0.0085 (anti-Ly6G KOvs. IgG KO, D16), 5B. P =0.0001 (IgG KOvs IgGWT),
P =0.0001 (anti-Ly6G KO vs. IgG WT), and P =0.0003 (anti-Ly6G KO vs. IgG KO).
Exact P values of BMDN adoptive transfer are 5C. P =0.0001 (KO-BMDN vs. WT-
BMDN,D20),P =0.0001 (KO-BMDNvs. Control, D20),P =0.007 (KO-BMDNvs.WT-
BMDN, D25), P =0.0009 (KO-BMDN vs. Control, D25). 5D. P =0.0068 (KO-BMDN
vs. WT-BMDN), P =0.0014 (KO-BMDN vs. Control), 5E. P =0.0013 (KO-BMDN vs.
WT-BMDN, Ly6G), P =0.0001 (KO-BMDNvs. Control, Ly6G), P =0.0226 (WT-BMDN
vs. Control, Ly6G), P =0.0018 (KO-BMDN vs. WT-BMDN,H&E), P =0.0001 (KO-
BMDN vs. Control, H&E), P =0.0001 (WT-BMDN vs. Control, H&E). 5F. P =0.0001
(KO-BMDN vs. WT-BMDN,N1 TAN), P =0.0001 (KO-BMDN vs. Control, N1 TAN),
P =0.0205 (WT-BMDN vs. Control, N1 TAN), P =0.0001 (KO-BMDN vs. WT-BMDN,
N2 TAN), P =0.0001 (KO-BMDN vs. Control, N2 TAN), P =0.0039 (WT-BMDN vs.
Control, N2 TAN). Source data are provided as a Source Data file.
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demonstrated a highly effective suppression of LLC lung cancer
growth using the Smad3 inhibitor, SIS3, which was associated with
increasednumbers of TANs andpolarization of TANs to apredominant
N1 state. Further studies are warranted to compare optimal Tgfbr1
inhibition versus optimal Smad3 inhibition in the LLC tumor model,
and whether a Tgfbr1 inhibitor provides any added benefit when given

to Smad3-KO mice. Given that more soluble forms of the SIS3 com-
pound have been produced49, this might be a fruitful area for further
investigation.

In summary, in this study, we define the role of Smad3 in the
polarization of neutrophils within the tumormicroenvironment.While
Smad3 signaling promotes a protumor N2 state in TANs, the lack of
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Smad3 in neutrophil results in the opposite outcome, with TANs
polarization into an N1 state with a potent antitumor activity based on
increased recruitment and increased tumor cytotoxicity. These
insights may have relevance for developing neutrophil-based immu-
notherapy against NSCLC.

Methods
Antibodies
Monoclonal antibodies used for immunostaining and flow cytometry
included; mCD206-PE (1:100, 141706, BioLegend, clone:C068C2),
hCD206 (1:100, sc-376232, Santa Cruz,clone:C-10),hCD206-
FITC(1:100, 321104, BioLegend, clone:15C2), iNOS (1:100, sc-7271, Santa
Cruz,clone:C-11), TNF-α (1:100, sc-52746, Santa Cruz,clone:C-4), Icam1
(1:100, sc-8439, Santa Cruz,clone:G-5), p-Smad3 (paraffin section,
1:100, sc-517575, Santa Cruz,clone:1D9), CD16b-PE (1:100, 550868, BD
Biosciences, clone:CLB-gran11.5), Ly6G-FITC (1:100, 127606, BioLe-
gend,clone:1A8), Ly6G-PE (1:100, 127608, BioLegend,clone:1A8), Ly6G-
APC (1:100, 127614, BioLegend,clone:1A8), p-Smad3 (1:200, 600-401-
919, Rockland, Polyclonal), CD11b-APC (1:100, 553311, BD Bioscience-
s,clone:M1/70 (RUO)). CD68-APC(1:100, 333810, BioLegend, clone:Y1/
82 A). Antibodies used for ChIP assay included anti-Smad3 (1:100,
9523 S, Cell Signaling Technology, clone:C67H9) and IgG Isotype
Control (1:1000, 3900S, Cell Signaling Technology, clone: DA1E).

