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Abstract

Head and neck squamous cell carcinoma (HNSCC) is comprised of metabolically linked distinct 

compartments. Cancer-associated fibroblasts (CAFs) and non-proliferative carcinoma cells display 

a glycolytic metabolism, whilst proliferative carcinoma cells rely on mitochondrial oxidative 

metabolism fueled by the catabolites provided by the adjacent CAFs. Metabolic coupling between 

these reprogrammed compartments contributes to HNSCC aggressiveness. In the current study, we 

examined the effects of cigarette smoke-exposed CAFs on metabolic coupling and tumor 

aggressiveness of HNSCC. Cigarette smoke (CS) extract was generated by dissolving cigarette 

smoke in growth media. Fibroblasts were cultured in CS or control media. HNSCC cells were co-

cultured in vitro and co-injected in vivo with CS- or control fibroblasts. We found that CS induced 

oxidative stress, glycolytic flux and MCT4 expression, and senescence in fibroblasts. MCT4 

upregulation was critical for fibroblast viability under CS conditions. The effects of CS on 

fibroblasts were abrogated by antioxidant treatment. Co-culture of carcinoma cells with CS-

fibroblasts induced metabolic coupling with upregulation of the marker of glycolysis MCT4 in 

fibroblasts and markers of mitochondrial metabolism MCT1 and TOMM20 in carcinoma cells. 

CS-fibroblasts increased CCL2 expression and macrophage migration. Co-culture with CS-

fibroblasts also increased two features of carcinoma cell aggressiveness: resistance to cell death 

and enhanced cell migration. Co-injection of carcinoma cells with CS-fibroblasts generated larger 

tumors with reduced apoptosis than control co-injections, and upregulation of MCT4 by CS 
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exposure was a driver of these effects. We demonstrate that a tumor microenvironment exposed to 

CS is sufficient to modulate metabolism and cancer aggressiveness in HNSCC.

Introduction

Head and neck cancer is the 6th most common type of cancer worldwide, with an incidence 

of 600,000 new cases every year1. Head and neck squamous cell carcinoma (HNSCC) 

accounts for nearly 95% of head and neck malignancies. Cigarette smoke (CS) is the major 

causative agent of HNSCC. Smokers are at much higher risk to develop the disease than 

non-smokers, as well as being more likely to have worse treatment outcomes and shorter 

disease survival2, 3. CS contains over 70 known carcinogens4. DNA damage and adduct 

formation is thought to be the common mechanism by which these compounds cause 

mutations and drive carcinogenic transformation of the epithelial cells in the head and neck 

region4. However, the effects of CS on the stromal cells within the tumor microenvironment 

of HNSCC has not been explored in detail.

The tumor stroma plays an important role in HNSCC development and progression, and 

there is increasing interest in the metabolic interplay between cancer cells and the 

surrounding non-cancerous cells5–8. Two studies from Curry et al show that at least two 

metabolically distinct compartments exist within the tumor microenvironment of 

HNSCC9, 10. The tumor stroma, which contains abundant cancer-associated fibroblasts 

(CAFs), is highly glycolytic and secretes high-energy catabolites such as lactate and 

pyruvate. The proliferating carcinoma cells take advantage of this metabolic 

compartmentalization since they are mitochondria-rich and utilize these catabolites to fuel 

their oxidative metabolism. Markers of metabolic compartmentalization have been described 

in HNSCC and are associated with aggressive disease5, 9. The monocarboxylate transporter 

4 (MCT4), which is an exporter of lactate and has a hypoxia response element regulated by 

HIF1α, is a marker of glycolysis in CAFs. The importer of monocarboxylates MCT1 and 

the translocase of the outer mitochondrial membrane 20 (TOMM20) are markers of lactate 

intracellular uptake and high mitochondrial oxidative phosphorylation (OXPHOS) in 

carcinoma cells. Studying the metabolic compartmentalization of tumors is important not 

only to understand the pathophysiology of cancer but also to develop therapeutic targets. For 

instance, it has been recently demonstrated that the antidiabetic drug metformin, a 

mitochondrial inhibitor, affects tumor metabolic compartmentalization and has anticancer 

effects in HNSCC11, 12.

Research on the pathogenesis of smoking-related diseases such as pulmonary emphysema 

and lung cancer has prompted the study of the effects of CS on tissue fibroblasts. It has been 

demonstrated that exposure of lung fibroblasts to CS induces oxidative stress, cellular 

senescence and apoptosis, as well as inhibits proliferation, migration, and extracellular 

matrix deposition13–15. Some of these effects have also been reported in human gingival and 

skin fibroblasts exposed to CS16–19. Numerous studies have also shown that CS induces pro-

inflammatory signaling cascades and chemokine secretion in fibroblasts20–22, creating a 

chronic inflammatory state that may contribute to the development and progression of 

cancer. The mechanisms by which CS elicits its effects on fibroblasts include generation of 
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intracellular reactive oxygen species (ROS) with alteration in the cellular redox state. In fact, 

treatment with antioxidants such as N-acetylcysteine (NAC) or overexpression of 

endogenous antioxidant systems protects fibroblasts from CS-induced ROS and cellular 

damage13, 23–25. Moreover, signaling through the aryl hydrocarbon receptor (AhR), a 

regulator of the inflammatory response, attenuates oxidative stress, and reduces apoptosis 

and inflammation triggered by CS in lung fibroblasts26–29.

While the effect of CS on isolated fibroblasts has been studied, very little is known about 

how these altered fibroblasts affect the microenvironment and epithelial cells in proximity. 

To our knowledge, only two reports have shown the effects of CS on fibroblasts in the 

context of cancer19, 30. Salem et al demonstrated in breast cancer that CS-exposed 

fibroblasts have the ability to metabolically promote tumor growth in a paracrine fashion, 

thus highlighting the importance of the stromal compartment in tumors19. Studies of the 

effect of cigarette smoke on HNSCC stroma, however, have not been published. Therefore, 

we aimed to study the effects of CS exposure to fibroblasts on HNSCC metabolic 

compartmentalization, oxidative stress, inflammation and aggressiveness.

Materials and Methods

Preparation of Cigarette Smoke Extract

Cigarette smoke extract (CSE) was generated as described by attaching one end of a three-

way-stopcock to a 60 mL syringe containing 10 mL of un-supplemented DMEM medium, 

and another end to a Marlboro Red cigarette (Philip Morris, Richmond, VA) (Suppl. Fig. 

1A)13, 19, 31–34. Briefly, 40 mL of cigarette smoke was pulled through the stopcock into the 

syringe and dissolved in the media by vigorous shaking. The cigarette was “smoked” down 

to the filter, approximately 7–8 puffs for one cigarette. The 10 mL of media with contents of 

one cigarette was treated as 100% CSE stock. This stock was diluted to 5% CSE in DMEM 

media, supplemented with 10% FBS and Penicillin-Streptomycin (Pen-Strep), and sterile 

filtered through a 0.22 μm filter.

Cell culture

The human tongue and hypopharynx squamous cell carcinoma cell lines, CAL27 and FaDu, 

respectively, were purchased from ATCC. The human papilloma virus (HPV+)-transformed 

mouse tonsil epithelial cell, MTEC, from male C57Bl/6 mice was a kind gift from Dr. Ulrich 

Rodeck. Human skin fibroblasts immortalized with human telomerase reverse transcriptase 

catalytic domain (BJ1) were purchased from Clontech, and clones were generated with 

green fluorescent protein (GFP). The BALB/c mouse monocyte/macrophage cell line, RAW 

264.7, was a kind gift from Dr. Craig Hooper. All cell lines were obtained from cell banks 

and authenticated by short tandem repeat (STR) DNA analyses prior to receipt by our 

laboratory. These cells were passaged in our laboratory for fewer than 8 weeks after 

resuscitation. All cells were tested for mycoplasma using the Universal Mycoplasma 

Detection Kit (30–1012K; ATCC) and were negative for myocoplasma within 2 months of 

cell thawing and experimental work. Cells were cultured in DMEM (10566016; Gibco) 

supplemented with 10% heat inactivated fetal bovine serum (FBS) (161407–071; Gibco), 
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100 units/ml penicillin, and 100 units/ml streptomycin (Pen-Strep; 30–002-CI; Corning). 

