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Abstract

Transforming growth factor beta (TGFβ) activity is linked to metastasis in many cancer types, 

but whether TGFβ activity is necessary for squamous cell carcinoma (SCC) lung metastasis has 

not been studied. Here we used a lung metastatic SCC model derived from keratin 15 (K15). 
KrasG12D.Smad4‒/‒ SCC and human SCC specimens to identify metastasis drivers and test 

therapeutic interventions. We demonstrated that a TGFβ receptor (TGFβR) inhibitor reduced lung 

metastasis in mouse SCC correlating with reduced CD11b+/Ly6G+ myeloid cells positive for 

inducible nitric oxide synthase (iNOS). Further, TGFβ activity and iNOS were higher in primary 

human oral SCCs with metastasis than SCCs without metastasis. Consistently, either depleting 
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myeloid cells with anti-Gr1 antibody or inhibiting iNOS with L-N6-(1-iminoethyl)-L-lysine (L-

NIL) reduced SCC lung metastasis. L-NIL treated tumor-bearing mice exhibited reductions in 

tumor-infiltrating myeloid cells and in plasma Cxcl5 levels, and attenuated primary tumor growth 

with increased apoptosis and decreased proliferation. Blocking Cxcl5 with an antagonist of its 

receptor Cxcr2, SB225002, also reduced SCC lung metastasis.

Keywords

Oral cancer; myeloid-derived suppressor cells; L-NIL; spontaneous lung metastasis model; Smad4 
deletion

1. Introduction

Squamous cell carcinoma (SCC) arises from stratified epithelia such as that in the skin and 

oral cavity. Despite efforts to improve therapeutic approaches, patients with SCC have a 

5-year survival rate of 40% to 50% [1]. The worst outcome for SCC is distant metastasis 

to vital organs, with the lungs being the metastatic site in approximately 80% of cases [2]. 

Lung metastasis is a multi-step process involving invasion of cancer cells into surrounding 

tissues, intravasation, survival in the bloodstream, extravasation and proliferation after 

seeding to the lung [3]. Hence, there is an urgent need to identify new therapeutic targets and 

treatments for metastatic cancer.

Transforming growth factor beta (TGFβ) is known to be overexpressed in SCC [4]. 

Although TGFβ is linked to metastasis in many cancer types, the lack of spontaneous 

metastatic SCC models has limited investigation to determine if TGFβ activation is 

necessary for metastasis, and if so, if it can be a potential therapeutic target in metastatic 

SCC. To date, most studies of TGFβ inhibitors have focused primarily on the activation 

of CD8+ T cells and natural killer cells in the tumor microenvironment (TME) for tumor 

eradication [5–7]. However, advanced SCC patients are often severely immune suppressed 

[8, 9] and TGFβ inhibitor effectiveness in SCC metastasis in severely immune compromised 

conditions has not been directly tested. TGFβ is produced by both tumor cells and stromal 

cells. However, because TGFβ is a secreted protein and is often activated in the extracellular 

matrix, it exerts effects on all adjacent cells including tumor cells and stromal cells [10, 

11]. Among stromal cells that are also a source of TGFβ, we previously showed cancer 

associated fibroblasts (CAFs) primarily promote survival of metastatic cells after they 

reach the metastatic site but not at the primary tumor site [12]. Therefore, we examined 

tumor-infiltrating myeloid cells in this study because they have been shown to promote 

TGFβ-dependent metastasis in other tumor types [13].

Myeloid cells are heterogeneous blood cells originating from the bone marrow and are 

recruited to peripheral sites of inflammation or cancer [14]. Among myeloid cells, tumor-

associated macrophages (TAMs) and CD11b+/Gr1+ myeloid cells, putative myeloid-derived 

suppressor cells (MDSCs), are the most common subpopulations in tumors [15]. In 

addition to immune suppression [16], myeloid cells are actively involved in tumor growth, 

angiogenesis and the metastatic process in many cancer types [17–19]. Our previous study 

has shown that although TAMs contribute to SCC expansion, they do not significantly 
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contribute to SCC lung metastasis [20]. This finding highlights tumor-type specific functions 

of myeloid cells. It remains to be determined how much CD11b+/Gr1+ myeloid cells or their 

effectors, including nitric oxide produced by inducible nitric oxide synthase (iNOS) activity 

[21], contribute to SCC lung metastasis.

We previously developed keratin 15 (K15)-CrePR. KrasG12D and Smad4 deletion 

(Smad4‒/‒) mice that develop spontaneous SCC and lung metastasis [22]. By transplanting 

SCC cell lines derived from this model to establish SCC and testing experimental 

therapeutics and using human SCC specimens for validation, we address the following: 

1) whether TGFβ signaling contributes to SCC lung metastasis; 2) whether myeloid cells 

are a major effector of TGFβ-dependent metastasis; 3) identify mechanisms associated with 

the role of myeloid cells in SCC metastasis. Our study revealed that TGFβR inhibition 

is sufficient to reduce SCC lung metastasis. TGFβR inhibitor reduced MDSCs but not 

macrophages, and metastasis was promoted by iNOS+ myeloid cells. Furthermore, the 

chemokine Cxcl5 was a main target of iNOS inhibition and was critical in TGFβ-induced 

SCC metastasis. These experiments identified several therapeutic targets related to TGFβ-

mediated metastasis, i.e., targeting TGFβ or myeloid cells directly or their downstream 

effectors, iNOS or Cxcl5/Cxcr2 signaling. Our analysis provides insight into future clinical 

studies for prognostic markers and therapeutic strategies for treating metastatic SCC.