The polymer and HRP conjugated secondary antibodies used
included EnVision+system-HRp-labeled Polymer Anti-mouse (100 µL
per section, K4003, Dako), EnVision+system-HRp-labeled polymer
anti-rabbit(100 µL per section, K4003, Dako), Goat anti-Rat IgG (H + L)
Secondary Antibody, HRP(1:200,31470, Thermo fisher). Alexa Fluor
conjugated secondary antibodies used included Goat anti-Mouse IgG
(H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488(A-
11001, Invitrogen), Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ 546(A-11035, Invitrogen), Goat anti-
Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor™ 546(A-11035, Invitrogen), Goat anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 647(A32733,
Invitrogen), Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Sec-
ondary Antibody, Alexa Fluor™ Plus 647(A32728, Invitrogen)

Patient samples and buffy coat
Paraffin sections of lung adenocarcinoma and of macroscopically
normal lung parenchyma at least 5 cm away from the tumor in the
same patient, were collected from the Prince of Wales Hospital,
Chinese University of Hong Kong, Hong Kong. The healthy human
buffy coats were supplied by Hong Kong Red Cross Blood Trans-
fusion Service. The study was conducted according to the principles
of the Declaration of Helsinki. Written informed consent was
obtained from all patients and buffy coat donors. This study was
approved by the Joint Chinese University of Hong Kong—New Ter-
ritories East Cluster Clinical Research Ethics Committee (CREC Ref.
No.: 2018.054).

Mouse tumor models
All experimental procedures were approved by the Animal Experi-
mentation Ethics Committee of the Chinese University of Hong Kong

(CUHK) (AEEC Ref No.: 18/005/GRF) and were carried out in accor-
dance with the Guide for the Care and Use of Laboratory Animals. All
mice were kept by the Laboratory Animal Service Center of CUHK and
maintained at 22–23 °C, <70% relative humiditywith an alternating 12 h
light/dark cycle with free access to standard mouse diet and water.
Smad3-wild-type (Smad3-WT), Smad3-deficient (Smad3-KO) mice on
C57BL/6 J background (both sexes, aged 8–12 weeks) and NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ mice (NSG mice, male, aged 8–10 weeks) were
used in this study. Smad3-KO mice (exon 8 deleted and exon 7 dis-
rupted) were kindly provided by Dr. Chuxia Deng50. NSG mice were
purchased from CUHK Laboratory Animal Services Centre. Syngeneic
LLC tumors were induced by subcutaneous injection of 2 × 106 LLC
cells into the right flanks of Smad3-WT and Smad3-KO mice as
described in our previous study17. A549 human lung cancer xenograft
modelwas inducedby subcutaneous injection of 2 × 106 A549 cells into
the right flanks of NSG mice as previously reported17. The maximal
tumor size of 2000mm3 was permitted by AEEC. In some cases, this
limit has been exceeded by the last day of measurement and the mice
were immediately euthanized.

Lung carcinoma cell lines
Lewis lung carcinoma LLC (CRL-1642, ATCC) cells were cultured in
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 med-
ium (DMEM/F12) with 10% heat-inactivated fetal bovine serum (FBS)
(Gibco), 100U/ml penicillin G, and 100mg/ml streptomycin. Human
lung carcinoma A549 (CCL-185, ATCC) cells were cultured in Roswell
Park Memorial Institute1640 medium (RPMI 1640) with 5% heat-
inactivated FBS (Gibco), 100U/ml penicillin G, and 100mg/ml strep-
tomycin. Cancer cell conditioned medium was collected after over-
night incubation of LLC cells with serum-free DMEM/F12 (LLC-CM) or
A549 cells with serum-free RPMI 1640 (A549CM), followedbyfiltration
with 0.2-μm nylon membranes.