Cell cultures were maintained in a 37°C and 5% CO2 humidified incubator.

Isolation of Mouse Embryonic Fibroblasts

Mouse Embryonic Fibroblasts (MEFs) were isolated from genetically engineered C57BL/6 

mice lacking MCT4 (MCT4 −/−) and their wild-type control (MCT4 +/+) (provided by Dr. 

Nancy Philp36). Pregnant female mice were euthanized at E14.5 by CO2 inhalation. Under 

sterile conditions, the abdominal wall was exposed and the uterus was removed and 

transferred to a Petri dish containing PBS and pen-strep. Embryos were separated from the 

placenta and placed into a new dish with PBS for individual manipulation. Head, arms, and 

legs were cut off, and internal red tissue (heart and liver) was removed. The remaining 

embryo was minced, transferred to a tube containing 0.25% trypsin-EDTA, incubated for 10 

minutes at 37°C, and then MEF culture media (DMEM 10% FBS) was added to the tube. 

Cell suspension was left for 5 minutes to allow large fragments to precipitate and 

supernatant was transferred to 10 cm Petri dishes. Media was replaced once MEFs were seen 

attached to the plate. MEFs were maintained in DMEM 10% FBS Pen Strep for no longer 

than ten passages.

Cell treatments

BJ1 fibroblasts were plated in 12- or 6-well plates or 10 cm dishes with standard growth 

media (CTRL-BJ1) or 5% CSE media (CSE-BJ1), as indicated. The seeding densities were 

10 × 104 cells/well (for 12-well), 20 × 104 cells/well (for 6-well) and 106 cells/dish. Control 

media or 5% CSE was replaced every two days, for a total of 4 or 6 days. Fresh CSE was 

generated for each use. When indicated, 30 μg/ml of liposomal glutathione, 50 or 100 μM of 

L-kynurenine (L-KYN, K8625; Sigma), 5 or 10 μM of α-naphthoflavone (α-NF, N5757; 

Sigma), or the vehicle DMSO, were added to CTRL- and CSE-BJ1 at time of seeding and 

every time media was replaced, for a total of 4 days. WT and MCT4-KO MEFs were plated 

in 6- or 12-well plates, or T-75 flasks with standard growth media, at a density of 10 × 104 

or 20 × 104 cells/well, or 2 × 106 cells/flask, respectively. The following day, MEFs were 

treated with either 5% or 10% CSE or control media, with or without 30 μg/ml liposomal 

glutathione, as indicated, for 24 hours. RAW 264.7 cells were plated in 6-well plates with 

standard growth media at a density of 6 × 105 cells/well. The following day, RAW 264.7 

were treated with 5% CSE or control media for 24 hours.

Co-culture system

CAL27 and FaDu human carcinoma cells were co-cultured with either CTRL- or CSE-BJ1 

(Suppl. Fig. 1B) in 12- or 6-well plates or 10 cm dishes, as specified. All co-cultures were 

seeded at a 5:1 fibroblast-to-carcinoma ratio in standard DMEM media. The total number of 

cells per well was 1 × 105 (12-well), 2.4 × 105 (6-well), and per dish was 12 × 105. MTEC 

mouse carcinoma cells were co-cultured with WT MEFs, untreated or previously exposed to 

5% CSE. 6 × 104 MTEC cells were cultured at the bottom of a 6-well plate, and 20 × 104 

MEFs were cultured on top of a polycarbonate cell culture insert with a 0.4 μm pore-size 

membrane (353090; Thermo Fisher). The following day, culture media was changed to 

DMEM with 10% Nu-serum, a low protein alternative to FBS (355100; BD Biosciences) 

containing Penicillin-Streptomycin. Co-cultures were maintained in this media for 3 days.
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Immunofluorescence

Immunofluorescence staining from cells in 12-well plates was performed as previously 

described35. Primary antibodies used included anti-MCT4 (19-mer peptide sequence 

CKAEPEKNGEVVHTPETSV-cooh affinity purified rabbit antibody; YenZym Antibodies), 

anti-GLB1 (ab96239; Abcam), anti-HMGB1 (NB100–2322; Novus Biologicals), and anti-

MCT1 (19-mer peptide sequence CSPDQKDTEGGPKEEESPV-cooh affinity purified rabbit 

antibody; YenZym). Anti-rabbit AlexaFluor 568 (A11036; Invitrogen) secondary antibody 

was used. Nuclear counterstaining was performed with DAPI. Images were collected with a 

40x objective and 1.5 or 2x zoom, when indicated, using a Nikon A1R confocal microscope.

Immunoblotting

Protein lysates were obtained from CTRL- and CSE-BJ1 cultured in 10 cm dishes. Protein 

extraction, quantification and immunoblotting were performed as described previously19. 

Primary antibodies used included anti-MCT4 (sc-50329; Santa Cruz), anti-GLB1 (ab96239; 

Abcam), anti-HMGB1 (NB100–2322; Novus Biologicals), anti-NF-κB (3033; Cell 

Signaling), anti-pRB (9308; Cell Signaling), anti-TIGAR (ab37910; Abcam), anti-β-actin 

(A5441; Sigma-Aldrich), anti-β-tubulin (T4026; Sigma-Aldrich), and anti-vinculin (#4650; 

Cell Signaling).

Lactate Assay

After 4 days in standard growth media or 5% CSE, with or without 30 μg/ml of glutathione, 

media from BJ1 fibroblasts cultured in 12-well plates was replaced by 400 μl of phenol-free 

DMEM 10% FBS. After 16 hours, cell media was collected and L-lactate levels were 

assessed according to the manufacturer’s instructions using the EnzyChromTM L-Lactate 

Assay Kit (ECLC-100; BioAssay Systems). Results were normalized for total cell number.

Reactive Oxygen Species Assay

After 4 days in standard growth media or 5% CSE, with or without 30 μg/ml of glutathione, 

media from BJ1 fibroblasts cultured in 12-well plates was replaced by DMEM 10% FBS 

containing 5 μM CellROX™ Deep Red reagent (C10422; Invitrogen). After 30 min 

incubation at 37°C, BJ1 were harvested and CellROX fluorescence was detected by flow 

cytometry using an APC signal detector. Analysis was performed with FlowJo software.

Cell viability assessment

BJ1 fibroblasts were washed twice with PBS and fixed with 4% paraformaldehyde (PFA) for 

10 min at room temperature. Fixed cells were then rinsed with PBS and stained with 0.5% 

crystal violet (CV, C0775; Sigma) in 10% ethanol. CV was removed and cells were washed 

with deionized water. Cells were left to dry and then photographed under an inverted phase 

microscope.

Flow cytometry assessment of metabolic markers

After 4 days of co-culture in 6-well plates, cells were collected and subject to 

immunostaining and flow cytometry analysis, as previously described11. Primary antibodies 

used were anti-MCT1 (YenZym), anti-TOMM20 (sc-17764; Santa Cruz), and anti-MCT4 
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(YenZym). Secondary antibodies used were anti-rabbit and anti-mouse conjugated to an 

APC or PE fluorophore, as indicated. Cell populations were separated by GFP detection 

when indicated.