2. Materials and methods

2.1 Cell lines and mouse models

The mouse SCC cell lines derived from K15.KrasG12D.Smad4‒/‒ mice, B931 and B866 

were developed as previously described [22]. SCC cell lines were cultured in Dulbecco’s 

modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% 

penicillin.

Animal studies were approved by the University of Colorado AMC Institutional Animal 

Care and Use Committee (protocol #254). Athymic, 6 to 8 weeks-old nude mice were 

purchased from Charles River Laboratories. 3,000 B931 or B866 cells were suspended in 

PBS containing 50% Matrigel (Thermo Fisher Scientific, #CB-40234) to a final volume of 

50 μL and injected subcutaneously to the flanks of mice. Tumor cells were implanted onto 

gender matched mice: B866 onto male mice and B931 onto female mice. Sample size was 

chosen based on previously published experiments and experience with the size distribution 

of the tumor cell lines used in this study.

Treatment began when tumors were palpable, approximately 7–12 days post-injection. 

Tumor volumes were measured with calipers twice a week and calculated as (length × 

width2)/2. Mice were euthanized when they experienced >15% weight loss, severe tumor 

ulceration, or tumors reached 2 cm in diameter. Tumors and spleens were collected for 

molecular and morphologic analysis after sacrifice. Lung metastases were counted using 

microscopy.
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2.2 In vivo treatment

All mice were randomized into two groups to equally distribute small tumor size 

variations once tumors become palpable, ~7–12 days post-transplantation. Mice were treated 

daily with 150 mg/kg TGFβ type I receptor kinase inhibitor Galunisertib (LY2157299) 

(MedChemExpress, #HY- 13226) or vehicle (1% sodium carboxymethylcellulose, 0.5% 

sodium lauryl sulfate) by oral gavage as previously described [7].

For the depletion of myeloid cells in vivo, mice received intraperitoneal injections 

of 200 μg anti-mouse Gr1 (BioXCell, #BE0075, clone RB6–8C5) or isotype control 

(BioXCell, #BE0090, clone LTF2) twice a week [23]. 5 mg/kg Cxcr2 antagonist SB225002 

(MedChemExpress, #HY16711) or vehicle (10% DMSO, 40% PEG300, 5% Tween-80, 45% 

saline) was administered by intraperitoneal injection daily [24].

L-N6-(1-iminoethyl)-L-lysine (L-NIL) (MedChemExpress, #HY-12116), iNOS inhibitor, 

was administered in drinking water at 0.2% continuously through the entire study. Control 

mice received regular drinking water [25].

2.3 H&E staining

Lungs harvested at study endpoint were embedded in paraffin, sectioned, and stained with 

Hematoxylin and eosin (H&E). Histopathology of lung metastasis was evaluated using H&E 

sections. All lung lobes of each mouse were used for counting lung metastasis.

2.4 In Vivo Imaging System (IVIS)

Tumor cell lines were stably transduced with a firefly luciferase reporter (CMV, puromycin) 

(Kerafast, #FCT226). Briefly, cells were treated with lentiviral stocks at an MOI of 10 with 

8 μg/mL polybrene then selected with puromycin (2 μg/mL). To detect luciferase activity 

in vivo, mice bearing luciferase-labeled B931 tumors were injected i.p. with 150 mg/kg 

luciferin 5 minutes before imaging using an IVIS Spectrum system (PerkinElmer) at the 

University of Colorado Cancer Center Animal Imaging Shared Resource. Lung metastasis 

was detected and evaluated 5 weeks post transplantation of B931-luciferase cells.

2.5 Immunofluorescence staining

Immunofluorescence staining was performed with tumors collected at the end of each 

study. Primary antibodies used were: Ly6G (1:50, CST, #87048), CD11b (1:400, Novus, 

#NB600–1327SS), F4/80 (1:200, CST, #70076), and Cytokeratin (Dako, #M351501–2). 

Alexa Fluor–conjugated secondary antibodies (Thermo Fisher Scientific) were used for 

detection. Samples were counterstained with DAPI and coverslipped with Prolong Diamond 

mounting media (Thermo Fisher).

2.6 Immunohistochemistry

2.6.1 IHC of mouse tissues—All tumor tissues were fixed in 10% neutral-buffered 

formalin overnight and embedded in paraffin. Sections were de-waxed in xylenes and 

rehydrated in graded alcohols. Antigen retrieval was achieved using citrate buffer (pH 6.0) 

for 5 minutes under high pressure. The primary antibodies used were pSMAD2 (1:300, 

Invitrogen, #44–244G), iNOS (1:500, Novus, #NBP1–33780), Cleaved-caspase 3 (1:200, 
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CST, #9661), Ki67 (1:400, CST, #12202), Ly6G (1:50, CST, #87048). Stained slides were 

scanned with an Aperio AT2 scanner (Leica) at the University of Colorado Cancer Center 

Pathology Shared Resource, and 5 random images per slide were collected at 200X using 

ImageScope software (Leica). Integrated optical density (IOD; IOD = area × staining 

intensity) of indicated markers was quantified by Image Pro Plus 7.0. The mean IOD was 

calculated for all 5 images per sample and used for statistical analysis.

