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CXCL11-CXCR3 Axis Mediates Tumor Lymphatic

Cross Talk and Inflammation-Induced Tumor,

Promoting Pathways in Head and Neck Cancers
Subhashree Kumaravel,* Sumeet Singh,* Sukanya Roy,* Lavanya Venkatasamy,* Tori K. White,* Samiran Sinha,y

Shannon S. Glaser,* Stephen H. Safe,z and Sanjukta Chakraborty*
From the Department of Medical Physiology,* Texas A&M Health Science Center College of Medicine, Bryan; and the Departments of Statisticsy and
Veterinary Physiology and Pharmacology,z Texas A&M University, College Station, Texas
Accepted for publication
C

h

December 19, 2019.

Address correspondence to
Sanjukta Chakraborty, Ph.D.,
Medical Physiology, College
of Medicine, Texas A&M
University, 2416 Medical
Research Building II, 8447
Riverside Parkway, Bryan, TX
77807. E-mail:
schakraborty@tamu.edu.
opyright ª 2020 American Society for Inve

ttps://doi.org/10.1016/j.ajpath.2019.12.004
Tumor metastasis to the draining lymph nodes is critical in patient prognosis and is tightly regulated by
molecular interactions mediated by lymphatic endothelial cells (LECs). The underlying mechanisms
remain undefined in the head and neck squamous cell carcinomas (HNSCCs). Using HNSCC cells and LECs
we determined the mechanisms mediating tumor-lymphatic cross talk. The effects of a pentacyclic
triterpenoid, methyl 2-trifluoromethyl-3,11-dioxoolean-1,12-dien-30-oate (CF3DODA-Me), a potent
anticancer agent, were studied on cancer-lymphatic interactions. In response to inflammation, LECs
induced the chemokine (C-X-C motif) ligand 9/10/11 chemokines with a concomitant increase in the
chemokine (C-X-C motif) receptor 3 (CXCR3) in tumor cells. CF3DODA-Me showed antiproliferative effects
on tumor cells, altered cellular bioenergetics, suppressed matrix metalloproteinases and chemokine
receptors, and the induction of CXCL11-CXCR3 axis and phosphatidylinositol 3-kinase/AKT pathways.
Tumor cell migration to LECs was inhibited by blocking CXCL11 whereas recombinant CXCL11 signifi-
cantly induced tumor migration, epithelial-to-mesenchymal transition, and matrix remodeling.
Immunohistochemical analysis of HNSCC tumor arrays showed enhanced expression of CXCR3 and
increased lymphatic vessel infiltration. Furthermore, The Cancer Genome Atlas RNA-sequencing data
from HNSCC patients also showed a positive correlation between CXCR3 expression and lymphovascular
invasion. Collectively, our data suggest a novel mechanism for cross talk between the LECs and HNSCC
tumors through the CXCR3-CXCL11 axis and elucidate the role of the triterpenoid CF3DODA-Me in
abrogating several of these tumor-promoting pathways. (Am J Pathol 2020, 190: 900e915; https://
doi.org/10.1016/j.ajpath.2019.12.004)
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Lymph node metastasis has been directly associated with
aggressive disease and poor patient outcome in multiple
cancers.1,2 Head and neck squamous cell carcinoma
(HNSCC) is the sixth most common cancer worldwide and
includes tumors of the oral cavity, paranasal sinuses, nasal
cavity, pharynx, and larynx.3 Squamous cell carcinomas ac-
count for approximately 90% of all head and neck cancers and
are formed in themucosal lining of these regions. Recurrent or
metastatic HNSCC displays frequent metastasis to lymph
nodes and is associatedwith a 5-year survival rate of<50%.4,5

In HNSCC, intratumoral lymphatics are reported to aid
nodal metastasis, resulting in local relapse of tumor.6
stigative Pathology. Published by Elsevier Inc
Accumulating evidence clearly points to an active role
played by the lymphatic endothelium in regulating tumor
entry and migration to the draining lymph nodes.7,8 Previ-
ous reports have suggested that lymphatic endothelial cells
(LECs) in tumor-associated lymphatic vessels display
altered phenotypes and secrete or express several specific
chemokines or chemokine receptors that define a tissue-
. All rights reserved.
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specific pattern of metastatic spread.5,9 Tumor cells, on the
other hand, are engaged in this bidirectional cross talk and
co-opt several pathways that are normally used by immune
cells to traffic through lymphatics and lymph nodes.10e12

Several chemokine/chemokine receptor pairs, such as che-
mokine (C-C motif) receptor 7 (CCR7)/chemokine (C-C
motif) ligand 21, chemokine (C-C motif) receptor 4
(CXCR4)/CXCL12, and chemokine (C-C motif) receptor 8
(CCR8)/chemokine (C-C motif) ligand 1, mediate tumor
lymphatic cross talk.13,14 However, these pathways are not
clearly defined for HNSCC tumors. The chemokine (C-X-C
motif) ligands 9,10,11 (CXCL9/10/11)-chemokine (C-C
motif) receptor 3 (CXCR3) signaling axis is a promising
target for drug development by activating the paracrine axis
that enhances immune activation and inhibiting the auto-
crine axis that regulates promotion of tumor growth and
metastasis.15 Because of the highly metastatic nature of
HNSCC, several combination therapies are used to enhance
antitumor activity.16,17 However, a major factor compli-
cating therapeutic regimens is that tumors in different mi-
croenvironments respond differently, depending on the cues
from their surrounding milieu.18 These scenarios warrant
identification of new compounds to treat HNSCC by
inhibiting pathways that promote tumor progression and
migration and inhibit local and distant metastasis by inhib-
iting tumor entry into lymphatics. Several structural classes
of triterpenoids, including betulinic acid, bardoxolone de-
rivatives, and structurally related glycyrrhetinic acid de-
rivatives, have been extensively investigated as anticancer
agents.19e21 These compounds inhibit cancer cell migration
and invasion; however, their effects on signaling pathways
that are important for the tumor-lymphatic cross talk are
unknown. In this study, we have used the glycyrrhetic acid
derivative, methyl 2-trifluoromethyl-3, 11-dioxo-18-olean-
1,12-dien-30-oate (CF3DODA-Me), as a model triterpenoid
for investigating effects on tumor lymphatic cross talk.