Apoptosis and Cell Death Assessment

After 4 days of co-culture in 12-well plates, the culture media and cells were collected, 

centrifuged, and re-suspended in Annexin-V (AnnV) binding buffer containing Ann-V-APC 

conjugate (550474; BD Biosciences) and propidium iodide (PI) (KPL 71-04-01; SeraCare). 

Populations of cells were separated by GFP detection. AnnV and PI staining were assessed 

by flow cytometry and analysis was performed with FlowJo software. The same protocol 

was followed on monocultures of WT and MCT4-KO MEFs treated with or without CSE 

and GSH for 2 days. Quadruplicates were run for each condition.

Transwell Migration Assay

24-well polycarbonate plates with 6.5 mm diameter inserts and 8 μm-pore-sized membranes 

(3422; Costar) were used to study the migratory capabilities of carcinoma cells and 

macrophages. 5 × 105 CAL27 or FaDu cells, or 106 RAW 264.7 cells were added to the top 

of the insert, and 1 × 105 CTRL- and CSE-BJ1 or 15 × 104 MEF were seeded in the lower 

chamber, all in 10% Nu-serum DMEM media. Cells were allowed to migrate for 24 hours 

and membranes were stained with crystal violet. Images were then taken under an inverted 

phase microscope and staining was quantified with ImageJ.

Analysis of CCL2 mRNA levels

Total RNA from WT and MCT4-KO MEFs exposed to CTRL- or 5% CSE-media was 

isolated using TRIzol® Reagent (15596026; Invitrogen) following manufacturer’s 

instructions. Total RNA concentration and purity was determined using NanoDrop® 

ND-1000 spectrophotometer (Thermo Scientific). Reverse transcription polymerase chain 

reaction (RT-PCR) was performed using a High-Capacity cDNA Reverse Transcription Kit 

(4368814; Applied Biosystems) and carried out in a Bio-Rad PTC-100® thermal cycler. 

cDNA obtained was used to perform real-time PCR target amplification. Quantitative 

Polymerase Chain Reaction (qPCR) master mixes were prepared using TaqMan Universal 

PCR Master Mix (4304437; Applied Biosystems) according to manufacturer’s 

recommendations and loaded into MicroAmp® Optical 384-Well reaction plates (4483319; 

Applied Biosystems). Inventoried TaqMan® Gene expression assays CCL2 

(Mm00441242_m1), β-actin (Mm00607939_s1) and GAPDH (Mm00607939_s1) were 

used. Each qPCR reaction was performed in triplicates. Plates were analyzed in a 

QuantStudio 12K Flex Real-Time PCR System (Thermo Scientific). mRNA expression 

levels were calculated using the relative comparison CT (2-ΔΔCT) method after 

normalization with GAPDH as endogenous control.

Immunohistochemistry (IHC)

Excised tumors were frozen with liquid nitrogen in Tissue Tek O.C.T. (4583; Electron 

Microscopy Sciences) and sectioned at 6 μm thickness. Sections were fixed with 4% PFA in 

PBS for 10 min at room temperature, washed with PBS, and blocked with 5% BSA/PBS for 
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30 min. Endogenous biotin activity was blocked using the Avidin-Biotin Kit (AB972 L; 

Biocare Medical), and endogenous peroxidase activity with 0.3% H2O2 0.3% Na Azide in 

PBS for 15 min. Primary antibodies anti-CD45 (550539; BD Biosciences) and anti-CD68 

(137001; Biolegend) were incubated for 1 hour at room temperature. Biotinylated anti-rat 

secondary antibody (BA-4001; Vector Laboratories), and avidin-horseradish peroxidase 

complex (Vectastain Elite ABC kit, PK-6100; Vector Laboratories) were each incubated for 

30 min. Antibody reactivity was detected using liquid DAB substrate chromagen (K346711–

2; Agilent) and counterstaining of nuclei was performed with Tacha’s hematoxylin (NH-

HEM M; Biocare Medical). Representative images were taken at a 20X magnification and 

quantified by ImageJ.

Quantification with ImageJ

CD45 and CD68 by IHC and crystal violet (CV) staining were quantified with ImageJ. RGB 

images were first split into single color channels with the “RGB stack” tool. Staining was 

highlighted using the “threshold” tool. Thresholds were adjusted to select all stained areas 

and the same values were maintained across all images for comparison. The “measure” tool 

calculated the % of stained area relative to the total area of the region of interest (ROI), 

which was the same for all images.

TUNEL Assay and Quantification of Apoptotic Cells in Tumors

Frozen sections were fixed with 4% paraformaldehyde in PBS for 10 min, washed with PBS 

and permeabilized with 30% acetic acid in 100% ethanol at −20C for 5 min. After washing, 

sections were incubated with equilibration buffer (S7106; Millipore-Sigma) for 15 min at 

room temperature (RT) and then with ApopTag TdT enzyme (S7107; Millipore-Sigma) and 

reaction buffer (S7105; Millipore-Sigma) at a ratio of 30:70 for 30 min at 37C. Sections 

were washed in PBS and incubated with anti-digoxigenin-POD (11207733910; Sigma) for 

30 min at RT. TUNEL positive cells were visualized with liquid DAB substrate kit (Agilent).

Apoptotic nuclei were quantified using Aperio software (Aperio, Nussloch, Germany). 

Digital images were captured with Leica and Aperio slide scanners under 320 magnification 

with an average scan time of 120 seconds (compression quality 70). A nuclear algorithm was 

used to identify TUNEL positive cells and generate values for percentage of 3+ nuclei. Four 

tumors from each group were evaluated. In the CAL27 xenografts, 9–11 areas of tumor cells 

were analyzed for each xenograft and quantified for a total of 38 areas in the control and 40 

areas in CSE-treated For the FaDu xenografts, 10–15 areas of tumor cells were analyzed for 

each xenograft and quantified for a total of 50 areas in the control and 51 areas in CSE-

treated.

Animal studies

All animal work was approved by the Institutional Animal Care and Use Committee 

(IACUC) at Thomas Jefferson University. Male athymic nude mice aged 4–6 weeks (Charles 

River) were maintained under standard pathogen-free conditions in our animal facility. 

Animals were provided with sterilized chow and water. All animal handling and experiments 

were conducted under the standards of the IACUC.
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CAL27, FaDu, CTRL-BJ1, and CSE-BJ1 cells were cultured in parallel, then trypsinized 

and resuspended in PBS (Suppl. Fig. 1B). 3 × 105 CAL27 or FaDu carcinoma cells were co-

injected with 106 CTRL- or CSE-BJ1 fibroblasts bilaterally into the flanks of nude mice. 

Each group contained five mice and a total of 10 tumor xenografts. As controls, five mice 

were also injected with 106 CTRL- or CSE-BJ1 alone. Starting on day 14, tumors were 

measured twice weekly with an electronic caliper. Mouse weight was also monitored 

biweekly. Mice were sacrificed and tumors harvested at post-injection days 13 (CAL27) or 

21 (FaDu) as an early time-point, and day 24 as the end-point. Excised tumor measurements 

were taken by electronic caliper. Tumor volume (mm3) was calculated by the formula v = 

(x2y/2), where v is the volume of the tumor, x is the length of the short axis, and y is the 

length of the long axis.

Male C57Bl/6 mice were purchased from Taconic Farms. 105 MTEC cells were co-injected 

with 106 WT-MEF or MCT4-KO MEF bilaterally in the flank. Two different sets of co-

injections were performed at different times: co-injections with CSE-unexposed WT and 

MCT4-KO MEFs (control MEFs) and co-injections with CSE-treated WT and MCT4-KO 

MEFs (CSE MEFs). Both sets were allowed to grow for a period of 28 days. Tumor volume 

and weight were measured at the time of collection.