Tyramide signal amplification-based immunofluorescent multi-
plexing (Opal) and Immunohistochemistry
Formalin-fixed paraffin-embedded tissues (FFPE) and tumor
microarray (TMA) sections (5 µm thickness) were deparaffinized in
xylene and rehydrated in descending alcohols, followed by blocking
of endogenous peroxidase in 3% hydrogen peroxide solution
(30min) and heat-induced epitope retrieval in citrate buffer (95 °C,
5min). Sections were incubated with CD206 (1:100, Clone: C-10,
Santa Cruz), iNOS (1:100, Clone: C-11, Santa Cruz), CD16b (1:100,
Clone: CLB-gran11.5, BD Biosciences), Ly6G (1:100, Clone: 1A8, Bio-
Legend), p-Smad3 (1:100, Clone: 1D9, Santa Cruz), p-Smad3 (1:200,
600-401-919, Rockland) antibodies overnight (4 °C), sections were
incubated in polymer-HRP conjugated secondary antibody (Dako)
for 2 h at room temperature, followed by DAB (Thermo-fisher) or
Opal-520, 570, 650, 690 TSA dye (Akoya biosciences) development.
DAB-stained section images were captured by the Nikon Ni-U Light
Microscope and analyzed using Image J analysis software; Opal TSA-
stained sections were captured on the Mantra quantitative pathol-
ogy workstation (Akoya Biosciences) and analyzed by inForm image
analysis software 2.6 (Akoya Biosciences) as per our previous
studies18,51.

Fig. 6 | Smad3 regulates the development of TANs at the genomic level.
A–C Smad3-WT and Smad3-KO-BMDNwere co-cultured with LLC cells and assayed
for;Abindingof BMDNtoLLCcells,B killingofLLCcells atdifferent ratios of BMDN
to LLC cells, and C phagocytosis of Dil-labeled LLC cells (**P <0.01, ***P <0.001 vs.
WT-BMDN, n = 3 independent samples, two-tailed t-test) respectively. D–J Smad3-
WT-BMDN (pooled from 4mice /group) were cultured with 10% LLC-CM or normal
media (control) for 2 h and analysed by Smad3-specific ChIP-seq. A substantial
change in Smad3 binding to the genome was evident in BMDN stimulated by LLC-
CM as shown by;D, E heatmap analysis, F overlap region chart, G enrichment plot,
H correlation plot, and I binding motif analysis. J Gene ontology (GO) annotation

reveals Smad3 directly regulates genes associated with cell development and dif-
ferentiation in BMDNs stimulatedwith LLC-CM.Expressionprofiles of Smad3 target
genes (K) related to neutrophil development (Afdn, Cdon, Elf4enif1, and Limd1)
(statistical significance calculated from Monocle package) and L their functional
annotation along the developmental pathwayTANs (as in Fig. 3I).M Expressionplot
of N1 (Smad9l and Zc3h7a) and N2 (Chl1 and Ly6c1) Smad3 target genes in Smad3-
WT and Smad3-KO TANs. Scale bar, 50μm. A–C Data represents mean ± SEM from
three independent experiments. The exact P values of WT-BMDN vs. KO-BMDN are
6A. P =0.0021. 6B. P =0.0001(1:10), P =0.0001(1:20). 6C. P =0.003. Source data
are provided as a Source Data file.
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Tissue array study
Archival formalin-fixed paraffin-embedded (FFPE) tissue specimens
were retrieved from 72 lung adenocarcinoma (LUAD) patients with
complete patient demographic data (included male and female,

aged between 37 and 85) who underwent surgery at the Prince of
Wales Hospital, Hong Kong SAR. Data are presented as frequency
(%) with analysis using the Spearman correlation coefficient. iNOS
+CD16b+ and CD206+CD16b+ were defined as N1 and N2 phenotypes,