This study had two primary goals: delineating the mo-
lecular cross talk between LECs and the head and neck
tumor cells that induce tumor chemoattraction toward
lymphatics, causing activation of tumor-promoting mecha-
nisms, and investigating the efficacy of CF3DODA-Me on
LEC-mediated tumor chemoattraction and signaling mech-
anisms. These studies demonstrate that the CXCL11/
CXCR3 axis plays an important role in LEC-tumor cross
talk and activates several tumor-promoting pathways.
CF3DODA-Me exhibits significant antitumor effects and
inhibits several of these key pathways.
Materials and Methods

Ethics Statement

All experiments were performed in accordance with policies
and approval of Texas A&M University (College Station,
TX) Institutional Biosafety Committee.
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Cell Culture and Compound Treatment

Head and neck cancer cell lines SCC-9, FADU, and Detroit
562 were directly purchased from ATCC (Manassas, VA).
SCC-9 was grown in Dulbecco’s modified Eagle’s medium
(DMEM)eF12 medium supplemented with 10% fetal
bovine serum (FBS), 400 ng hydrocortisone, and 1% peni-
cillin/streptomycin, as recommended. FADU and Detroit
562 were grown in modified Eagle’s medium supplemented
with 10% FBS. Human LECs were obtained from Promo-
cell (Heidelberg, Germany) and grown in complete endo-
thelial growth medium (EGM-MV2; Promocell), as
previously described.22 The cells were maintained at 37�C
in a humidified atmosphere of 5% CO2 and routinely veri-
fied for lymphatic-specific markers lymphatic vessel endo-
thelial hyaluronan receptor 1 (LYVE1), prospero homeobox
1 (PROX1), and podoplanin (data not shown). LEC condi-
tioned medium (LEC-CM) was prepared by growing cells in
EGM-MV2 (without any growth factors) for 48 hours.
Lipopolysaccharide (LPS; 100 ng/mL), obtained from
Sigma Aldrich (St. Louis, MO), was used for inducing the
inflammatory response in the LECs, as described previ-
ously.23 For LPS-primed LEC conditioned medium (LPS-
LEC-CM), LECs were treated with LPS (100 ng/mL) for 24
hours. The culture medium was then removed and replaced
with EGM-MV2 (without any growth factors) and left for
another 48 hours. The culture supernatant was then collected
and centrifuged (1000 � g, 5 minutes) and either used
immediately or stored at �80 �C for later use. CF3DODA-
Me was synthesized, as described.24 Dimethyl sulfoxide was
used as vehicle control. All other chemicals and reagents
were from Sigma Aldrich unlessotherwise stated.

Cell Proliferation Assay

HNSCC cells were plated in 12-well plates. At 70% con-
fluency, the cells were primed with LEC-CM or LPS-LEC-
CM for 24 hours. Cells were then treated with varying
concentrations of CF3DODA-Me (1, 2, and 5 mmol/L) for
24 hours, as described before.24 Cells were then trypsinized,
and cell proliferation was determined by counting cells
using the Countess II Automated Cell Counter (Thermo
Fisher Scientific, Waltham, MA), as previously described.25

Seahorse Assay

The mitochondrial respiration and glycolysis of SCC-9 in
response to LEC-CM, LPS-LEC-CM, and CF3DODA-Me
were assessed using the Seahorse XFp Cell Energy
Phenotype Test Kit (Agilent Technologies, Santa Clara,
CA) in Seahorse XFe96 extracellular flux analyzer, ac-
cording to manufacturer’s instructions. Briefly, 5 � 104 cells
were plated per well in XFe96 plates and incubated with
complete DMEM/F12 cell culture medium in 5% CO2 at-
mosphere at 37�C for 24 hours. The medium was then
changed to 5% FBS containing EGM-MV2, LEC-CM, or
901
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LPS-LEC-CM and left for 24 hours. Then, CF3DODA-Me
was added at 2 or 5 mmol/L concentration while the control
groups received dimethyl sulfoxide. After 24 hours, the
medium was replaced with unbuffered DMEM XF assay
medium (pH adjusted to 7.4 using 1N sodium hydroxide)
supplemented with 2 mmol/L glutamine and 1 g/L glucose.
The cells were placed in a 37�C CO2-free incubator for 1
hour. The basal oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were then deter-
mined using the XFe96 plate reader using Wave software
version 2.1.6 (Agilent Technologies), as recommended by
the manufacturer. The OCR at time points before oligo-
mycin injection is associated with basal respiration and post-
FCCP [carbonyl cyanide-4 (trifluoromethoxy) phenyl-
hydrazone] injection is associated with maximal respiration.
The ECAR at time points before oligomycin injection is
associated with glycolysis and post-oligomycin injection is
associated with maximal glycolytic capacity.26,27 After
establishing a baseline for 18 minutes, OCR, ECAR, or
metabolic potential of all the groups, on the basis of stressed
OCR and stressed ECAR percentage, was monitored for 48
minutes. Results were normalized by staining cells using
CyqQUANT cell proliferation assay kit (Thermo Fisher
Scientific).28 Data were analyzed using the GraphPad
Prism software version 8.0.0 (GraphPad Software Inc., San
Diego, CA).

Apoptosis Assay

HNSCC cells were grown in a 12-well plate. At 70% con-
fluency, the cells were treated with or without LEC-CM and
LPS-LEC-CM for 24 hours. Cells were then treated with 1,
2, and 5 mmol/L of CF3DODA-Me for 24 hours. Apoptosis
assay was performed using Annexin V-FITC Apoptosis
Detection Kit (Sigma Aldrich). Briefly, the cells were
washed with phosphate-buffered saline trypsinized and
binding buffer containing Annexin V-FITC conjugate was
added and incubated for 10 minutes. Percentages of cells
stained with Annexin V-FITC were obtained with the
Countess II Automated Cell Counter (Thermo Fisher
Scientific).

Migration Assay

Migration of SCC-9, FADU, and Detroit 562 was assessed
by plating 1 � 105 cells in 8.0-mm pore PTE standing inserts
(Millipore, Burlington, MA) placed in a 24-well plate. LECs
were plated in the wells of the 24-well plate and EGM-MV2
medium containing 3% FBS (3% EGM-MV2) was used for
both inserts and lower chambers. For analyzing LEC
migration, 1 � 105 LECs were plated in 8.0-mm pore PTE
standing inserts (Millipore) that were coated with 50 mg/mL
of collagen. LECs were then allowed to migrate for 24 hours
toward SCC-9, FADU, or Detroit 562. For analyzing the
effect of CF3DODA-Me on SCC-9 or LEC migration, the
cells were treated with or without CF3DODA-Me (1, 2, or 5
902
mmol/L) for 24 hours. For CXCR3 blocking, SCC-9 cells
were treated with AMG487 (1 mmol/L; Tocris Bioscience,
Bristol, UK) for 24 hours. For inducing inflammatory
response in the LECs, they were treated with 100 ng/mL of
LPS for 24 hours before placement of inserts with SCC-9.
For CXCL11 inhibition, 1 mg/mL of CXCL11 neutralizing
antibody (R&D Systems, Minneapolis, MN) was added to
the LPS-treated LECs for the duration of the experiment. In
other experiments, to analyze the chemotactic role of
CXCL11 on SCC-9 cell migration, CXCL11 recombinant
protein (100 ng/mL; R&D Systems) was added to the wells
in plain DMEM-F12 medium. SCC-9 cells were trypsinized,
resuspended in plain DMEM or 3% EGM-MV2, and
allowed to migrate toward DMEM-F12 with 10% FBS
medium, LECs, or CXCL11 for 24 hours.
The inserts were washed with Dulbecco’s phosphate-

buffered saline, fixed with ice-cold methanol, and stained
with 0.5% crystal violet. Images were captured at �10
magnification from five different fields using an inverted
microscope (Nikon, Melville, NY). The number of cells was
counted using the ImageJ software version 1.52a (NIH,
Bethesda, MD; https://imagej.nih.gov/ij).