2.6.2 IHC of human oral SCC tissues—Patients enrolled in this study had 

histologically confirmed oral SCC with or without lymph node metastasis. This study was 

approved by the Ethical Committee of Jilin University (protocol #14) and complied with 

all relevant ethical regulations. Written informed consent was obtained from all patients 

participating in this study. A total of 17 SCC patients were included in this study; eight had 

non-metastatic SCC and nine had metastatic SCC. Sections of primary tumors were stained 

with primary antibodies against TGFβ1 (1:400, Abcam, #ab215715), p-SMAD3 (1:500, 

Bioss, #bs3425R), iNOS (1:800, Proteintech, #22226–1-AP). 5 fields were captured at 200X 

per sample. IOD of indicated markers in each image were measured by Image Pro Plus 7.0. 

The mean IOD of 5 fields was the IOD value for one sample.

2.7 Flow cytometry

To characterize immune cell infiltration, single cell suspensions were prepared from 

tumors and spleen tissues. Tumors were minced with scalpels, dissociated in Miltenyi 

gentleMACS C tubes on a Miltenyi gentleMACS Dissociator and digested with collagenase 

II (Worthington, #LS004204) for 40 minutes at 37°C. Digests were filtered through a 100 

μm strainer. Spleens were smashed through a 70 μm strainer using a syringe plunger. The 

strainer was washed with HBSS to further elute splenocytes. Red blood cells (RBCs) were 

lysed with RBC lysis buffer (eBioscience, #00–4333-57) for 5 minutes, neutralized with 

PBS and the remaining cells pelleted by centrifugation. Cells were strained through a 40 

μm strainer before counting. To prevent nonspecific binding, cells were incubated at 4°C for 

10 minutes with anti-CD16/CD32 to block Fc receptors (BD Biosciences, #553142). One 

million cells were incubated with fluorescently-labeled surface antibodies for 30 minutes 

at 4°C. Antibodies used included: CD45 (BD, #564279), CD11b (Biolegend, #101216), 

Ly6G (Biolegend, #127627), Ly6C (Biolegend, #128033), CXCR2 (BD, #747812). Cell 

viability was determined using ghost dye 780 (Tonbo Biosciences). Flow cytometry data 

were acquired on a Bio-Rad YETI instrument at the University of Colorado Cancer 

Center Flow Cytometry Shared Resource and analyzed using the Kaluza software with 

fluorescence-minus-one controls to verify gating.

2.8 Mass cytometry (CyTOF)

Single cell suspensions were prepared from tumors and spleens as described for flow 

cytometry. Following RBC lysis, 3 million cells were incubated in cisplatin for 5 minutes, 

washed and blocked for FcγR using CD16/CD32 antibody, and incubated with metal-

conjugated Fluidigm cell surface antibodies for 30 minutes at room temperature. Antibodies 

are detailed in Supplementary Table S1. Cells were washed once, fixed with fix/perm 

buffer for 10 minutes, washed and incubated 30 minutes with metal-conjugated antibodies 

recognizing cytoplasmic/secreted factors then washed and fixed with 1.6% formaldehyde 

Li et al. Page 5

Cancer Lett. Author manuscript; available in PMC 2024 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for 10 minutes. Resuspended cells were kept in intercalator at 4°C overnight to stain the 

nuclei. Samples were analyzed on a Helios mass cytometer (Fluidigm) at the University 

of Colorado Cancer Center Flow Cytometry Shared Resource. An equal number of events 

for each sample were analyzed using tSNE with FCS Express 7 software. Dead cells were 

excluded based on positive cisplatin staining, and nucleated cells were confirmed with IR-

Dye (Fluidigm). Live, nucleated, CD45+ cells were clustered and gated based on individual 

marker expression. Markers used to define each cluster are stated in the Supplementary 

Table S2.

2.9 Detection of nitric oxide (NO) metabolites in vivo

Plasma was prepared by centrifugation of whole blood at 1,500xg for 15 min, collecting the 

top plasma layer away from pelleted cells and stored at ‒80°C. After thawing, plasma was 

clarified by passage through a 10 kDa cutoff spin-filter (Millipore, #UFC801024). Nitrite 

and nitrate levels were determined by Griess assay (Sigma Aldrich, #23479) according to the 

manufacturer’s instructions.

2.10 Cytokine array of plasma and tumor lysates

Proteome Profiler Mouse XL Cytokine Array (RD, #ARY028) was used for detecting 

cytokines. Briefly, membranes were blocked with blocking buffer at room temperature for 1 

h and incubated with plasma (100 μL) or tumor lysates (200 μg) at 4°C overnight and then 

detection of cytokines was performed following manufacturer’s instructions and activity 

detected on a BioRad ChemiDoc (20 min exposure). The data were digitized and subjected 

to image analysis (Image J) for quantification.

2.11 Statistical Analysis

Unless otherwise specified, statistical differences between two groups was determined by 

using Student’s t-test or non-parametric Mann-Whitney exact test. Individual data points 

represent the value of a single biological sample and are shown as mean ± SD unless 

otherwise indicated. No samples or data were excluded from analysis. Survival curve was 

determined by the Kaplan–Meier analysis. P < 0.05 was considered statistically significant. 