Fig. 7 | Neutrophil-specific silencing of SMAD3 enhances an N1 phenotype in
NSCLC. A RT-PCR analysis showing that transfection of human PBDN with
SMAD3 siRNA (S3KD-PBDN), but not with nonsense control siRNA (NC-PBDN),
suppresses basal (control) and A549 conditionedmedium (A549 CM) stimulated to
increase in SMAD3 expression (**P <0.01 vs. Control, ###P <0.001 vs. NC-PBDN,
n = 3 independent samples, one-way ANOVA).B Co-culture studies show enhanced
cytotoxicity of S3KD-PBDN towards the human NSCLC cell line A549 (**P <0.01,
***P <0.001, n = 3 independent samples, two-tailed t-test). C, D NSG immunocom-
promised mice were inoculated with A549 cells and then received injections of
human NC-PBDN or S3KD-PBDN on days 15 and 20 and then killed on day 25.
C Adoptive transfer of S3KD-PBDN caused a significant reduction in tumor size and
weight, which was not apparent with a transfer of NC-PBDN (***P <0.001 vs.
untreated A549 tumors (Control), ###P <0.001 vs. NC-PBDN, one-way ANOVA).
D Immunostaining for human neutrophil markers showed that adoptive transfer of
NC-PBDN resulted in a high proportion of TANs exhibiting an N2 phenotype
(CD206+ CD16b+ cells), whereas transfer of S3KD-PBDN resulted in a high propor-
tion of TANs exhibiting an N1 phenotype (iNOS+ CD16b+ cells). Furthermore,

p-SMAD3 staining was seen in a high proportion of N2, but not in N1 TANs.
(*P <0.05, **P <0.01, ***P <0.001 vs. untreated A549 tumors (Control),
###P <0.001 vs. NC-PBDN, one-way ANOVA) Scale bars, 50 μm. A, B Data repre-
sents mean ± SEM from three independent experiments. C, D Data represents
mean ± SEMof 4mice/group. The exact P values ofNC-PBDNvs. S3KD-PBDNare7A.
P =0.001 (Control), P =0.0001(A549 CM-treated), P =0.007 (NC-PBDN, Control vs.
A549 CM-treated). 7B. P =0.017 (1:2), P =0.0157 (1:5), P =0.0077 (1:10). Exact P
values of PBDN treatment are 7C. P =0.0002 (S3KD-PBDN vs. NC-PBDN, D20),
P =0.0002 (S3KD-PBDN vs Control, D20), P =0.0001 (S3KD-PBDN vs. NC-PBDN,
D25), P =0.0001 (S3KD-PBDN vs. Control, D25), P =0.0001 (S3KD-PBDN vs. NC-
PBDN, tumor weight), P =0.0001 (S3KD-PBDN vs. Control, tumor weight). 7D.
P =0.0001 (S3KD-PBDN vs. NC-PBDN, N1 TAN), P =0.0001 (S3KD-PBDN vs. Control,
N1 TAN), P =0.0068 (NC-PBDN vs. Control, N1 TAN), P =0.0001 (S3KD-PBDN vs.
NC-PBDN, N2 TAN), P =0.0404 (S3KD-PBDN vs. Control, N2 TAN), P =0.0001 (NC-
PBDN vs. Control, N2 TAN), P =0.0001 (S3KD-PBDN vs. NC-PBDN, SMAD3 +N2
TAN),P =0.0398 (S3KD-PBDNvs. Control, SMAD3 +N2TAN),P =0.0001 (NC-PBDN
vs. Control, SMAD3 +N2 TAN). Source data are provided as a Source Data file.
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respectively36. Kaplan-Meier analysis and log-rank test were used to
evaluate the difference in survival of patients stratified into differ-
ent groups based on the frequency of N1 TANs as a proportion of
total TANs. The determination of high and low N1 TAN cut-offs was
based on median values. Clinical information and the relative mar-
ker quantification of tissue arrays are listed in Supplemen-
tary Data 1.

Immunofluorescence
Optimal cutting temperature compound embedded frozen tumor
tissues sections (5 µm)were incubated with CD206, iNOS, Ly6G, and
p-Smad3 antibodies overnight at 4 °C, followed by incubation with
Alexa Fluor 546-conjugated or Alexa Four 488-conjugated second-
ary antibodies (1:1,000; Invitrogen) in staining buffer (eBioscience)
for 2 h at room temperature. After washing with PBS, the sections
were stained with FITC-conjugated Ly6G or PE-conjugated CD16b

overnight at 4 °C. Nuclei were stained with Hoechst 33342 (Invi-
trogen) for 5 min in PBS, then mounted with PermaFluor medium
(Thermo Fisher Scientific)52. Images and z-stack scanning were
acquired by Zeiss Axio Observer.Z1 and LSM 880 fluorescence
microscopes, respectively, and analyzed with ZEN lite image ana-
lysis software 2.4.