Cell Lysis and Western Blot Analysis

SCC-9 cells were treated with CF3DODA-Me with or
without LPS-LEC-CM or CXCL11 recombinant protein
(100 ng/mL) for 24 hours. LECs were treated with LPS
and then treated with compounds, as described above.
Cells were lysed using M-PER protein extraction buffer
(Thermo Fisher Scientific, Waltham, MA) and then soni-
cated. Protein was quantified using Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific). Proteins were
separated using Bolt 4% to 12% Bis-Tris gel (Invitrogen,
Thermo Fisher Scientific) and transferred onto a nitrocel-
lulose membrane (Invitrogen) and probed with antibodies
to phosphorylated AKT, AKT, phosphorylated STAT-3
(p-STAT-3), STAT-3, phosphorylated Janus kinase-2
(p-JAK-2), Janus Kinase 2 (JAK-2), phosphorylated
extracellular signal-regulated kinase 1/2 (p-ERK1/2),
ERK1/2, and b-actin (Cell Signaling Technology, Dan-
vers, MA). After incubation with the corresponding sec-
ondary antibody, proteins were visualized with the
Chemiluminescence Detection kit (Pierce, Thermo Fisher
Scientific) and imaged with ImageQuant LAS 4000 system
(GE Healthcare, Life Sciences, Chicago, IL). The densi-
tometric analysis of bands was performed with Image J
software version 1.52a, as described previously.21

RNA Isolation and Real-Time PCR

Total RNA was extracted from cells after different treat-
ments, as described above, using the Purelink RNA mini kit
(Thermo Fisher Scientific; according to the manufacturer’s
instructions). The quality and quantity of RNA were
determined using a Nanodrop (NanoDrop Technologies,
ajp.amjpathol.org - The American Journal of Pathology
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Wilmington, DE), and cDNA was prepared as described.22

Real-time PCR was performed for inflammatory markers,
cytokines, chemokines, matrix metalloproteinases (MMPs),
and epithelial-to-mesenchymal transition (EMT) markers
using SYBR Green (Applied Biosystems, Foster City, CA)
in a real-time thermal cycler (ABI Prism 7900HT sequence
detection system; Applied Biosystems). All reactions were
performed in triplicate. Primer sets (Sigma-Aldrich) used to
test the expression of candidate genes are listed in Table 1.
Data were analyzed using the 2�DDCt method,22 where
ubiquitin was used as the reference gene.

ELISA Assay for CXCL11

LECs were plated in 12-well plates and treated with CM
from SCC-9, FADU, Detroit 562, or LPS (100 ng/mL) for
24 hours, as described above. The medium was then
replaced with EGM-MV2, and conditioned medium was
collected from the primed LECs after 48 hours. Enzyme-
linked immunosorbent assay (ELISA) was performed using
the Human CXCL11/I-TAC Quantikine ELISA Kit (R&D
Systems, Minneapolis, MN), according to manufacturer’s
instructions. Values were represented as pg/mL.
Table 1 Primer Sequences Used for Real-Time PCR

Primer Forward sequence

CCR1 50-CACGGACAAAGTCCCTTGGA-30

CCR2 50-GCCTTTTTCACATAGCTCTTGGC-30

CCR7 50-TTCTTCACTGTCCTCCAAGC-30

CCR8 50-ATGCCGTGTATGCCCTAAAG-30

CXCR1 50-CTGTTCTGCTACGTGGAGATCC-30

CXCR3 50-CTCTGCTGGACCCCCTATCA-30

CXCR4 50-TATCTGTGACCGCTTCTACC-30

CXCR7 50-TGGTCAGTCTCGTGCAGCAC-30

CCL19 50-ATGTGAATCACTCTGGCCCAGGAA-30

CXCL9 50-TTTTCCTCTTGGGCATCATC-30

CXCL10 50-GAGCCTACAGCAGAGGAACC-30

CXCL11 50-GCTGTGATATTGTGTGCTACAGT-30

GLI1 50-AGGGCTGCAGTAAAGCCTTCA-30

IL1B 50-AAACAGATGAAGTGCTCCTTCCAGG-30

IL6 50-GTAGCCGCCCCACACAGA-30

IL8 50-GTGCAGTTTTGCCAAGGAGT-30

CCL2 50-ACTCTCGCCTCCAGCATGAA-30

MMP2 50-GCTGGCTGCCTTAGAACCTTTC-30

MMP7 50-GGGACATTCCTCTGATCCTAATGC-30

MMP9 50-GCACGACGTCTTCCAGTACC-30

MMP11 50-CAACATACCTCAATCCTGTCCC-30

MMP12 50-TTGAATATGACTTCCTACTCCAACG-30

MMP21 50-AACAATAGGACACGCTATGG-30

PTCH1 50-TGAGACTGACCACGGCCTG-30

SNAI2 50-ACATTAGAACTCACACGGGGA-30

TGFB2 50-AGTGGACATCAACGGGTTCAG-30

TWIST1 50-GGCTCAGCTACGCCTTCTC-30

TWIST2 50-AGCGACGAGATGGACAATAAGATGACC-30

UBC 50-AGTCCCTTCTCGGCGATTCT-30

VIM1 50-ACAACCTGGCCGAGGACATC-30

The American Journal of Pathology - ajp.amjpathol.org
Immunohistochemistry

Expression of CXCR3 and podoplanin was assessed in
commercially available paraffin-embedded deidentified
HNSCC tumor section arrays containing a total of 70 cases
of HNSCC and 10 normal tissues (Biomax US, Derwood,
MD). For detecting CXCR3 expression, deparaffinization,
antigen retrieval, and immunohistochemical staining with
CXCR3 antibody (1:500; Abcam, Cambridge, UK) steps
were performed. Fluorescent detection was performed with
Alexa Fluor 488, and images were captured using 20�
objective (Olympus, Tokyo, Japan). For podoplanin,
immunohistochemistry was performed, as described previ-
ously.29 Briefly, deparaffinized, antigen-retrieved array
sections were incubated with primary mouse anti-human
podoplanin and cytokeratin 19 antibodies and secondary
biotinylated antibody (LSAB Plus System-HRP; Dako
Cytomation, Glostrup, Denmark), then with Dako ABC for
20 minutes, and developed with 3,30-diaminobenzidine
(Dako Cytomation Liquid DAB Plus Substrate Chromogen
System). Images were captured using 20� objective
(Olympus). Semiquantitative analysis of positive staining
was performed, as previously described.13
Reverse sequence