*, P < 0.05; **, P < 0.01; ***, P < 0.001.

3. Results

3.1 TGFβR inhibitor reduced lung metastasis correlating to reduced CD11b+/Ly6G+ and 
iNOS+ cells

We transplanted K15.KrasG12DSmad4‒/‒ SCC cells (B931 or B866) to the flank of athymic 

nude mice. These mice developed lung metastasis within 4–5 weeks after transplantation. To 

determine if TGFβ signaling plays a causal role in SCC lung metastasis, we treated tumor-

bearing mice with TGFβR inhibitor (or vehicle control) when the tumors were palpable. 

TGFβR inhibitor reduced lung metastasis as compared to vehicle-treated control mice 

(Fig. 1A–B). TGFβR inhibitor reduced pSmad2 staining in primary tumors (Supplementary 

Fig. S1A), demonstrating on-target activity of the inhibitor. Additionally, primary tumor 

volumes were not changed by treatment (Supplementary Fig. S1B–C) suggesting tumor 

size is not correlated with metastasis. Although pSmad2/3 reduction is a readout of TGFβ 
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inhibitor activity in tumor cells and stromal cells, tumor cells do not have canonical 

TGFβ signaling because of epithelial-specific Smad4 deletion in these models, thus 

canonical TGFβ signaling is present only in stromal cells. CD11b+ myeloid cells were 

the most abundant immune cells in the tumor microenvironment in our two mouse SCC 

models (Supplementary Fig. S2) with F4/80+ macrophages and Ly6G+ granulocytes being 

the most frequent myeloid cell subtypes (Supplementary Fig. S2 and Fig. 1C). Using 

immunostaining, we found that Ly6G+ cells, but not F4/80+ cells, were reduced significantly 

in the primary SCC of TGFβR inhibitor-treated mice (Fig. 1D–E), correlating with reduced 

lung metastasis.

iNOS is known to be produced by myeloid cells and tumor cells [26, 27]; CyTOF analysis 

revealed that iNOS was expressed in some CD11b+ myeloid cells and tumor cells in B931 

tumors (Fig. 1F). To further explore if iNOS is induced by TGFβ, we stained iNOS in B931 

and B866 tumor tissue. TGFβR inhibitor reduced iNOS+ cells (Fig. 1G).

To assess if our findings in mouse models apply to human SCC, we performed IHC staining 

of TGFβ1, p-SMAD3, and iNOS in primary oral SCC clinical specimens from patients with 

or without metastasis. Because biopsy of oral SCC lung metastasis in patients is not feasible, 

we examined primary SCC from patients with and without lymph node metastasis. Staining 

of these proteins in primary SCCs from patients with metastasis were significantly higher 

than in SCC patients without metastasis (Fig. 1H–I), leading to the hypothesis that TGFβ1 

and iNOS in primary SCC are critical regulators of metastasis. TGFβ1, pSMAD3 and iNOS 

were expressed in both tumor cells and some stromal cells in human oral squamous cell 

carcinoma (OSCC) samples consistent with published results [10, 12, 28, 29].

3.2 Myeloid cell depletion suppressed SCC lung metastasis

Based on the above results, we sought to determine if non-F4/80+ myeloid cells or iNOS 

activity are contributors to lung metastasis. Given that a previous report showed that Gr1+ 

myeloid cells contribute to TGFβ-mediated metastasis in breast cancer [13], we used 

anti-Gr1 (Ly6G/Ly6C) neutralizing monoclonal antibody or isotype control antibody to 

treat tumor-bearing mice. Depletion of myeloid cells with anti-Gr1 significantly reduced 

B931 and B866 SCC lung metastasis (Fig. 2A), but did not alter primary tumor growth 

(Supplementary Fig. S3A). Further, anti-Gr1 depleted CD11b+Ly6G+ myeloid cells in 

both B931 (Fig. 2B–D) and B866 (Supplementary Fig. S3B–D) tumor bearing mice, 

evidenced by significantly decreased CD11b+Ly6G+ cells in tumors and spleens with anti-

Gr1 treatment. These results show that Gr1+ myeloid cells in the tumor-bearing mice are a 

major contributor to SCC lung metastasis but not tumor growth.

3.3 iNOS inhibition suppressed SCC lung metastasis

To assess the role of iNOS in SCC lung metastasis, we treated tumor-bearing mice with 

L-NIL, an inhibitor of iNOS [25]. L-NIL-treated mice bearing B931 or B866 tumors had 

markedly reduced lung metastasis compared with control groups (Fig. 3A–C). Similarly, in 

B931-luciferase tumor-bearing mice treated with vehicle control, there was obvious lung 

metastasis as observed by bioluminescent IVIS imaging in 60% of mice whereas L-NIL 

treated mice had no visible lung metastasis (Fig. 3D).
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3.4 Tumor Ly6G+ myeloid cell accumulation was reduced with iNOS inhibitor

Myeloid cell iNOS activity is critical to myeloid cell function [27]. To determine how iNOS 

inhibition influenced tumor Ly6G+ cells, we performed IHC staining and flow cytometry. 