Flow cytometric analysis
Tissues isolated from tumor-bearing mice were mechanistically dis-
sociated, digested by Liberase™ TM (Roche), filtered through 40-μm
nylon mesh, and fixed with IC Fixation Buffer (eBioscience) according
to manufacturer’s protocol to prepare single-cell suspensions. Neu-
trophils were stained with Ly6G, CD11b, iNOS and CD206 antibodies
overnight at 4 °C. Flow cytometric data were acquired on LSRFortessa
(Becton Dickinson) and analyzed with the Cytobank platform (cyto-
bank.org) for quantitative analysis.

Fig. 8 | Pharmaceutical inhibition of Smad3 promotes an N1 phenotype and
suppresses tumor growth. On day 7, after inoculation with LLC cells, Smad3-WT
mice received daily administration of different doses of the Smad3 inhibitor, SIS3,
or vehicle, until mice were killed on day 16. Immunostaining shows that SIS3
treatment increased the proportion of neutrophils (Ly6G+ cells) within the TME
(A, B), increased the proportion of N1 (iNOS+ Ly6G+) TANs (C), decreased the
proportion of N2 (CD206+ Ly6G+) TANs (D), changed the ratio of the N1/N2 phe-
notype inTANs (E), and suppressed LLC tumor growth andweight (F,G). (*P <0.05,
**P <0.01, ***P <0.001 vs. vehicle control, #P <0.05, ##P <0.01 vs. SIS3 5μg/g, one-

way ANOVA). Scale bars, 50μm.A–GData representsmean ± SEM of 4mice/group.
The exact P values of treatment vs. control are 8B. P =0.016 (SIS3 5μg/g vs. vehi-
cle), P =0.0001 (SIS3 10μg/g vs. vehicle), 8C. P =0.0001 (SIS3 2.5, 5, 10μg/g vs.
vehicle). 8D. P =0.0001 (SIS3 2.5, 5, 10μg/g vs. vehicle). 8E. P =0.029 (SIS3 5μg/g
vs. vehicle), P =0.0001 (SIS3 10μg/g vs. vehicle). 8G. P =0.0042 (SIS3 5μg/g vs.
vehicle, tumor size), P =0.0001 (SIS3 10μg/g vs. vehicle, tumor size), P =0.0335
(SIS3 5 μg/g vs. SIS3 10 μg/g, tumor size), P =0.0042 (SIS3 5μg/g vs. vehicle, tumor
weight), P =0.0001 (SIS3 10μg/g vs. vehicle, tumor weight), P =0.0273 (SIS3 5μg/g
vs. SIS3 10μg/g, tumor weight). Source data are provided as a Source Data file.
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10x scRNA-seq and transcriptomic analysis
Lung tumors from LLC inoculatedmice (Both Smad3-WT andKOmice,
8 tumors/group)were dissected, digested into a single-cell population,
and then CD11b+Ly6G+ cells isolated by FACS. Sorted cells were
encapsulated and library construction was performed with the Chro-
mium controller with a 5′ expression kit (10x Genomics). For each
group, eight tumor samples were mixed to generate single-cell dro-
plets. Libraries were sequenced on the Illumina NovaSeq 6000 plat-
form (PE151bp, 660M raw read). Data processing, analysis, and
visualization were performed in R studio (v1.3.1073) using Seurat
(v4.1.1). For quality control, cells with at least 200 detected genes were
selected for analysis, with the percentage of mitochondrial-derived
reads set at less than 10%, and the total number of molecules within
each cell was filtered by 500 <nCount RNA<20,000. A total of 4116
cells from Smad3-WT TANs and 2514 cells from Smad3-KO TANs were
sorted with a median of 1311 unique molecular identifiers (UMIs) and
603 genes per cell. Raw Fastq data were processed using the Cell
Ranger v3.0.2 pipeline to generate anexpressionmatrix and converted
into cloupe format. Dimensionality reduction was performed through
Cell Ranger v3.0.2 pipeline, with 100 principal components used to
compute a t-Distributed stochastic neighbor embedding (t-SNE) of
cells with van der Maaten method and Louvain Modularity
Optimization53. Neutrophil-specific markers (S100a9, S100a8, Csf3r,
and Il1rn) were applied to filter Smad3-WT and Smad3-KO TANs
datasets, resulting in 3293 Smad3-WT TANs and 1323 Smad3-KO TANs
retained for analysis22. Smad3-WT and -KO TANs were subsequently
merged into a single dataset with eight informative clusters (P1–P8).
The clusters and differentially expressed genes (DEGs) were mined
using Loupe Cell Browser software 6.022,54. The scRNA-seq raw data
have been deposited in the GEO database (GSE186530). Upregulated
DEGs of Smad3-WT (P1) and Smad3-KO (P8) specific clusters of TANs
were extracted and submitted to the Database for Annotation, Visua-
lization, and Integrated Discovery bioinformatics resources (DAVID
v6.8) for Gene Ontology biological process enrichment analysis. All
selections were filtered by Fisher’s exact P value of <0.05.