50-TGTGGTCGTGTCATAGTCCTCTGT-30

50-AGGAGTCCTTGTGTAGTCACTTT-30

50-ACATTTCCCTTGTCCTCTCC-30

50-GCCTTGGTCTTGTTGTGGTT-30

50-CAGGGCGTATTCTAGCTGCTG-30

50-GTCTCAGACCAGGATGAATC-30

50-GCAGGACAGGATGACAATAC-30

50-GCCAGCAGACAAGGAAGACC-30

50-AAGCGGCTTTATTGGAAGCTCTGC-30

50-GAACAGCGACCCTTTCTCAC-30

50-GAGTCAGAAAGATAAGGCAGC-30

50-GCTTCGATTTGGGATTTAGGCA-30

50-CTTGACATCTTTTCGCAGCG-30

50-TGGAGAACACCACTTGTTGCTCCA-30

50-CATGTCTCCTTTCTCAGGGCTG-30

50-TTATGAATTCTCAGCCCTCTTCAAAAACTTCTC-30

50-TTGATTGCATCTGGCTGAGC-30

50-GAACCATCACTATGTGGGCTGAGA-30

50-GAATTACTTCTCTTTCCATATCGTTTCTGAATGC-30

50-GCACTGCAGGATGTCATAGGT-30

50-CAATGGCTTTGGAGGATAGC-30

50-GTGGTACACTGAGGACATAGCAAAT-30

50-CATCTCTTTTCCATGTCCAG-30

50-ACCCTCAGTTGGAGCTGCTTG-30

50-GTGTGCTACACAGCAGCCAGA-30

50-CATGAGAAGCAGGAAAGGCC-30

50-TCCTTCTCTGGAAACAATGACA-30

50-CGGTCCGGAGGTGGGTGGCG-30

50-GCATTGTCAAGTGACGATCACAGC-30

50-AGAGACGCATTGTCAACATCCTG-30
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TCGA Database Analysis of CXCR3 Expression in HNSCC
Patient Samples

HNSCC tumor data were obtained from The Cancer Genome
Atlas (TCGA), which provides a wide spectrum of genomic,
molecular, and clinical features. Using the R package
TCGA2STAT, the aggregated level 3 data available at the
Broad Institute GDACFirehose was downloaded. In particular,
the normalized counts in reads per kilobase of transcript, per
million mapped reads (RPKM) RNA-sequencing data,
measured via the Illumina HiSeq 2000 profiling method, were
downloaded for gene CXCR3 for 520 patients. Alongwith that,
the corresponding clinical variables, such as sex, age of diag-
nosis, pathologic stage, and pathologically determined absence,
presence, or extent of regional lymph node metastasis, as
defined by the American Joint Committee on Cancer (coded as
ajcc_nodes_pathologic_pn), were also downloaded. The
expression data were log2 transformed after adding a small
constant of 0.1 with the expression. Pathologic stage was
available foronly448subjects.Becauseof lowpatient numbers,
the stage variable was reclassified into three categories, stages I,
II, and combined stages III and IV. The pathologically deter-
mined lymph node metastasis was also categorized as yes and
no, and referred to as LNM. To determine any association of
CXCR3 expression with clinical parameters, a multinomial
logistic model and a likelihood ratio test were used.

Statistical Analysis

All experiments were performed at a minimum in triplicate.
Mean values of different treatment groups were compared
statistically using analysis of variance, followed by Fisher
least significant difference tests or using t-tests with
GraphPad Prism software, as appropriate. Values are rep-
resented as means � SEM. Groups were identified as
significantly different if P � 0.05.

Results

HNSCC Cell Lines Show Increased Migration and
Chemoattraction in Response to LECs and Vice Versa

Interaction between LECs and tumor cells is the first step
during the process of LNM. Here, the migration of three head
and neck cancer cell lines, of different origin and metastatic
stages (SCC-9, FADU, and Detroit 562), toward LECs and
vice versa was investigated. Among the three cell lines, SCC-
9 was found to show significantly higher migration
(P � 0.0001) in response to LECs, followed by FADU
(P � 0.001) and then Detroit 562 (P � 0.01) (Figure 1A).
LECs also migrated significantly more toward SCC-9
(P � 0.001), which was 1.89-fold compared with control
and 1.4-fold toward Detroit 562 (P � 0.05) (Figure 1B).
LECs did not show significant increase in migration toward
FADU compared with the corresponding control
(Figure 1B). These results indicate that among the three head
904
and neck cancer cells studied, the interaction between SCC-9
and LEC was more pronounced. Furthermore, SCC-9 is a
squamous carcinoma line that is representative of >90% of
head and neck cancer types. Hence, for analysis of detailed
molecular pathways that mediate LEC-tumor interactions,
this study focused primarily on SCC-9. To understand the
chemokine-chemokine receptor interactions involved in this
process, PCR analysis of chemokine receptors expressed by
SCC-9 cells treated with LEC conditioned medium was
performed (Figure 1C). LEC-CM treatment significantly
increased the mRNA expressions of CCR7 (P� 0.01), CCR8
(P � 0.05), and CXCR3 (P � 0.01) in SCC-9 cells; and
maximum increase was observed in CXCR3 levels (2.19-fold
compared with control) (Figure 1C).