Total infiltrated Ly6G+ myeloid cell numbers were reduced with L-NIL treatment relative to 

control, as shown by IHC staining and quantification of Ly6G+ cells in B931 primary tumor 

sections (Fig. 4A). Flow cytometry analysis validated that the percentage of Ly6G+ myeloid 

cells was reduced in L-NIL treated B931 tumor bearing mice (Fig. 4B). The effect of L-NIL 

treatment on Ly6G+ cells in B866 tumors was similar to that observed in B931 tumors (Fig. 

4C and Supplementary Fig. S4A).

We also performed CyTOF analysis of spleen cells from tumor-bearing mice to screen for 

changes in CD45+ leukocyte populations after L-NIL treatment. However, there were no 

changes in spleen cell populations relative to vehicle control group (Supplementary Fig. 

S4B–C), indicating L-NIL primarily affected the TME. Direct analysis of CD11b+Ly6G+ 

spleen cells using flow cytometry also demonstrated no difference between L-NIL treated 

and control treated mice (Supplementary Fig. S4D–E).

3. 5 Cxcl5/Cxcr2 blockade reduced myeloid cell infiltration and SCC lung metastasis

To identify molecular mediators associated with reduced Ly6G+ myeloid cells in SCC 

bearing mice treated with L-NIL, plasma was analyzed using a cytokine antibody array. 

Among down-regulated cytokines associated with L-NIL treatment in analyzed plasma 

samples, three molecules related to metastasis were the top candidates in both tumor 

types: intracellular cell adhesion molecular 1 (Icam1), Matrix Metalloproteinase 2 (Mmp2) 

and Cxcl5 (Fig. 5A–D). Cxcl5 is a key chemokine involved in myeloid cell recruitment 

and was decreased significantly in the plasma of both B931 and B866 tumor bearing 

mice treated with L-NIL (Fig. 5B,D). Cytokine array analysis of tumor lysates showed 

metastasis mediators such as Icam1, Mmp2, Mmp3 and Mmp9 reduced with L-NIL 

treatment (Supplementary Fig. S5A–D).

Cxcr2 is the receptor for Cxcl5. Flow cytometry of dissociated B931 tumors showed 90% 

of Ly6G+ myeloid cells expressed Cxcr2 on the cell surface (Fig. 5E). To determine 

whether Cxcl5/Cxcr2 signaling played a functional role in recruitment of myeloid cells 

into the SCC TME and influenced metastasis, we treated tumor-bearing mice with Cxcr2 

inhibitor SB225002, “Cxcr2i”. SB225002 reduced infiltration of Ly6G+ myeloid cells in 

B931 and B866 tumors (Fig.5F and Supplementary Fig. S6A). Similar to mice treated with 

anti-Gr1 neutralizing antibody, SB225002-treated mice also showed significant reduction 

in lung metastasis compared with the vehicle (Fig. 5G–H). Cxcr2 antagonist SB255002 

did not affect primary tumor growth (Supplementary Fig. S6B–C). Thus, Cxcr2 antagonist 

SB255002 also inhibited myeloid cells infiltration in the primary tumor and reduced lung 

metastasis.

3.6 L-NIL treatment reduced proliferation and increased apoptosis of tumor cells

In addition to reducing lung metastasis, L-NIL significantly reduced both B931 and B866 

tumor volume (Fig. 6A–B), which may be attributed to an indirect effect via myeloid 

cells or a direct effect on tumor cells because tumor cells also express iNOS (Fig. 1). 
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We assessed if reduced tumor growth in L-NIL treated animals was due to decreased 

proliferation or increased cell death. Ki67 staining of proliferating cells was reduced in 

L-NIL-treated B931 and B866 tumors (Fig. 6C–D). Further, cleaved-caspase3 (C-caspase3) 

positive apoptotic cells were increased with L-NIL treated tumors compared with control in 

both B931 and B866 tumors (Fig. 6C–D). Nitric oxide (NO) is a potent bioactive molecule 

produced by iNOS; downstream effects of endogenous NO in cancer include evasion of 

apoptosis, enhanced proliferation and metastatic process [29]. To verify if nitric oxide 

metabolites are affected by L-NIL treatment and may contribute to decreased proliferation 

and increased apoptosis with L-NIL, we examined tumor-bearing mouse plasma for nitric 

oxide metabolites using a Nitrite/Nitrate assay. Total nitric oxide metabolite concentration 

was higher in tumor bearing mice compared with naïve mice, and the concentration was 

reduced significantly with L-NIL treatment in both B931 and B866 tumors compared with 

control (Fig. 6E). Lastly, L-NIL prolonged survival of B866 tumor bearing mice (Fig. 6F), 

while long-term survival of B931 tumor bearing mice was precluded from study due to 

tumor size constraints requiring euthanasia.