We used the MetaCell package to select feature genes related to
neutrophil development26, construct cell clusters along transcriptional
gradients (termed metacells), and visualize and rebuild a k-NN graph
(Fig. 4D) based on t-SNE data in Fig. 3A25. Cells that contained less than
500 UMIs or had a mitochondrial transcript fraction of >0.2 were
removed. Next, variable genes across the dataset were identifiedwith a
normalized variance/mean threshold at 0.1 and a downsampled cov-
erage threshold at 80, yielding genes were subsequently used as
anchors to search for gene–gene correlations across the dataset, and
genes with correlations of >0.1 were included.

The public human non-small cell lung cancer (NSCLC) scRNA-seq
dataset of tumor cells from seven donors with a complete description
of sample collection, library preparation, and sequencing configura-
tion can be accessed on 10x Genomics website via the following URL:
https://www.10xgenomics.com/resources/datasets/40-k-mixture-of-
nsclc-dt-cs-from-7-donors-3-ht-v-3-1-3-1-high-6-1-0. Clustering of Uni-
form Manifold Approximation and Projection (UMAP) was performed
by Cell Ranger pipeline with default parameters55. Neutrophil were
extracted from the NSCLC dataset by Loupe Cell Browser software 6.0
following protocol from the 10x Genomics website via the following
URL: https://support.10xgenomics.com/single-cell-gene-expression/
software/pipelines/latest/tutorials/neutrophils. SMAD3 + and SMAD3-
TANs were re-clustered through dimensionality reduction with UMAP
and expression of neutrophils marker genes (CSF3R, FPR1, NAMPT,
MNDA, and FCGR3B) (Supplementary Fig. 7).

RNA velocity and developmental trajectory analysis
RNA velocity analysis was performed by scVelo to infer the future
states of individual cells using the spliced andunspliced information as
described in previous studies18,56. The aligned bam file generated by

Cell Ranger was recounted with the Velocyto counting pipeline velo-
cyto.py in python. The complete code and notebooks of Velocyto and
scVelo utilized is available at http://velocyto.org. and https://scvelo.
readthedocs.io. The sample-wise counts of unspliced and spliced reads
in loom format were loaded to scVelo. Genes with less than 20 spliced
and unspliced counts in a cell were filtered, and the counts were nor-
malized using normalize_per_cell. A total of 2000high variability genes
were identified and retained by filter_genes_dispersion, following
which the counts were log-transformed using log1p. The first- and
second-order moments for each cell across its nearest neighbors were
calculated using scvelo.pp.moments. Subsequently, the velocities
were estimated using the scvelo.tl.velocity and the velocity graph
constructed using scvelo.tl.velocity_graph function. Velocities were
visualized on top of the diffusion UMAP space. The confidence values
of the RNA velocity were computed with scVelo.tl.velocity_confidence
function. Developmental trajectories of Smad3-WT and Smad3-KO
TANswere reconstructed using theMonocle package; N1 (Tnf+) andN2
(Ccl2+) phenotypes were annotated according to Tnf and Ccl2
expression, respectively.