CF3DODA-Me Inhibits Proliferation and
Tumor-Promoting Pathways in HNSCC Cells

CF3DODA-Me, exhibits potent anticancer activities24 and
was investigated for its effects on proliferation and migra-
tion of SCC-9 cells. Treatment with CF3DODA-Me signif-
icantly inhibited proliferation of SCC-9 cells at all the
concentrations tested (1, 2, and 5 mmol/L) (Figure 1D). On
the other hand, both LEC-CM and LPS-LEC-CM induced
significant proliferation compared with control (20% and
41.6% increase compared with control, respectively). This
observed increase was also significantly inhibited by treat-
ment with CF3DODA-Me (Figure 1E). However, the inhi-
bition in proliferation by the highest concentration of
CF3DODA-Me (5 mmol/L) was less pronounced than that
observed in tumor cells directly treated with CF3DODA-Me
(72% decreased proliferation observed in SCC-9 cells alone
compared with the 32% and 23% decrease in SCC-9 cells
treated with LEC-CM and LPS-LEC-CM, respectively, after
treatment). In addition, an XTT [2,3-Bis-(2-Methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide, diso-
dium salt] assay was also performed to measure changes in
cell proliferation, which corroborates the data above (data
not shown). CF3DODA-Me at 2 and 5 mmol/L concentra-
tions significantly increased annexin V-FITC positive SCC9
cells (80% and 71%, respectively), indicating that the
compound induced apoptosis of the tumor cells (Figure 1F).
LEC-CM or LPS-LEC-CM treatment alone did not affect
apoptosis of SCC-9 cells; however, CF3DODA-Me signifi-
cantly induced apoptosis even after addition of LEC-CM or
LPS-LEC-CM in the HNSCC cells with the 5 mmol/L
concentration, resulting in 44% and 49% of cells staining
with annexin V, respectively (Figure 1G).
Next, its effect on cancer cell migration were studied. Cells

were pretreated with the compound and placed in 8-mm pore
size PTE inserts and migration was followed for 24 hours
(Figure 1H). Treatment with CF3DODA-Me significantly
decreased migration of SCC-9 cells at all concentrations
tested: 1 mmol/L (P � 0.001) and 2 and 5 mmol/L
(P � 0.0001) (Figure 1H). Because remodeling of the
extracellular matrix is an important event in early tumor
ajp.amjpathol.org - The American Journal of Pathology
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metastasis and promotes migration, the effects of
CF3DODA-Me on expression of several MMPs that play
important roles in the invasion and metastasis of HNSCC and
directly modulate angiogenesis and tumor-induced lym-
phangiogenesis were analyzed.30 CF3DODA-Me signifi-
cantly inhibited expression of several MMP mRNAs,
including MMP2, MMP7, MMP9, MMP11, and MMP21
(Figure 1I). In addition, CF3DODA-Me decreased the
expression of several chemokine receptors that were induced
in the HNSCC cells in response to LEC-CM, such as CCR7,
CCR1, CXCR3, and CXCR7 (Figure 1J). This demonstrates
that CF3DODA-Me suppresses chemokine-mediated tumor-
lymphatic interactions and suppresses several matrix
remodeling genes that promote tumor migration.

CF3DODA-Me Alters HNSCC Cellular Bioenergetics and
Decreases Metabolic Potential of HNSCC Cells

As it is well established that the basal requirement of
cancer cells to proliferate relies on energy production,
some of the observed changes in proliferation could also
be due to changes to metabolic activity of the tumor cells.
To determine whether CF3DODA-Me mediated the anti-
proliferative effect by altering tumor metabolism and
cellular bioenergetics of SCC-9 cells, the Seahorse Cell
Energy Phenotype assay was performed (Figure 2). In this
assay, CF3DODA-Meemediated changes in metabolic
potential of SCC-9 cells were followed by focusing on
two major energy producing pathways, mitochondrial
respiration and glycolytic pathway, via measuring OCR
and ECAR, respectively, calculating the specific rates
after injection of oligomycin (ATP synthase inhibitor) and
FCCP (uncoupler of mitochondrial oxidative phosphory-
lation) in real time. The Seahorse assay medium was
supplemented with glucose and glutamine. Interestingly,
the OCR associated with the basal respiration of SCC-9
cells increased significantly when primed with inflamed
LEC-CM (P � 0.01) (Figure 2A). CF3DODA-Me treat-
ment of control or LPS-LEC-CM primed SCC-9 cells
significantly decreased the OCR associated with the basal
respiration (P � 0.0001 or P � 0.05, respectively).
However, it was not effective in decreasing the basal
respiration of LEC-CM primed SCC-9 cells. The maximal
respiration after FCCP injection of LPS-LEC-CM primed
SCC-9 cells increased significantly compared with the
control SCC-9 cells (P � 0.05). CF3DODA-Me treatment
significantly reduced the maximal respiration of control
SCC-9 cells (P � 0.0001) as well as LEC-CM or LPS-
LEC-CM treated SCC-9 cells (P � 0.0001).

Priming of SCC-9 cells with LEC-CM or inflamed
LEC-CM did not alter the ECAR of SCC-9 cells
(Figure 2B). CF3DODA-Me treatment significantly
increased the baseline ECAR in control as well as
LPS-LEC-CM primed SCC-9 cells (Figure 2B). This
indicated the compound’s ability to increase the glycolytic
rate of cells. After oligomycin injection, the ECAR of
The American Journal of Pathology - ajp.amjpathol.org
control or LEC-CM/LPS-LEC-CM primed SCC-9 cells
significantly increased compared with their respective
baseline ECAR. This denotes that priming of SCC-9 cells
with LEC-CM/LPS-LEC-CM increases the maximal
glycolytic capacity of SCC-9 cells. CF3DODA-Me treat-
ment inhibited this increase in ECAR in the control LEC-
CM or LPS-LEC-CM primed SCC-9 cells (Figure 2B).
However, CF3DODA-Me treatment did not alter the
maximal glycolytic capacity associated ECAR in the
control or LEC-CM or LPS-LEC-CM primed SCC-9 cells
(Figure 2B). Figure 2C depicts the overall changes in
metabolic potential under the different treatment condi-
tions. Under stressed condition, the compound signifi-
cantly decreased the metabolic potential at 5 mmol/L
concentration in control SCC-9 cells (P � 0.0001) as well
as in LEC-CM (P � 0.01) or LPS-LEC-CM (P � 0.001)
primed cells (Figure 2C). These results suggest that the
drug CF3DODA-Me alters metabolism of HNSCC cells
through activating glycolytic pathway while reducing
mitochondrial respiratory pathway.

Inflamed LECs Cause Increased Migration of HNSCC
Cells and Induce Several Inflammatory Cytokines and
Chemokines that Mediate Tumor-LEC Cross Talk

During inflammation, LECs produce several chemokines
and cytokines that promote leukocyte entry and modulate
the process of inflammation.31,32 Cancer cells hijack several
of those same pathways by expressing cognate receptors or
ligands to enter the lymphatics.10 We hypothesized that a
bidirectional cross talk between LECs and tumor cells
promotes tumor lymph node dissemination in HNSCC and
that these mechanisms are more pronounced during
inflammation. To investigate how LECs impact the migra-
tory behavior of SCC-9 cells, we tested how conditioned
medium from inflamed and noninflamed LECs modified the
migration of SCC-9 cells. LECs that were inflamed signif-
icantly induced migration of the cancer cells, compared with
the LECs alone, and CF3DODA-Me significantly sup-
pressed this LEC-induced increase in tumor cell migration
(P � 0.0001) (Figure 3A). To identify the potential factors
that are important to increase proliferation and migration of
SCC-9 cells in the presence of inflamed LECs, we analyzed
the expression of specific chemokine receptors in normal
versus LPS-LEC-CM treated SCC-9 cells and the effect of
CF3DODA-Me on these using real-time PCR (Figure 3B).
The mRNA levels of chemokine receptors CXCR3
(P � 0.01) and CXCR7 and CCR7 (P � 0.01) were
increased in inflamed LEC-CM treated SCC-9 cells; and
levels of CXCR3 (P � 0.0001), CXCR7 (P � 0.001), and
CCR7 (P � 0.01 and P � 0.05) mRNA were decreased after
treatment with CF3DODA-Me.