Human study

This study was approved by the institutional review board (IRB) at Thomas Jefferson 

University. Samples of primary tumors from 36 patients with head and neck cancer were 

obtained from archived paraffin-embedded tissue blocks for histological analysis. Patient 

data were collected including: age, sex, tobacco use, HPV status, tumor primary site and 

subsite.

MCT4 Immunohistochemistry and Analyses in Head and Neck Cancer Samples

Paraffin sections were deparaffinized, rehydrated and antigen retrieval was performed in 

0.01M Tris-EDTA, pH 9.0 with 0.1% Tween-20 for 10 minutes using a pressure cooker. The 

sections were blocked with 3% H2O2 and for endogenous biotin; then incubated with 10% 

goat serum (Vector) at 4°C overnight. MCT4 antibody (sc-376140; Santa Cruz 

Biotechnology) was applied for one hour, followed by biotinylated secondary antibody and 

avidin-biotin-HRP complex. A DAB liquid substrate kit was used to detect binding and 

slides were stained with hematoxylin and mounted.

MCT4 staining was evaluated in a blinded fashion by two independent observers. Multiple 

fields for each slide were viewed at low and high power and an overall score of either ≤50% 

or >50% staining in cancer-associated stroma was determined. Samples with disparate 

scores were reviewed and a score was jointly determined. For immune-rich versus immune-

poor status, MCT4 and H&E stained slides were evaluated in a similar fashion. The samples 

were labeled as having an immune-rich stroma if greater than 50% of the stromal cells were 

immune cells. Samples with disparate scores were reviewed jointly and in addition by an 

expert pathologist (MT).
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Statistical Analysis

Statistical significance was examined using the Student’s t-test and Fisher’s exact text. 

Differences were considered statistically significant at p<0.05.

Results

Cigarette Smoke Extract induces senescence and glycolysis in fibroblasts

To examine the effects of CSE exposure on the metabolism and stress response mechanisms 

of BJ1 human skin fibroblasts, cells were exposed to 5% CSE (CSE-BJ1) or standard media 

(CTRL-BJ1) for 6 days. After CSE exposure, changes in BJ1 proliferation and cell 

morphology were observed. Compared to untreated cells, CSE-BJ1 were less confluent and 

cells were enlarged (Fig. 1A), which are two features of cellular senescence. Decreased 

proliferation rates of CSE-BJ1 were consistent with decreased expression of phosphorylated 

retinoblastoma protein (p-RB), an inducer of cell cycle progression. CSE-BJ1 had decreased 

pRB, which prevents G1 progression through the cell cycle, compared to CTRL-BJ1 (Fig. 

1B). CSE-BJ1 were also more senescent and showed increased β-galactosidase expression 

and loss of nuclear HMGB1 (note intranuclear dots) compared to CTRL-BJ1 by 

immunofluorescence (Fig. 1C) and western blot (Fig. 1D). In terms of metabolism, CSE-BJ1 

had increased MCT4 expression compared to CTRL-BJ1 (Fig. 1E, F), indicating a switch 

towards a glycolytic metabolism. To confirm the increased glycolytic flux in CSE-BJ1, we 

determined the levels of lactate secretion, which is the end-product of glycolysis, and 

intracellular ROS levels, which is a driver of MCT4 expression. CSE-BJ1 increased lactate 

secretion compared to controls (Fig. 1G), consistent with an augmented glycolytic 

metabolism of fibroblasts upon CSE exposure. Intracellular ROS levels were also increased 

in CSE-BJ1 (Fig. 1H), correlating with the upregulation of MCT4 expression.

α-naphthoflavone mimics the effects of CSE on fibroblasts

Since CSE induces ROS generation and increases MCT4 expression in our model, we 

investigated whether the aryl hydrocarbon receptor (AhR), which is involved in 

compensatory responses to inflammation and oxidative stress, was able to regulate MCT4 

expression. We pharmacologically modulated the AhR in unexposed BJ1 fibroblasts and 

assessed MCT4 and NF-κB expression, to determine the inflammatory state of the cell. 

Treatment of BJ1 fibroblasts with the AhR agonist L-kynurenine (L-KYN) decreased the 

expression of both p65 subunit of NF-KB and MCT4 (Fig. 2A, B). Conversely, the AhR 

antagonist α-naphthoflavone (α-NF) triggered a dose-dependent upregulation of both p65 

subunit of NF-kB and MCT4 expression (Fig. 2C, D). This data in BJ1 fibroblasts is 

consistent with the known anti-inflammatory role of the AhR and suggests that the AhR 

signaling pathway regulates ROS scavenging and, consequently, the levels of MCT4. To 

determine whether these modulators of the AhR have effects on CSE-exposed fibroblasts, 

BJ1 cells were treated with 5% CSE or control media, containing increasing concentrations 

of L-KYN or α-NF, and apoptosis and cell death rates were quantified. As expected, CSE-

cultured fibroblasts, regardless of drug treatment, presented higher apoptosis and cell death 

rates than fibroblasts cultured in control media (Fig. 2E, F). L-KYN had no effects on 

fibroblast viability in either CTRL- or CSE-BJ1 (Fig 2E). α-NF did not mimic the effects of 

the CSE on CTRL-BJ1, however it increased cell death and apoptosis in CSE-BJ1 in a dose-
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dependent manner (Fig 2F). This suggests that the anti-inflammatory effects derived from 

the AhR agonist L-KYN are not sufficient to protect fibroblasts from the CSE, whereas 

antagonizing the AhR signaling with α-NF has an additive effect to the detrimental effect of 

the CSE on fibroblasts.

The antioxidant glutathione abrogates the effects of CSE

As ROS seem to be driving the effects of CSE on fibroblasts, we next aimed to assess the 

effects of the antioxidant glutathione (GSH) on cell viability, ROS levels, MCT4 expression, 

and lactate efflux in our model. Treatment with GSH improved the viability of CSE-exposed 

fibroblasts, as seen by crystal violet staining (Fig. 3A). Regarding ROS levels, CSE-BJ1 

have greatly increased intracellular ROS levels compared to CTRL-BJ1 (Fig. 3B, left). GSH 

treatment reduces ROS levels by 80% (Fig. 3B, right). MCT4 expression, quantified by flow 

cytometry, followed the same trend as ROS levels. CSE-BJ1 not treated with GSH increased 

MCT4 levels by almost 3-fold respect to CTRL-BJ1 (Fig. 3C, left), whereas addition of the 

antioxidant attenuated this response to 1.8-fold (Fig. 3C, right). The decrease in MCT4 

expression observed in the GSH treated cells was accompanied by a decrease in lactate 

levels in media of CSE-BJ1 (Fig. 3D). The antioxidant N-acetylcysteine (NAC), precursor of 

glutathione, elicits the same effects as GSH in terms of increasing cell viability (Suppl. Fig. 

2A) and reversing MCT4 expression (Suppl. Fig. 2B) upon CSE exposure. Moreover, NAC 

reverses the effects of CSE on the expression of the TP53-induced glycolysis and apoptosis 

regulator (TIGAR) protein, which is involved in the antioxidant defense and apoptosis 

suppression (Suppl. Fig. 2C). This data suggests that fibroblasts increase MCT4 expression 

and lactate production in response to elevated ROS levels induced by the CSE treatment.

To examine whether the increase in MCT4 expression was linked to viability of CSE-

exposed fibroblasts, we exposed MEFs isolated from MCT4 knockout mouse embryonal 

fibroblasts (MCT4-KO MEF) and their wild-type (WT) counterparts (WT-MEF) to CSE, in 

the presence or absence of GSH, and assessed apoptosis and cell death rates (Fig. 3E). 