Untouched bone marrow-derived neutrophils (BMDN)
Bone marrow from the tibia, femur, and ilium was harvested from LLC
tumor-bearing mice, filtered using 40-μm nylon mesh and deconta-
minated from erythrocytes to prepare single-cell suspension as
described in our previous study17. BMDNs were isolated using the
Untouched Neutrophil Isolation Kit (130-097-658, Miltenyi Biotec)
according to the manufacturer’s instruction and maintained with
Iscove’s Modified Dulbecco’s Medium (Gibco) supplemented with 1%
horse serum (Rockland) and 10 ng/ml granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) (Invitrogen).

Untouched peripheral blood-derived neutrophils (PBDN)
PBDNswere isolated fromhealthy human buffy coat samples using the
Whole Blood Neutrophil Isolation Kit (130-104-434, Miltenyi Biotec)
according to manufacturer’s instructions and kept in RPMI 1640
(Gibco) supplemented with 1% horse serum (Rockland) and 10 ng/ml
GM-CSF (Invitrogen).

Anti-Ly6G treatment
Anti-Ly6G antibody (clone 1A8, #BE0075-1)28 (50 µg/mouse) was given
by intraperitoneal injection to Smad3-WT and Smad3-KO mice 3 days
before subcutaneous inoculation with LLC cells, and then given every
day until animals were killed. The control group received an IgG iso-
type control antibody. Tumor size was monitored with a Vernier cali-
per every 2 days along the treatment course.

Adoptive transfer study
BMDN isolated from tumor-bearing Smad3-WT and Smad3-KO donors
were adoptively transferred into LLC-bearing C57BL/6 J mice. In brief,
untouched Smad3-WT and Smad3-KO BMDNs (3 × 106 cells/mouse)
were given to recipientmice via tail-vein injection on day 15 and day 20
after LLC tumor establishment, and mice were killed on day 25. This
timing was chosen as neutrophil infiltration in the inflammatory site is
diminished after 5 days12. PBDNs transfected with a scrambled non-
sense control siRNA (NC-PBDN) or with SMAD3 siRNAs (S3KD-PBDN)
were adoptively transferred into A549-bearing NSG mice via tail-vein
infusion on days 15 and 20 after tumor establishment17. Tumor volume
wasmeasuredwith a Vernier caliper and calculated using the equation:
Volume (mm3) = 0.5 (long × square of short diameter).

Adoptive transfer of DiI/CFSE-labeled BMDNs
UntouchedBMDNswere isolated fromSmad3-WT andSmad3-KOmice
and then labeled with CellTrace™ CFSE Solution (green, Invitrogen) or
Vybrant™ DiI Cell-Labeling Solution (red, Invitrogen), respectively,
following the manufacturer’s protocol. A 1:1 mixture of CFSE-labeled
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Smad3-WT-BMDN and DiI-labeled Smad3-KO-BMDN was injected
(3 × 106 cells/mouse) into C57BL/6 J mice on Day 15 after inoculation
with LLC cells. Mice were killed on Day 16 and tumors were collected.

Cytotoxicity assay
Untouched Smad3-WT and Smad3-KO BMDNs were co-cultured with
LLC cells at ratios of 1:5, 1:10, and 1:20 (LLC: BMDN) for 6 h. In addition,
NC- and siSMAD3- treated PBDNs were co-cultured with A549 cells at
ratios of 1:2, 1:5, and 1:10 (A549: PBDN) for 6 h. Supernatants were then
collected by centrifugation and analysed for LDH release using the
CytoTox96®Non-RadioactiveCytotoxicityAssay (Promega) according
to the manufacturer’s instructions.