Oncogenic mechanisms regulating AKT and ERK medi-
ated pathways within tumor cells also contribute to tumor
invasion and chemoresistance in multiple tumor types.33

Hence, we investigated the effects of CF3DODA-Me on
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expression of phosphorylated AKT and p-ERK in HNSCC
tumor cells in both the presence and the absence of LPS-
LEC-CM (Figure 3, C and D). The expression of p-ERK
and phosphorylated AKT significantly decreased after treat-
ment of cells with CF3DODA-Me. In the presence of LPS-
LEC-CM, an increase in p-STAT-3 levels was observed.
However, the levels of phosphorylated AKT and p-ERK
were not increased. Interestingly, the compound was not as
effective in reducing the expression of these proteins in SCC-
9 cells treated with LPS-LEC-CM in contrast to their effects
in control SCC-9 cells (Figure 3D).

CXCL9/10/11-CXCR3 Axis Is Induced in Inflamed LECs
along with Other Tumor Modulatory Cytokines

To determine some of the molecular factors that potentially
mediate the increased proliferation and migration of SCC-9
cells in the presence of inflamed LECs, the gene expression
of specific chemokines and cytokines in inflamed versus
normal LECs was analyzed. Interestingly, LPS significantly
induced the mRNA levels of chemokines in LECs by
severalfold, particularly the CXCR3 ligands CXCL9
(P � 0.001), CXCL10 (P � 0.01), and CXCL11 (P � 0.01).
LPS also increased expression of cytokines IL1B
(P � 0.01), IL8 (P � 0.05), IL6 (P � 0.05), and CCL2/
MCP1 (P � 0.01) (Figure 4A), whereas 2 mmol/L
CF3DODA-Me significantly decreased inflammation-
mediated activation of these cytokines and chemokines.

As LPS induced CXCL9, CXCL10, and CXCL11 in LECs,
the induction of JAK/STAT in these cells was further studied,
as STAT-3 has been reported to be involved in CXCL11
production.34 LPS significantly increased p-STAT-3
(P � 0.01). CF3DODA-Me significantly decreased the LPS-
induced levels of p-JAK-2 (P � 0.01, P � 0.001, and
P � 0.0001 for 1, 2, and 5 mmol/L concentrations, respec-
tively) and p-STAT-3 (P � 0.01 for all three doses)
(Figure 4B).

Because tumor cells produce several chemotactic and
lymphangiogenic molecules that increase LECmigration, we
investigated how LECs migrated in response to SCC-9 cells
(Figure 4C). LEC invasion toward SCC-9 cells was signifi-
cantly higher than in response to the medium
Figure 1 Headandneck squamous cell carcinoma (HNSCC) cells show increasedmi
promoting pathways are inhibited bymethyl 2-trifluoromethyl-3,11-dioxoolean-1,12-
tomigrate toward LECs. In control groups, the cells were allowed tomigrate toward LEC
Number of cells migrated is plotted. B: LECs were allowed to migrate toward Detroit
Number of cells migrated is plotted. C: Relative mRNA expression of chemokine recept
time PCR. DeI: Novel triterpenoid CF3DODA-Me inhibits HNSCC proliferation and migra
hours, trypsinized, counted, and representedas percentage cell proliferation.E: Cellsw
1, 2, and 5mmol/L of CF3DODA-Me for 24hours, trypsinized, counted, and represented
5 mmol/L of CF3DODA-Me, and annexin V apoptotic assay was performed. G: Cells were
CF3DODA-Me, and annexin V apoptotic assay was performed. H: For testing migratio
CF3DODA-Me, trypsinized next day, and allowed tomigrate toward completemedium. T
onmatrix remodelingeassociatedgeneexpression.J: Effectof CF3DODA-Meonexpress
are expressedasmeans� SEM(AeG, I, and J). *P< 0.05, **P< 0.01, ***P< 0.001, a
versus LEC-CM; zzP < 0.01, zzzzP < 0.0001 versus LPS-LEC-CM. Scale barsZ 100 mm
modified Eagle’s medium; DMSO, dimethyl sulfoxide; MMP, matrix metalloproteinase.
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alone (P� 0.0001). However, this was decreasedwhen tumor
cells were pretreated with 1 mmol/L (P � 0.01), 2 mmol/L
(P � 0.001), and 5 mmol/L (P � 0.0001) of CF3DODA-Me.

CXCR3-CXCL11 Axis Promotes Tumor Cell Migration
toward Inflamed Lymphatic Endothelium and
Activation of Tumor-Promoting Signaling Pathways

Our results clearly demonstrate that LPS dramatically
induced expression of CXCL9, CXCL10, and CXCL11 in
LECs, and treatment of SCC-9 cells with LPS-LEC-CM
increased CXCR3 expression, in the tumor cells. CXCR3, a
seven-transmembrane G-proteinecoupled receptor, binds
with CXCL9 [monokine induced by IFN-gamma (MIG)],
CXCL10 [IFN-induced protein 10kDa (IP10)], and CXCL11
[interferon-inducible T-cell alpha chemoattractant (I-TAC)].
CXCR3 gene expression is induced in several tumors and
regulates migration of tumor cells; furthermore, increased
levels of CXCR3 correlate with poor prognosis in breast,
melanoma, renal, and colon cancer patients.35 Among the
three CXCR3 ligands, CXCL11 exhibits the highest affinity
for CXCR3.36,37