MCT4-KO MEFs under baseline conditions have slightly higher apoptosis and cell death 

levels than WT MEF (1.2 fold, p = 0.04). This difference is not significant when unexposed 

MEFs are treated with GSH (1.2 fold, n.s.). Both genotypes of MEFs have increased 

apoptosis and cell death rates when treated with CSE. However, MCT4-KO MEF are 

significantly more sensitive to CSE with 90% higher apoptosis and cell death rates than WT-

MEFs. Treatment of CSE-exposed MEFs with GSH greatly reduces cell death and apoptosis 

in both genotypes. Interestingly, treatment with GSH completely reverses the detrimental 

effects of CSE on MCT4-KO MEF cell death and apoptosis. Altogether, these data suggests 

that CSE-induced ROS drives the glycolytic phenotype of fibroblasts, and that MCT4 

upregulation is partially necessary for survival of fibroblasts under conditions of CSE 

exposure.

CSE-fibroblasts reprogram cancer cell metabolism

Metabolic compartmentalization is a common feature in head and neck cancers. Therefore, 

we wanted to determine whether CSE-exposed fibroblasts with high MCT4 were able to 

reprogram the metabolism of carcinoma cells towards a more oxidative profile. CAL27 and 

FaDu cells were co-cultured with CTRL- or CSE-BJ1 for 4 days and the markers of 
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mitochondrial metabolism MCT1 and TOMM20 were assessed by flow cytometry. Co-

culture with CSE-BJ1 increased both MCT1 and TOMM20 expression in CAL27 and FaDu 

carcinoma cells (Fig. 4A, B). For CAL27, intensity of APC+ staining was quantified by 

gating the MCT1+ (Fig. 4A, top) and TOMM20+ (Fig. 4A, bottom) cells. For FaDu, 

percentage of MCT1+ (Fig. 4B, top) and TOMM20+ (Fig. 4B, bottom) cells was quantified. 

Upregulation of carcinoma cell MCT1 could be visually detected by immunofluorescence 

staining of CAL27 (Suppl. Fig. 3A) and FaDu (Suppl. Fig. 3B) co-cultures with CSE-BJ1. 

Moreover, to ensure that the glycolytic phenotype of CSE-BJ1 was preserved after CSE 

exposure, we assessed the expression of MCT4 in fibroblasts after 4 days in co-culture. 

CSE-BJ1 maintain MCT4 upregulation after 4 days in co-culture with CAL27 (Fig. 4C) and 

FaDu (Fig. 4D) cells. We also assessed whether soluble factors secreted by BJ1 could be 

mediating these effects on carcinoma cells. We treated homotypic cultures of CAL27 and 

FaDu cells with conditioned media (CM) from CTRL- or CSE-BJ1. CSE-BJ1 CM elicited 

similar but lessened effects on carcinoma cell MCT1 and TOMM20 in both CAL27 (Suppl. 

Fig. 3C) and FaDu (Suppl. Fig. 3D) cells. The same effects were seen in transwell co-

cultures of MTEC cells with CTRL- or CSE- WT MEFs. WT MEFs exposed to CSE were 

able to induce MCT1 expression in MTEC cells (Fig. 4E) while MEFs maintained high 

MCT4 expression 4 days post-CSE-treatment (Fig. 4F).

Altogether, our results show that the CSE-induced metabolic reprogramming of fibroblasts is 

sufficient to trigger a switch towards oxidative metabolism in carcinoma cells, and these 

effects are at least in part mediated by soluble factors.

Co-culture with CSE-fibroblasts increases features of tumor aggressiveness

Tumor aggressiveness is defined both by the intrinsic hallmarks of cancer cells and by the 

cancer-promoting effects of the surrounding stroma. To determine whether the 

reprogramming of fibroblasts following CSE exposure would produce changes in carcinoma 

cell aggressiveness, early and late apoptosis and cell death rates were quantified in CAL27 

and FaDu cells after 4 days in co-culture with CTRL- or CSE-BJ1. Flow cytometry 

assessment of AnnV and PI staining showed that co-culture with CSE-BJ1 led to less 

carcinoma cell death and apoptosis in both CAL27 and FaDu cells (Fig. 5A), with a 50% 

and 60% decrease, respectively, from co-cultures with CTRL-BJ1. Figure 5B shows the 

contour plots from three representative samples of each group. Note how in the co-cultures 

of CAL27 and FaDu cells with CSE-BJ1 there is a reduction in the cell population in the 

first (Q1), second (Q2) and third quadrants (Q3), corresponding to the dead cells (Q1) and 

late- and early-apoptotic (Q2+Q3) carcinoma cells.

Cell migration is another common feature of cancer aggressiveness. We assessed the 

migratory abilities of CAL27 and FaDu cells in response to CTRL- and CSE-BJ1 stimuli 

with a transwell assay. Carcinoma cells were seeded on top of the porous membrane in the 

upper chamber of the insert, and CTRL- and CSE-BJ1 were seeded on the bottom chamber. 

Crystal violet staining of the insert membranes revealed that CSE-BJ1 increased carcinoma 

cell migration through the pores by 20% in CAL27 and 50% in FaDu cells (Fig. 5C), 

compared to CTRL-BJ1.
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Enhanced replicative capacity is another hallmark of cancer aggressiveness. We assessed 

proliferation rates in carcinoma cells in co-culture with CTRL- and CSE-BJ1. No 

differences were seen in cancer cell proliferation between the two types of co-culture in 

either CAL27 or FaDu cells (Suppl. Fig. 4).

Macrophages constitute a large proportion of the tumor stroma and are associated with 

aggressive disease and poor prognosis in a variety of human cancers. We studied whether 

CSE-fibroblasts were able to induce the recruitment of macrophages. We assessed the 

mRNA levels of the cytokine CCL2, involved in recruitment of monocytes, in WT and 

MCT4-KO MEFs unexposed or exposed to CSE. Both types of MEFs upregulated CCL2 

expression in response to CSE, however WT-MEF did it to a greater extent compared to 

MCT4-KO MEFs (Fig. 5D). Next, we determined the effects of CTRL- and CSE- WT MEF 

on the migration capabilities of the mouse macrophage cell line RAW 264.7 by a transwell 

assay. CSE-exposed MEFs increased the migration of RAW 264.7 cells compared to CTRL-

MEFs (Fig. 5E). We were also interested in determining the effects of direct CS-exposure to 

macrophages on MCT4 expression. MCT4 protein level was assessed by flow cytometry in 

RAW 267.4 after a 24-hour treatment with 5% CSE or CTRL media. MCT4 was highly 

upregulated in the macrophages exposed to CSE (Fig. 5F), indicating that the metabolic 

effects of CSE are not limited to fibroblasts and could be broadened to other cells within the 

stroma.

Co-injection of carcinoma cells with CSE-fibroblasts increases tumor growth in vivo

To assess whether CSE-fibroblasts would have any effect on carcinoma cell growth in vivo, 

either CAL27 or FaDu cells were co-injected with CTRL- or CSE-BJ1 into the flanks of 

nude mice. Tumor size was followed and at day 24 mice were sacrificed and tumors 

harvested. Tumor growth curves show that co-injection with CSE-BJ1 increased tumor 

growth in both CAL27 (Suppl. Fig. 5A) and FaDu (Suppl. Fig. 5B) xenografts. Growth 

differences were significant as early as day 14, which was the first time point when tumor 

volumes could be measured. We collected tumors at two different time-points for purposes 

of performing different types of studies, as specified below. At the early time-point, tumor 

weights were already significantly different between CTRL- and CSE-BJ1 co-injections in 

both CAL27 (Suppl. Fig. 5C) and FaDu (Suppl. Fig. 5D) tumors. At the endpoint, xenografts 

generated from co-injections of carcinoma cells with CSE-BJ1 were larger than co-

injections with CTRL-BJ1 (Fig. 6A). The volume of CAL27 + CSE-BJ1 xenografts were 2.1 

fold (Fig. 6B), and the FaDu + CSE-BJ1 xenografts were 4.7 fold (Fig. 6C) larger than their 

respective controls.