4. Discussion

TGFβR inhibitor reduced lung metastasis correlating to reduced CD11b+/Ly6G+ myeloid 
cells

Our previous study has shown that TGFβ activation is higher in primary human SCC 

with lung metastasis than SCC without lung metastasis [12]. TGFβR inhibitor treatment 

reduced SCC lung metastasis in the absence of T cells (Fig. 1), suggesting that non-T 

cell targets contribute to TGFβ-mediated SCC metastasis. Using CyTOF, we screened 

infiltrated leukocytes in KrasG12D.Smad4‒/‒ SCCs (Fig. 1). The majority of CD45+ cells 

were CD11b+ cells. Our current study, using pharmacologic inhibitors, demonstrated that 

myeloid cells are the major effector of TGFβ induced lung metastasis. This notion is 

supported by data demonstrating TGFβR inhibitor suppressed lung metastasis with reduced 

CD11+/Ly6G+ myeloid cells (Fig. 1). Further, depletion of myeloid cells with anti-Gr1 

inhibited lung metastasis to an extent similar to TGFβR inhibitor (Fig. 2).

Our results suggesting that myeloid cells facilitate SCC lung metastasis are consistent with 

those reported in other cancer types [30–33]. For example, TGFβ in myeloid cells promoted 

breast cancer lung metastasis and genetic deletion of Tgfbr2 specifically in myeloid cells 

decreased tumor metastasis [13]. Myeloid cells were previously implicated in supporting 

tumor cell invasion by releasing high amounts of degrading enzymes such as matrix 

metalloproteinase (MMPs). MMP2, MMP3, and MMP9 digest extracellular matrix (ECM) 

allowing tumor cells to migrate [32]. While myeloid cells were reported to promote SCC 

growth in syngeneic immunocompetent models [25], primary SCC growth in our model was 

not affected by myeloid cell depletion with anti-Gr1. It is possible that those effects are T 

cell dependent and thus did not occur in an immune compromised background. Because 

advanced SCCs can induce severe immune suppression and SCCs occur at a higher rate in 

immune compromised patients [8, 9, 34], our study’s identification of a T cell-independent 

role of myeloid cells in SCC metastasis in immune compromised mice is a critical point for 

further investigation.
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iNOS inhibition with L-NIL suppressed SCC lung metastasis and growth—
The reduction of iNOS+ cells in tumors from TGFβ inhibitor treated mice suggests that 

iNOS might be an effector contributing to TGFβ induced lung metastasis (Fig. 1). This is 

supported by reduction of lung metastasis with iNOS inhibitor (Fig. 3). Because myeloid 

cells are a major source of iNOS in tumors (Fig. 1), the reduction of myeloid cells by TGFβ 
inhibitor may be responsible for the decrease in iNOS+ cells overall. The role of iNOS/NO 

in cancer development and progression appears contradictory among various tumor types 

and is less well known in SCC [29, 35]. Studies employing inhibition or genetic deletion 

of iNOS show that iNOS/NO can both promote or inhibit tumor progression and metastasis 

[21, 36]. The effects of iNOS/NO in tumors seems to depend on the activity and origin of 

iNOS/NO, concentration and duration of NO exposure, and cellular sensitivity to NO [21]. 

Previous reports have demonstrated a correlation between high iNOS expression and poor 

prognosis in patients with oral cancer [37, 38]. However, given the limited experimental 

SCC metastasis models, it remained to be determined if iNOS production contributed to 

SCC lung metastasis. In this study, we showed that iNOS inhibitor L-NIL reduced SCC lung 

metastasis. Nitric oxide is the main effector produced by iNOS activity, which is involved 

in tumor cell invasion and metastasis [29]. Nitric oxide metabolites nitrite and nitrate were 

reduced with L-NIL (Fig. 6), indicating that the lower capacity of cancer cell migration and 

invasion correlates with NO metabolite levels and likely reflects iNOS activity.

The tumor immune microenvironment was remodeled in L-NIL treated mice. It is reported 

that Ly6G+ myeloid cells promote cancer cell metastasis via immune-independent routes 

such as ECM remodeling [39]. Obvious reduction of Ly6G+ myeloid cells was observed in 

SCC-bearing mice treated with L-NIL (Fig. 4). It has been reported that MMPs regulate 

tumor growth, invasion, and metastasis [40]. In our study, we observed that invasion related 

molecules Mmp2 and Mmp3 were reduced in tumor lysates and/or plasma from mice treated 

with L-NIL (Fig.5 and Supplementary Fig. S5), suggesting that lower metastasis rates in 

L-NIL treated mice may be linked to Mmp levels and activity; this requires validation. 

Additionally, Icam1 aids cancer cell adherence to the endothelium and contributes to distant 

metastasis [41, 42]; Icam1 was also decreased with L-NIL treatment (Fig.5), suggesting this 

could be a mechanism for decreased tumor cells in circulation and metastasis. Because we 

did not observe significant changes in spleen immune cell numbers, our data suggests that 

the L-NIL effect is unique to the TME.

Decreased tumor growth in L-NIL treated mice was due to increased apoptosis and 

decreased proliferation. Our data are consistent with a previous study that shows L-NIL 

reduced tumor growth in melanoma and increased apoptotic cells [43]. iNOS is expressed 

in myeloid cells (Fig. 1), so increased cell death in tumors of L-NIL treated mice may 

be via changes in myeloid cell function or a lack of myeloid cells to sustain tumor 

maintenance. Alternatively, there might be a direct effect because some tumor cells also 

expressed iNOS, which can promote proliferation [44, 45] and could be inhibited with 

L-NIL. Decreased tumor growth could be a mechanism of reduced metastasis because tumor 

size often correlates with metastasis [46], but the effects of L-NIL on metastasis were more 

dramatic than the effect on tumor size, and TGFβi, anti-Gr1 and Cxcr2 inhibition treatments 

prevented metastasis without affecting tumor size, reinforcing the conclusion that tumor 
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myeloid cells play a direct role in metastasis independent of tumor size. Thus, the decreased 

tumor growth observed with L-NIL treatment is likely a direct effect on tumor cells.