To confirm that CXCL11 levels were increased in LECs in
response to inflammation and conditioned medium from
cancer cells, culture supernatants were collected from LECs
treated with LPS and CM from different HNSCC lines (SCC-
9-CM, FADU-CM, and Detroit 562-CM) and ELISA assays
were performed. As shown in Figure 5A, exposure to LPS
significantly induced levels of CXCL11 produced by LECs
(2105 pg/mL). CM from all the HNSCC lines, SCC-9,
FADU, and Detroit 562, also significantly enhanced
CXCL11 levels (1145, 1174, and 544 pg/mL, respectively,
indicating this mechanism is common to all cancer cell lines
tested). In the untreated controls, no detectable level of
CXCL11 was obtained. To clearly establish the role of
CXCL11 as a chemotactic agent for HNSCC tumor cells, the
effect of CXCL11 recombinant protein on SCC-9 migration
was studied. Interestingly, CXCL11 significantly increased
SCC-9 cell migration (P � 0.05) toward medium supple-
mented with recombinant CXCL11 (Figure 5B). Further
corroborating the importance of this axis in tumor-lymphatic
interactions, this chemoattraction was found to be
gration in response to lymphatic endothelial cells (LECs), and several key tumor-
dien-30-oate (CF3DODA-Me).A:Detroit 562, FADU, and SCC-9 cells were allowed
mediumeendothelial growthmediumcontaining 3% fetal bovine serum (FBS).
562, FADU, and SCC-9 cells or endothelial growth medium containing 3% FBS.
ors in SCC-9 cells primed with LEC conditioned medium was analyzed using real-
tion. D: SCC-9 cells were treated with 1, 2, and 5 mmol/L of CF3DODA-Me for 24
ere treatedwith LEC conditionedmedium (LEC-CM) or LPS-LEC-CM and thenwith
as percentage cell proliferation counted. F: SCC-9 cells were treatedwith 1, 2, or
treated with LEC-CM or LPS-LEC-CM and then treated with 1, 2, or 5 mmol/L of
n, SCC-9 cells were grown in 6-well plate and treated with 1, 2, and 5 mmol/L
he fold change inmigrationwas calculated and plotted. I: Effect of CF3DODA-Me
ionof chemokine receptors inSCC-9 cellswas analyzedusing real-timePCR.Data
nd****P< 0.0001versus control; yyP< 0.01, yyyP< 0.001, and yyyyP<0.0001
(A, B, and H). Original magnification, �10 (A, B, and H). DMEM, Dulbecco’s

907

http://ajp.amjpathol.org


A

C

B

Figure 2 Methyl 2-trifluoromethyl-3,11-dioxoolean-1,12-dien-30-oate (CF3DODA-Me)
reduces the metabolic potential of squamous cell carcinoma SCC-9 cells. SCC-9 cells were
treated with or without lymphatic endothelial cell- conditioned medium (LEC-CM) or LPS-
LEC-CM for 24 hours and then with 5 mmol/L of CF3DODOA-Me. The time points at which
oligomycin and carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) were
injected are depicted in the respective graphs. Extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR) are indicators of the glycolytic pathway and mitochon-
drial respiration, respectively. A: Graph for OCR. B: Graph for ECAR of all groups. C: Bar
graph representing the metabolic potential of all the groups on the basis of stressed OCR
and stressed ECAR percentages. Data are expressed as means � SEM (AeC). n � 4 (AeC).
**P < 0.01, ***P < 0.001, and ****P < 0.0001 versus control. EGM, endothelial growth
medium; FBS, fetal bovine serum.
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significantly reduced when SCC-9 cells were pretreated with
CXCR3 inhibitor, AMG487.

To further confirm that CXCL11-CXCR3 axis plays a
critical role in migration of HNSCC cells toward LECs in
response to inflammation, a neutralizing antibody against
CXCL11 in LPS-primed LECs was used to deplete CXCL11
levels, block CXCR3 expression in SCC-9 cells, and analyze
tumor migration under different conditions. Migration of
control SCC-9 cells toward inflamed LECs pretreated with
CXCL11 neutralizing antibody and with CXCR3 blocked
SCC-9 cells moving toward inflamed LECs was carefully
evaluated. Figure 5C shows that depleting CXCL11 pro-
duction from LECs significantly diminished migration of the
HNSCC cells (P � 0.01). Inhibition of CXCR3 by using a
pharmacologic inhibitor (AMG487) also caused a significant
decrease in tumor cell migration. Tumor cell migration to-
ward inflamed LECs was significantly inhibited when this
axis was completely blocked (Figure 5C). LPS was also
added to the medium alone and did not have any direct effect
on tumor cell migration (data not shown), further indicating
that inflammatory stimuli in the tumor microenvironment
facilitate tumor-lymphatic cross talk by altering the expres-
sion of specific cytokines, such as CXCL11 in LECs and its
cognate receptor CXCR3 in the tumor cells.
CXCL11 Activates Tumor-Promoting Endothelial
Mesenchymal Transition and JAK/STAT Pathways in
Head and Neck Cancer Cells

During early metastasis, carcinoma cells detach from the
primary tumor and invade through the basement membrane
908
and the tumor cells undergo EMTs.38 Because CXCL11
induces migration of tumor cells, the effect of CXCL11 on
expression of genes associated with matrix remodeling and
EMT was determined. CXCL11 treatment significantly
increased the mRNA levels of IL6 (P � 0.05) and IL1B
(P � 0.01) (Figure 5D), and there was no increase in levels
of CXCR3 or CXCR7 mRNAs. Consistent with previous
data on CF3DODA-Me treatment in SCC-9 cells and
inflamed LECs (Figures 1, I and J, 3B, and 4A),
CF3DODA-Me significantly reduced expression of the
chemokine receptors and cytokine levels. Treatment with
recombinant CXCL11 protein increased the expression of
MMP7 (P � 0.05) and MMP9 (P � 0.001) (Figure 5E) but
not MMP2, MMP11, MMP12, or MMP21, whereas
CF3DODA-Me significantly decreased all the MMPs,
except MMP12 levels. To determine whether increased cell
migration induced by CXCL11 was associated with acti-
vation of EMT in HNSCC tumor cells, a panel of EMT
markers was evaluated by quantitative real-time PCR
(Figure 5F). CXCL11 significantly induced PTCH1
(P � 0.0001), GLI1 (P � 0.05), VIM1 (P � 0.01), and
TWIST2 (P � 0.05) mRNA levels, and a trend toward
increased expression was observed for TWIST1 and SNAI2
(not significant).
Because CXCL11-CXCR3 axis activates STAT-3,39