As we had seen differences in cancer apoptosis and cell death in co-culture studies, we 

evaluated apoptosis rates in the tumors at the early time-point, when both groups of tumors 

were actively growing. TUNEL staining revealed decreased cancer cell apoptosis rates in the 

CSE-BJ1 co-injections in both CAL27 and FaDu xenografts (Fig. 6D, E).

As studies show that CSE induces a pro-inflammatory state in fibroblasts, and our in vitro 

work demonstrates that CSE-fibroblasts promote macrophage recruitment, we assessed the 

inflammatory infiltrates in the tumors at the end-point. We performed IHC staining for the 

leucocyte marker CD45, and CD68, a marker of macrophages and other mononuclear 
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phagocytes on frozen tumor sections. Xenografts from CAL27 co-injected with CSE-

fibroblasts had more CD45+ and CD68+ tumor infiltration than the control co-injection 

xenografts (Fig. 6F). Quantification of the IHC staining revealed a 4- and 2.1-fold increase 

in the percentage area invaded by CD45+ and CD68+ cells, respectively (Fig. 6G). FaDu 

xenografts had high intratumoral and intertumoral variability in macrophage infiltration, and 

quantification of the IHC staining showed no significant differences in the percentage of 

area invaded by CD45+ or CD68+ cells between CSE and CTRL groups (Suppl. Fig. 5. E, 

F).

CSE-induced MCT4 in fibroblasts drives tumor growth

Finally, we wanted to investigate whether stromal MCT4 expression is a driver of the more 

aggressive growth in tumors observed when cancer cells were co-injected with CSE-

fibroblasts. We generated an allograft model by co-injecting MTEC cells with WT MEFs or 

MCT4-KO MEFs into the flanks of C57BL6 mice. No significant differences in tumor 

volume and weight were observed between co-injections of MTEC with control WT MEFs 

and control MCT4-KO MEFs at baseline (Fig. 7A). However, when using MEFs that had 

been treated with CSE, allografts generated from the co-injection with CSE WT MEF had 

larger volumes and weight than co-injections with CSE MCT4-KO MEFs (Fig. 7B).

High MCT4 expression is associated with an immune-poor or fibroblast-rich tumor stroma

HNSCC samples from 36 subjects were stained for MCT4 to better understand its 

relationship with type of stromal infiltrate (immune-rich versus immune-poor), tobacco use 

and HPV status. The mean age of the subjects was 64 with a range of 41 to 85 and 28 

subjects were male and 8 were female. Supplementary table 1 summarizes the subject’s 

baseline characteristics. High stromal MCT4 expression was associated with the presence of 

immune-poor stroma (p<0.015) (Supplementary Table 2). The predominant stromal cell type 

in all cases of immune-poor stroma were fibroblasts. HPV+ disease was associated with an 

immune-rich stroma (p<0.045), which is consistent with HPV+ disease arising in the 

lymphoid tissue of the base of tongue and tonsil. However, tobacco use was not associated 

with an immune-poor stroma. Also, no statistically significant differences were found in 

stromal MCT4 expression based on tobacco use or HPV status.

Discussion

Cigarette smoke causes many changes in the microenvironment of head and neck 

carcinomas. Here, we show that cigarette smoke induces phenotypic changes, including 

metabolic reprogramming, in fibroblasts, and that these altered fibroblasts are sufficient to 

reprogram the overall metabolism of HNSCC and induce its aggressiveness in vitro and in 
vivo. Moreover, we demonstrate that stromal monocarboxylate transporter MCT4 drives 

cancer aggressiveness in the context of cigarette smoke and describe the aryl hydrocarbon 

receptor (AhR) pathway as a novel pathway regulating the expression of MCT4.

The tumor stroma supports cancer cells and, for example, CAFs promote proliferation, 

migration, invasion, and resistance to anti-cancer drugs in a wide array of cancers, including 

HNSCC37. CAFs phenotypically differ from normal fibroblasts since they have increased 
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remodeling of the extracellular matrix and increased levels of soluble factors and cytokines, 

which drive a host of effects on carcinoma cells38. CAFs also have a reprogrammed 

metabolism with high glycolytic flux, autophagy and senescence, which are cellular 

processes that provide a nutrient-rich environment for cancer cells39. Metabolically 

reprogrammed CAFs have been identified in the tumor stroma of HNSCC and have been 

shown to promote malignant progression9, 40, 41. Here, we demonstrate that cigarette smoke 

metabolically reprograms fibroblasts. CSE exposure increases glycolysis rates in fibroblasts, 

as seen by upregulation of MCT4 and increases secretion of lactate, as well as inducing 

senescence. Generation of ROS drives glycolysis and senescence35, 42 and the current study 

demonstrates that oxidative stress is a mechanism by which CSE exerts these effects on 

fibroblasts.

MCT4 is a marker of tumor-associated fibroblasts in a number of cancers, including 

HNSCC, and is not present in the normal fibroblasts within the adjacent tissue9. An MCT4-

high stroma may be able to promote transformation by oxidative stress and lactate 

production. Increased MCT4 expression in the tumor stroma has been associated with 

decreased overall survival or decreased disease-free survival in several human 

malignancies43. In HNSCC, MCT4 expression in CAFs is associated with higher tumor 

stage9 and development of invasive HNSCC in a chemical carcinogenesis model36. Our 

cohort of patients revealed that tumors with a stroma rich in CAFs, as opposed to a stroma 

rich in immune cells, is associated with high stromal MCT4 expression. In addition, high 

stromal expression of the carbonic anhydrase IX (CA IX), another marker of oxidative stress 

and glycolysis, is associated with a poor prognosis in HNSCC44. There is an interest in 

developing therapies against CAFs or the elements participating in the cross-talk between 

stromal and cancer cells37. Here we report ways to modulate fibroblast MCT4 in order to 

revert the CAF phenotype induced by cigarette smoke. The AhR pathway regulates 

inflammatory responses29 and protects fibroblasts from CSE-induced oxidative stress26–28. 

Stimulation of the AhR with the agonist L-KYN decreased the pro-inflammatory 

transcription factor NF-κB, consistent with the anti-inflammatory role of AhR, at the same 

time that it downregulated MCT4 expression. However, L-KYN was not able to promote 

viability of fibroblasts exposed to smoke. Conversely, the antagonist α-NF increased both 

NF-κB and MCT4 expression, and had an additive effect to cigarette smoke. This is the first 

publication demonstrating that signaling through the AhR modulates MCT4 expression. 

Additionally, we studied the effects of antioxidants in our model. Treatment with glutathione 

abrogated the effects of CSE on ROS levels, MCT4 expression, and lactate secretion in 

fibroblasts. Also, fibroblasts lacking MCT4 had increased rates of CSE-induced apoptosis 

and cell death compared to MCT4-expressing fibroblasts, an effect abolished by glutathione 

treatment. Altogether, our data demonstrates that oxidative stress generated by CSE 

exposure is a main driver of MCT4 upregulation in fibroblasts, and that MCT4 expression is 

necessary for fibroblast survival under these conditions.