Cxcl5/Cxcr2 signaling mediated Ly6G+ myeloid cell infiltration and promoted 
lung metastasis—In plasma from B931 and B866 tumor-bearing mice, we found striking 

downregulation in the levels of Cxcl5 in mice treated with L-NIL treatment (Fig. 5). Cxcl5 

chemokine plays a key role in the efficient recruitment of Ly6G+ myeloid cells [24, 47]. 

Cxcl5 can be secreted by primary tumor cells and cells in the TME, including fibroblasts and 

myeloid cells [48]. Cxcl5 could be a major target of L-NIL and L-NIL might contribute to 

the reduction of Cxcl5 via regulating tumor cell and/or myeloid cell Cxcl5 expression.

Cxcr2 is the receptor for Cxcl5 [48] and ~90% of Ly6G+ cells express Cxcr2 on the 

cell surface (Fig. 5). Cxcr2 signaling mediated myeloid cell infiltration and tumor growth 

in immunocompetent prostate and gastric cancer models [16, 24]. In contrast, we found 

there were no changes in tumor growth with either Cxcr2 antagonist or anti-Gr1 treatment, 

but tumor growth rate was decreased with L-NIL treatment. Perhaps L-NIL is having a 

direct effect on iNOS expressing tumor cells (and myeloid cells) while anti-Gr1 and Cxcr2 

are myeloid-restricted targets. It is also possible that the influence of myeloid cells on 

tumor growth is T cell-dependent and there is no effect in our immune compromised SCC 

model. The effectiveness of targeting Cxcr2 and anti-Gr1 in our model suggests targeting 

mechanisms that specifically regulate Ly6G+ myeloid cell recruitment would provide 

therapeutic benefit for patients with metastatic cancer or targeting iNOS may influence both 

tumor cells and myeloid cells, decreasing both tumor progression and metastasis.

In summary, we provided evidence that iNOS and Gr1+ myeloid cells are major contributors 

to TGFβ-mediated lung metastasis. iNOS inhibitor L-NIL inhibited SCC lung metastasis 

and reduced Cxcl5 induced myeloid cell infiltration (Fig.7). Because TGFβR inhibitor, 

anti-Gr1, L-NIL, and Cxcr2 antagonist all reduced primary tumor myeloid cell abundance 

and lung metastasis in an immune compromised background, our studies suggest that 

these therapeutic agents could be beneficial in patients with suppressed immune systems, 

which is common in later stage SCC patients. While the use of pharmacologic inhibitors is 

translational and common in cancer treatment, genetic studies to narrow the contributions of 

TGFβ1, Cxcl5 and iNOS to different myeloid cell populations or tumor cell populations 

to metastasis would help define the cellular and molecular players and suggest more 

precise drug targets or cellular diagnostics. Future studies are warranted to evaluate if these 

therapeutic agents in immune-competent conditions elicit even stronger efficacy against 

SCC metastasis.
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C-caspase3 Cleaved-caspase3

CAFs Cancer associated fibroblasts

ECM Extracellular matrix

ICAM1 Intracellular cell adhesion molecular 1

iNOS Inducible nitric oxide synthase

IVIS In vivo imaging system

K15 Keratin 15

L-NIL L-N6–1-iminoethyl-L-lysine

MDSCs Myeloid-derived suppressor cells

MMP Matrix Metalloproteinase

NO Nitric oxide

OSCC Oral Squamous Cell Carcinoma

RBC Red blood cell

SCC Squamous cell carcinoma

TAMs Tumor associated macrophages

TGFβ Transforming growth factor beta

TGFβR TGFβ receptor

TME Tumor microenvironment
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• SCC lung metastasis depended upon iNOS and Gr1+ myeloid cells activated 

by TGFβ

• L-NIL inhibited SCC lung metastasis with reductions of myeloid cells and 

Cxcl5

• TGFβ inhibitor, anti-Gr1, L-NIL, and Cxcr2 inhibitor all reduced lung 

metastasis
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Fig.1. TGFβR inhibitor reduced lung metastasis correlating to reduced CD11b+/Gr1+ myeloid 
cells and iNOS+ cells.
A-B, Quantification of lung metastasis of B931 and B866 tumor bearing mice comparing 

TGFβR inhibitor (TGFβRi) with vehicle treated groups (B931, n=7 of vehicle and n=6 of 

TGFβRi group; B866, n=15/group). C, CD45+ immune cell populations of B931 (upper 

panel) and B866 (lower panel) primary tumors using CyTOF analysis and tSNE clustering, 

tSNE plots displaying immune cell subset identification overlay plots. D, Representative 

images of CD11b, Ly6G, F4/80 and cytokeratin (CK) staining in primary B931 tumors 

treated with TGFβRi or vehicle. E, Number of CD11b+Ly6G+ cells was quantified per 

primary tumor (n=4/group). Number of F4/80+ cells was quantified per primary tumor (n=6 

of vehicle and n=5 of TGFβRi group). F, Levels of Epcam, CD11b and iNOS in dissociated 