Phagocytosis assay (Dil-LLC uptake assay)
LLC cells (1 × 107) were incubated with 50 μL of Vybrant™ DiI Cell-
Labeling Solution (Invitrogen, 5 μg/μL in ethanol) for 20min at
37 °C in the dark. Unbound dye was removed by PBS washing and
centrifugation at 500×g for 5min. Untouched Smad3-WT and
Smad3-KO BMDNs were co-cultured with Dil-LLC cells at ratios of 1:5
and 1:10 (LLC: BMDN) for 6 h. Fluorescent intensity (excitation
583 nm and emission 475 nm) was detected by a spectrophotometer
(Molecular Devices)13. Unstained LLC cells and BMDNs were inclu-
ded as negative controls.

For phagocytosis assay-related flow cytometric analysis57, untou-
ched Smad3-WT and Smad3-KO BMDNs were co-cultured with Dil-LLC
cells at ratios of 1:5 (LLC: BMDN) for 6 h. Flow cytometric data were
acquired on LSRFortessa (Becton Dickinson) and analyzed with the
Cytobank platform (cytobank.org) for quantitative analysis.

ChIP-sequencing
Bonemarrow-derived neutrophil cells extracted from Smad3-WTmice
(pooled from four mice /group) were treated with 10% LLC-CM or
normal media (control) for 2 h, then processed using the SimpleChIP
Enzymatic Chromatin IP Kit (Cell Signaling Technology) according to
the manufacturer’s instruction58. Antibodies against Smad3 and IgG
isotype control (Cell Signaling Technology) were used for immuno-
precipitation. Smad3 immuno-enriched DNA (input and Smad3-IP)
were sequenced using the IlluminaHiSeq platform (PE150bp, 40M raw
read), mapped against GRCm38 (mm10) Mus musculus genome using
Bowtie2, and peaks identified usingmodel-based analysis for ChIP-Seq
(MACS) with default parameters. Normalized Smad3 binding regions
were visualized by EaSeq59, and annotated by the Genomic Regions
Enrichment of Annotations Tool (GREAT) for DAVID-GO enrichment
analysis. Motif analysis was performed in Trawler (trawler.erc.mona-
sh.edu.au) with default parameters.

Real-time PCR analysis
Total cellular RNA was extracted using the Trizol reagent (Molecular
Research Center), reverse transcribed, and quantified by real-time PCR
using SYBR Green Supermix (Life Technologies, Carlsbad, CA, USA)
with primers as previously described in refs. 17,60. The primers used are
listed in Supplementary Table 4. The relative expression of target
genes was normalized against the internal control GAPDH and calcu-
lated by the 2−ΔΔCt method.

siRNA knockdown
Human PBDNs were harvested and transfected with 100nM of a
scrambled nonsense control (siN05815122147, RIBOBIO) or siRNA
against SMAD3 (5′-AAGAGAUUCGAAUGACGGUAA-3′). The knock-
down efficiency was quantified by real-time PCR with primers for
human SMAD3 and GAPDH (see Supplementary Table 4).

SIS3 treatment
Tumor-bearing Smad3-WT mice were randomly divided into four
groups on Day 7 after inoculation with LLC cells. Mice were

administered 2.5, 5, or 10μg/g SIS3 (S7959, Selleckchem) by daily
intraperitoneal injection from day 7 until being killed on day 16 for
tumor harvest. The control group received vehicle control (0.05%
dimethyl sulfoxide)17. Tumor sizewasmonitoredwith a Vernier caliper.
For in vitro experiments, BMDN cells were pre-treated with or without
SIS3 (2μM/mL) for 2 h and then stimulated with LLC-CM for 24 h.

Statistical analysis
Two-tailed student’s t-test and analysis of variance with Bonferroni’s
correction were used for statistical analysis of the differences inmRNA
expression levels, tumor weight and growth, neutrophil infiltration,
viability, cytotoxicity, and phagocytosis, flow cytometric analysis, IHC
and IF quantification using the Prism program (Prism 5.0, 9.0 Graph-
Pad Software, San Diego, CA). Data are presented as mean ± SEM.
Spearman correlation analysis and log-rank test were used to analyze
the NSCLC cohort data. P value < 0.05 was considered statistically
significant.

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