Cancer cells reprogram stromal cells to derive nutrients, establishing a metabolic 

cooperation that favors tumor progression45. The co-existence of reprogrammed CAFs with 

high glycolytic metabolism and proliferative cancer cells with high mitochondrial oxidative 

metabolism is known as “two-compartment tumor metabolism”. Metabolic 

compartmentalization with high stromal MCT4 and/or high cancer cell MCT1 and 
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TOMM20, markers of mitochondrial metabolism, occurs in HNSCC9. Co-culture models in 
vitro and co-injection models in vivo are useful to study the influence of the stroma on 

carcinoma cells7, 11, 41. In breast cancer, a co-culture model of fibroblasts and human breast 

adenocarcinoma cells showed that the lactate released by fibroblasts induces mitochondrial 

biogenesis in adjacent carcinoma cells46. Here we saw that carcinoma cells co-cultured with 

CSE-fibroblasts upregulated MCT1 and TOMM20 expression, compared to carcinoma cells 

co-cultured with unexposed fibroblasts. Moreover, culture of carcinoma cells with 

conditioned media (CM) from CSE-fibroblasts also induced MCT1 and TOMM20 

expression, compared to CM from CTRL-fibroblasts. These data suggests that increased 

stromal MCT4 and lactate production, together with soluble factors, are sufficient to induce 

the metabolic reprograming of carcinoma cells.

When we studied the effects of reprogrammed fibroblasts on carcinoma cell aggressiveness 

we found that co-cultures of carcinoma cells with CSE-exposed fibroblasts greatly reduced 

apoptosis and cell death rates in the carcinoma compartment. Co-injection of carcinoma 

cells with CSE-exposed fibroblasts generated larger tumors than co-injection with 

unexposed fibroblasts. It is well described that tumor associated fibroblasts enhance features 

of aggressiveness in HNSCC cells38, however we are the first to show that a 

microenvironment exposed to CS may be further permissive for HNSCC progression. We 

also demonstrated that MCT4 upregulation in CS-fibroblasts is an important driver of this 

effect. Co-injection of syngeneic carcinoma cells with MCT4-KO MEFs exposed to CS 

generated smaller tumors than co-injections with CS-exposed WT MEFs. No significant 

difference was observed in the co-injections with unexposed WT and MCT4-KO MEFs, 

which can be explained by the low basal MCT4 levels in WT MEFs, resembling those of an 

MCT4-KO MEF. When WT MEFs are stimulated with CS, MCT4 levels rise, and a 

differential effect versus the MCT4-KO MEFs can be seen. Future studies will need to 

confirm that the difference in growth is due to low baseline levels of MCT4. We demonstrate 

that CS-reprogrammed fibroblasts are capable of switching cancer cell metabolism toward a 

more oxidative metabolism and this metabolic reprogramming in carcinoma cells may be 

also involved in the promotion of cancer cell aggressiveness. Further studies will need to be 

performed to assess the effects of mitochondrial inhibitory drugs on tumor growth. HMGB1 

arises as another candidate to mediate the cancer-promoting effects of CSE-exposed stroma. 

HMGB1 is a nuclear factor that can be released from the cell in response to oxidative 

stress47. In our model, CS exposure decreases nuclear HMGB1, presumably releasing it to 

the extracellular media. Extracellular HMGB1 plays signaling functions through its RAGE 

receptor that have been shown to promote features of aggressiveness in HNSCC among 

other cancers48–50. Moreover, HMGB1 acts also as a pro-inflammatory cytokine. Altogether, 

these results demonstrate that CS-induced reprogramming of fibroblasts creates a more 

favorable tumor microenvironment that induces a metabolic switch in carcinoma cells and 

promotes their aggressiveness.

HNSCC has abundant immune infiltration51. CD68, a macrophage marker, is abundantly 

expressed in HNSCC tumor tissue, as opposed to normal tissue, and correlates with 

aggressive behavior, lymph node metastasis, increased incidence of extracapsular spread, 

and overall worse survival52–54. We determined the effects of fibroblast CSE exposure on 

macrophage recruitment. CSE-exposed fibroblasts have increased levels of the chemokine 
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CCL2 and are capable of inducing migration of macrophages in vitro. Moreover, we 

assessed the expression of the inflammatory markers CD45, which is a pan-leukocyte 

marker, and CD68 in our tumors. Despite being and immunocompromised host, nude mice 

have an intact innate immune system with functional macrophages. Tumors generated from 

the co-injection with CS-fibroblasts had higher expression of CD45 and CD68, 

predominantly within the stroma, compared to co-injections with CTRL-fibroblasts. Our 

data fits with other studies that show that exposure of mice to CSE induces macrophage 

recruitment in lung tissues and lung tumors, and that these macrophages are polarized to a 

pro-tumorigenic phenotype55, 56. In HNSCC, macrophages promote cell migration, invasion 

and lymph node metastasis in in vitro and in vivo models, and are associated with worse 

outcome in patients53, 57, 58. Moreover, studies show the correlation between the density of 

CAFs and TAMs with poor outcome in HNSCC59, 60. Furthermore, one study reported that 

protumorigenic macrophage polarization is promoted in HNSCC tumors with high lactic 

acid concentrations61. Interestingly, CS-fibroblasts in our model secrete much higher lactate 

than CTRL-fibroblasts. Our data supports that CS-exposed CAFs with high MCT4 and 

lactate secretion are capable of recruiting tumor-associated macrophages (TAMs) and 

promote tumor progression. Future studies will determine the role of MCT4 in the crosstalk 

between CAFs and TAMs, as well as the contribution of TAMs to tumor growth in the 

context of a CS-exposed stroma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

HNSCC head and neck squamous cell carcinoma

CAF cancer-associated fibroblast

CS cigarette smoke

CSE cigarette smoke extract

CM conditioned media

MEF mouse embryonic fibroblast

MCT4 monocarboxylate transporter 4

MCT1 monocarboxylate transporter 1

TOMM20 translocase of the outer mitochondrial membrane 20
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pRB phospho-retinoblastoma

β-gal β-galactosidase

OXPHOS oxidative phosphorylation

ROS reactive oxygen species

NAC N-acetyl cysteine

GSH glutathione

AhR aryl hydrocarbon receptor

L-KYN L-kynurenine

α-NF α-naphthoflavone

AnnV annexin-V

PI propidium iodide

GFP green fluorescent protein
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Implications:

Cigarette smoke shifts cancer-stroma towards glycolysis and induces head and neck 

cancer aggressiveness with a mitochondrial profile linked by catabolite transporters and 

oxidative stress.
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Figure 1. 
Cigarette Smoke induces senescence and a metabolic switch towards glycolysis in 

fibroblasts. BJ1 fibroblasts were cultured in standard or cigarette smoke extract (CSE) media 

(CTRL-BJ1 and CSE-BJ1, respectively) for 6 days, refreshing the media every 2 days. A, 
Visual assessment of fibroblast density and morphology under the miscroscope at 10X. B, 
Analysis of the proliferation marker p-RB by western blot. C-D, Analysis of the markers of 

senescence β-gal and HMGB1 by immunofluorescence (C) and western blot (D). E-F, 
Analysis of the marker of glycolysis MCT4 by immunofluorescence (E) and western blot 

(F). In all immunofluorescence staining, β-gal, HMGB1 and MCT4 are shown in red, and 

nuclei are shown in blue (DAPI). DAPI channel intensity was removed in HMGB1 zoom-ins 

to appreciate nuclear staining. Confocal microscopy images were acquired at the 40X 

magnification, with additional 2x zoom for HMGB1 and MCT4. Scale bar: 50 μm (β-gal) or 

20 μm (HMGB1 and MCT4). G, Assessment of lactate levels in media of CTRL- and CSE-

BJ1 by colorimetric assay. H, Assessment of intracellular ROS levels of CTRL- and CSE-

BJ1 by flow cytometry.
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Figure 2. 
Signaling through the aryl hydrocarbon receptor (AhR) modulates expression of MCT4 in 

fibroblasts. BJ1 fibroblasts were cultured in CTRL- and CSE-media and treated with 

increasing concentrations of the AhR agonist L-kynurenine (L-KYN) or the antagonist α-

naphthoflavone (α-NF). A, Western blot assessment of MCT4 and NF-κB expression in 