B931 primary tumors analyzed by CyTOF, color represents the intensity of expression level 

(blue: low; red: high). G, Representative IHC images of iNOS+ staining in B931 primary 

tumors treated with vehicle or TGFβRi. Quantification of iNOS+ cells in B931 and B866 
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primary tumors from mice treated with TGFβRi or vehicle (B931, n=7 of vehicle and n=5 

of TGFβRi group; B866, n=5/group).H, Representative IHC images of indicated markers in 

human OSCC. Upper panels are staining of the primary tumor of a patient with metastasis 

and lower panels are staining of the primary tumor from a representative patient without 

metastasis; I, Quantification of TGFβ1, p-SMAD3, and iNOS staining (n=9 of metastasis 

and n=8 of no-metastasis group).
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Fig.2. Gr1+ myeloid cell depletion reduced SCC lung metastasis.
A, Number of lung metastasis of isotype and anti-Gr1 treated B931 and B866 tumor 

bearing mice (B931, n=18 of isotype and n=19 of anti-Gr1 group; B866, n=15/group). 

B, Representative IHC images stained for Ly6G in B931 primary tumors from mice treated 

with isotype control or anti-Gr1 antibody and quantification (n=10 of isotype and n=9 of 

anti-Gr1 group). C, Representative B931 flow cytometry of dissociated B931 tumors to 

determine CD11b+ Ly6G+ subsets (gated on upstream live, CD45+ events) in tumors treated 

with isotype control or anti-Gr1 antibody and quantification (n=4/group). D, Representative 

flow cytometry of spleens to determine CD11b+ Ly6G+ subsets (gated on upstream live, 

CD45+ events) treated with isotype control or anti-Gr1 antibody and percentage of Ly6G+ 

cells (n=4/group).
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Fig.3. iNOS inhibitor reduced SCC lung metastasis.
A, Representative gross lung metastasis images in mice bearing B931 tumors treated with 

L-NIL versus control. B-C, Quantification of lung metastasis number in mice bearing B931 

(A) or B866 (B) tumors treated with L-NIL verse control (B931, n=24 of control and n=21 

of L-NIL group; B866, n=13/group). D, Bioluminescence imaging of B931 tumor bearing 

mice at 5 weeks post tumor injection (red arrows indicate lung metastasis).
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Fig.4. Ly6G+ myeloid cells were reduced in tumors from mice treated with L-NIL.
A, Representative IHC staining of Ly6G in primary tumors from B931 tumor bearing mice 

treated with L-NIL or control. Quantification of staining on the right (n=10 of control and 

n=8 of L-NIL group). B-C, Representative flow cytometry of dissociated B931 (B) and 

B866 tumors (C) to determine CD11b+ Ly6G+ subsets (gated on upstream live, CD45+ 

events) and quantification of the percentage of Ly6G+ myeloid cells in B931 and B866 

tumors from mice treated with control or L-NIL (n=4/group).
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Fig.5. Cxcl5 is a major L-NIL target and Cxcl5/Cxcr2 inhibition reduced SCC lung metastasis.
A and C, Representative cytokine array images of plasma samples from control or L-NIL 

treated mice bearing B931 tumors (A) or B866 tumors (C). B and D, Quantification of 

cytokine array mean gray values in plasma from mice bearing B931(B) or B866 tumors (D) 

(n=4/group). E, Cxcr2 expression in Ly6G+ cells (gated on live, CD45+, CD11b+ cells) in 

B931 primary tumor was detected by flow cytometry. F, Representative images of Ly6G IHC 

staining and quantification in B931 primary tumors from control or Cxcr2 inhibitor (Cxcr2i) 

treated mice (n=8/group). G-H, Number of lung metastasis from vehicle and Cxcr2 inhibitor 

(Cxcr2i) treated B931 and B866 tumor bearing mice (B931, n=8/group; B866, n=12 of 

vehicle and n=13 of Cxcr2 inhibitor group).
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Fig.6. L-NIL inhibited tumor growth, reduced proliferation and promoted apoptosis.
A-B, Tumor volume in control and L-NIL treated B931 (A) and B866 (B) mice (B931, 

n=9/group; B866, n=15/group). C-D, Representative Ki67 and cleaved-caspase3 IHC stained 

images and quantification of B931 (C) and B866 primary tumors (D) from control and 

L-NIL treated mice (B931, n=7/group; B866, n=6/group). E, Nitrate and nitrite levels in 

the plasma of naïve, B931- or B866-tumor bearing mice treated with control or L-NIL 

(n=4/group). F, Kaplan–Meier survival analysis of B866 tumor bearing mice treated with 

control or L-NIL（n=35 of control and n=33 of L-NIL group, the data were combined for 

survival analysis from two independent experiments）
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Fig.7. Model of regulatory mechanism and function of TGFβ in OSCC lung metastasis.
iNOS and Gr1+ myeloid cells are major contributors to TGFβ-mediated lung metastasis. 

iNOS inhibitor L-NIL inhibited SCC lung metastasis with the mechanism associated with 

reducing Cxcl5 induced myeloid cell infiltration.
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