CTRL-BJ1 untreated or treated with 50 and 100 μM of L-KYN. B, Immunofluorescence 

staining of MCT4 (red) in CTRL-BJ1 untreated or treated with 100 μM L-KYN. Merged 

images show GFP-expressing BJ1 in green and nuclei stained with DAPI in blue. Scale bar: 

50 μm. C, Western blot assessment of MCT4 and NF-κB expression in CTRL-BJ1 treated 
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with 5 and 10 μM of α-NF or vehicle DMSO. D, Immunofluorescence staining of MCT4 

(red) in CTRL-BJ1 treated with 10 μM α-NF or vehicle DMSO. Merged images show GFP-

expressing BJ1 in green and nuclei stained with DAPI in blue. Scale Bar: 50 μm. E-F, 
Apoptosis and cell death percentages assessment of CTRL- and CSE-BJ1 treated with L-

KYN (E) or α-NF (F). Apoptosis was detected by annexin V (AnnV) staining and cell death 

by propidium iodide (PI) staining by flow cytometry.
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Figure 3. 
The antioxidant glutathione abrogates the effects of CSE. Fibroblasts were cultured in 

CTRL- or CSE-media and treated with 30 μg/ml of liposomal glutathione (GSH). A, Crystal 

violet (CV) staining of CTRL- and CSE-BJ1 untreated or treated with GSH. B-C, 
Assessment of intracellular ROS levels in (B), MCT4 expression (C), and secreted lactate 

levels (D) in BJ1 fibroblasts, by flow cytometry. E, Assessment of cell viability in WT and 

MCT4-KO MEF exposed to CSE in the presence or absence of GSH. Left, flow cytometry 

contour plots of representative samples. AnnV staining intensity is represented in the X-axis 

and PI staining on the Y-axis. Dead cells are found in quadrant 1 (Q1), apoptotic cells in 

Q2+Q3, and live cells in Q4. Right, quantification of quadrants Q1-Q3 corresponding to 

apoptotic and dead cells (AnnV and/or PI positive).
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Figure 4. 
CSE-fibroblasts induce markers of mitochondrial metabolism on carcinoma cells. A-D, 
CAL27 and FaDu cells were co-cultured with CTRL- or CSE-BJ1 and cancer cell MCT1 

and TOMM20, and fibroblast MCT4 expression was assessed by flow cytometry. A, Flow 

cytometry plots and quantification of MCT1 (top) and TOMM20 (bottom) staining intensity 

in CAL27 co-cultures. B, Flow cytometry plots and quantification of percentage of cells 

expressing MCT1 (top) and TOMM20 (bottom) in FaDu co-cultures. C-D, MCT4 

expression in CTRL- and CSE-BJ1 after 4 days in co-culture with CAL27 (C) and FaDu (D) 

cells. E-F, MTEC cells were co-cultured with WT MEF previously exposed to CTRL or 
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CSE media, and cancer cell MCT1 and fibroblast MCT4 expression were assessed by flow 

cytometry. E, Flow cytometry plots and quantification of MCT1 staining intensity in MTEC 

cells. F, Flow cytometry plots and quantification of MCT4 staining intensity in WT MEFs 4 

days post-CTRL or CSE treatment. For all markers, staining intensity was gated into APC- 

and APC+ or PE- and PE+ based on the signal into the APC and PE channels, respectively, 

emitted by the unstained control. Only APC+ and PE+ populations were used for 

quantification.
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Figure 5. 
CSE-exposed fibroblasts increase features of tumor aggressiveness. A-B, CAL27 and FaDu 

cells were co-cultured with CTRL- or CSE-BJ1 and apoptosis and cell death rates were 

assessed by flow cytometry and cell migration by a transwell assay. A, Quantification of 

quadrants Q1-Q3 (from panel C) corresponding to apoptotic and dead CAL27 and FaDu 

carcinoma cells (AnnV and/or PI positive). B, Contour plots of AnnV (X-axis) and PI (Y-

axis) staining in CAL27 and FaDu cells co-cultured with fibroblasts. Dead cells are found in 

quadrant 1 (Q1), apoptotic cells in Q2+Q3, and live cells in Q4. C, Assessment of the 

migratory ability of CAL27 and FaDu carcinoma cells stimulated by CTRL- or CSE-BJ1. 
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On the left, crystal violet (CV) staining of the cells that migrated through the pores of the 

membrane; on the right, quantification of the percentage area of the membrane stained by 

CV. D-F, Assessment of the effects of CSE-fibroblasts on immune cell migration. D, 
Quantification of CCL2 mRNA levels in WT and MCT4-KO MEF exposed to CTRL- or 

CSE-media. E, Transwell migration assay with CV staining of RAW 264.7 cells that 

migrated through the membrane in response to WT MEFs previously exposed to CTRL- or 

CSE-media. F, Flow cytometry plots and quantification of MCT4 staining intensity in RAW 

264.7 exposed to CTRL- or CSE-media.
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Figure 6. 
CSE-exposure in fibroblasts promote tumor growth and inflammation. CAL27 and FaDu 

cells were co-injected with CTRL- and CSE-BJ1 into the flanks of immunocompromised 

nude mice A, Images of harvested tumor xenografts for gross volume comparison. B-C, 

Volumes of harvested tumor xenografts generated from CAL27 (B) and FaDu (C) and 

fibroblast co-injections. D-E, Apoptosis rates were measured by staining (D) and 

quantification (E) of TUNEL in CAL27 and FaDu tumor xenografts. F-G, IHC assessment 

of the pan-lymphocyte marker, CD45, and macrophage marker, CD68, on CAL27 tumor 
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samples. Representative areas of CD45 and CD68 infiltration (F) and quantification of 

percentage of stained area (G) in CAL27 xenografts.
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Figure 7. 
MCT4 expression in fibroblasts induced by CSE drives tumor growth. MTEC carcinoma 

cells were co-injected with unexposed or CSE-exposed WT and MCT4-KO MEFs into the 

flanks of C57BL/6 mice. A, Tumor volume (top) and weight (bottom) of harvested allografts 

generated from the co-injection of MTEC with control MEFs. B, Tumor volumes (top) and 

weights (bottom) of harvested allografts generated from the co-injection of MTEC with 

CSE-exposed MEFs.
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Visual Overview. 
Summary diagram of main findings and biological relevance. A, Exposure of fibroblasts to 

cigarette smoke induces ROS generation and a metabolic switch toward glycolysis, as seen 

by an upregulation of the glycolytic marker MCT4 and the increased secretion of lactate, 

end-product of glycolysis. Cigarette smoke extract (CSE) also induces cellular senescence 

and decreases cell viability in fibroblasts. Addition of the antioxidant glutathione (GSH) 

abrogates the effects of CSE by decreasing ROS levels and reducing MCT4 expression and 

lactate extrusion. B, AhR signaling is able to modulate MCT4 expression. L-KYN is an AhR 

agonist and reduces the inflammatory state of the cell, as seen by decreased NF-kB 
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expression, and also MCT4 levels. α-NF is an AhR antagonist and induces both NF-kB and 

MCT4 expression. C, CSE-exposed fibroblasts induce cancer cell aggressiveness both in 
vitro and in vivo. Carcinoma cells co-cultured with CSE-fibroblasts expressing high MCT4 

levels increase MCT1 expression and mitochondrial metabolism. Moreover, CSE-fibroblasts 

induce resistance to cell death and facilitate migration of carcinoma cells. Co-injection of 

carcinoma cells with CSE-fibroblasts promotes tumor growth in an MCT4-dependent 

manner. CSE-fibroblasts also have effects on macrophages. CSE-exposure induces CCL2 

secretion and increases migration of macrophages in vitro. Co-injection of carcinoma cells 

with CSE-fibroblasts promote the recruitment of macrophages into the tumor.
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