JAK/STAT as well as p-ERK protein levels that regulate
both tumor-promoting and tumor-migration pathways were
also analyzed (Figure 5G). Western blot analysis corrobo-
rated our findings, and CXCL11 was found to increase the
levels of p-JAK-2 (P � 0.05) and p-STAT-3 (P � 0.0001)
in SCC-9 cells; and CF3DODA-Me significantly reduced
levels of p-STAT-3, p-JAK-2, and p-ERK.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Inflamed lymphatic endothelial cells (LECs) potentiate increased migration and active cytokine and chemokine production in tumor cells. A:
Squamous cell carcinoma SCC-9 cells were treated with 1, 2, and 5 mmol/L of methyl 2-trifluoromethyl-3,11-dioxoolean-1,12-dien-30-oate (CF3DODA-Me) and
were allowed to migrate toward LECs. The fold change in migration was calculated and plotted. B: SCC-9 cells were treated with LPS-lymphatic endothelial cell-
conditioned medium (LPS-LEC-CM) and with CF3DODA-Me for 24 hours, and mRNA levels of inflammatory cytokines and chemokine receptors were analyzed
using PCR. C: SCC-9 cells were treated with 1, 2, or 5 mmol/L of CF3DODA-Me, and the protein levels of phosphorylated p44/42 (p-p44/42) and phosphorylated
AKT (p-AKT) were analyzed using Western blot analysis. Relative expression levels of p-p44/42/p44/42 and p-AKT/AKT were quantified and plotted. D: SCC-9
cells were treated with LPS-LEC-CM and with 2 or 5 mmol/L CF3DODA-Me, and the protein levels of p-p44/42, p-AKT, and phosphorylated STAT-3 (p-STAT-3)
were analyzed using Western blot analysis. Relative expression levels of p-p44/42/p44/42, p-AKT/AKT, and p-STAT-3/STAT-3 were quantified and plotted. Data
are expressed as means � SEM (AeD). *P < 0.05, **P <0.01, ***P <0.001, and ****P < 0.0001 versus control; yP < 0.05, yyP <0.01, yyyP < 0.001, and
yyyyP <0.0001 versus LPS LECs; zP < 0.05, zzP < 0.01, zzzP < 0.001, and zzzzP <0.0001 versus LPS LEC-CM. Scale bars Z 100 mm (A). Original magnification,
�10 (A). DMSO, dimethyl sulfoxide.

Tumor-Lymphatic Interactions in Cancer
CXCR3 Expression Is Overexpressed in HNSCC Patient
Tumors and Is Significantly Associated with Lymph
Node Invasion and Advanced Tumor Stage

To validate our findings in clinical patient samples, the
expression of CXCR3 and podoplanin (a lymphatic
vesselespecific marker), was analyzed in paraffin-embedded
human head and neck tumor array samples by
The American Journal of Pathology - ajp.amjpathol.org
immunohistochemistry (Figure 6, AeL). Analysis of the
tissue array showed increased CXCR3 expression in 45 of 70
of the HNSCC samples at variable levels of intensity (Figure 6,
AeD) compared with the normal tissues (Figure 6, E and F).
There was also an increased expression of podoplanin in the
head and neck cancer cores (Figure 6, GeJ) comparedwith the
normal tissue sections (Figure 6, K andL), indicating increased
lymphatic infiltration in the tumor samples.
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Figure 4 Inflammation also promotes cytokine
and chemokine production in lymphatic endothelial
cells (LECs) and activates proinflammatory tumor-
promoting pathways A: Inflammation induces
expression of various cytokines and chemokines in
LECs. LECs were primedwith LPS and then treatedwith
methyl 2-trifluoromethyl-3,11-dioxoolean-1,12-dien-
30-oate (CF3DODA-Me). mRNA levels of inflammatory
cytokines and chemokines were analyzed using real-
time PCR. B: Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) pathway is
induced in LECs inflamed with LPS. LECs were primed
with LPS and then treated with 1, 2, or 5 mmol/L of
CF3DODA-Me. Protein levels of phosphorylated JAK-2
(p-JAK-2), phosphorylated STAT-1 (p-STAT-1), and
phosphorylated STAT-3 (p-STAT-3) were analyzed by
Western blot analysis. Relative expression levels of p-
JAK-2/b-actin, p-STAT-1/STAT-1, andp-STAT-3/STAT-
3 were quantified and plotted. C: Migration of LECs
toward squamous cell carcinomaSCC-9 cells. LECswere
allowed to migrate toward SCC-9 cells treated with 1,
2, or 5 mmol/L of CF3DODA-Me. Representative images
of migrated LECs are shown. The fold change in
migration was calculated and plotted. Data are
expressed as means � SEM (AeC). *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001
versus control; yP < 0.05, yyP < 0.01, yyyP < 0.001,
and yyyyP < 0.0001 versus LPS; zzP < 0.01,
zzzP< 0.001, and zzzzP< 0.0001 versus SCC-9. Scale
barsZ 100 mm (C). Original magnification,�10 (C).
EGM, endothelial growth medium; MCP1, monocyte
chemoattractant protein 1; TGF-b, transforming
growth factor-b.
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To determine any correlation between CXCR3, lympho-
vascular invasion, and pathologic stage, RNA-sequencing
and pathologic data available for 448 subjects were down-
loaded from TCGA database. The distribution of the gene
expression (RNA sequencing) for CXCR3 was analyzed
using a multinomial logistic model to the stage variable using
CXCR3 expression, age of diagnosis, and sex as covariates. A
likelihood ratio test was then performed, and with PZ 0.006,
the null hypothesis that CXCR3 has no effect on the stages
was rejected. There was a significant effect of CXCR3 on the
tumor stage at the 1% level (P < 0.01). Figure 6, M and N,
shows the boxplot of the gene expression for the different
categories of LNM. The boxplots are based on n Z 332
HNSCC patients (with combined stages III and IV), and
whose LNM status was available in the database. Among
these patients, 92 had no LNM, whereas 240 had positive
LNM. CXCR3 expression and LNM were found to be
significantly associated (P < 0.05) among the combined
910
stages III and IV patients (nZ 332). Furthermore, age shows
statistically significant association at the 5% level, whereas
sex shows no significant association (data not shown).
Discussion

Results of this study indicate that that CXCR3-CXCL11
axis plays an important role in promoting tumor-lymphatic
cross talk in an inflammatory environment. Furthermore, the
study data clearly demonstrate that CF3DODA-Me inhibits
the CXCR3-CXCL11 axis on both tumor cells and inflamed
LECs while also significantly inhibiting several tumor-
promoting pathways. Tumor cells are able to form a
prometastatic niche within the lymph node and remain
dormant within draining lymph nodes, even after resection
of the primary tumor.40 Hence, targeting cancer cells at sites
of entry to lymphatic vessels forms an attractive means for
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Chemokine (C-X-C motif) ligand 11 (CXCL11) induces migration and
expression of epithelial-mesenchymal transition (EMT) related markers in squamous
cell carcinoma SCC-9 cells. A: CXCL11 levels are significantly induced in lymphatic
endothelial cells-conditioned medium (LEC-CM) in response to inflammatory stimuli.
Enzyme-linked immunosorbent assays for CXCL11 chemokine in conditioned medium
from control LECs (endothelial growth medium þ 5% fetal bovine serum) and LECs
treated with LPS (100 ng/mL) and SCC-9, FADU, and Detroit 562 cancer cells CM. B:
CXCL11 recombinant protein induced migration of SCC-9 cells. Migration of SCC-9
control cells toward plain Dulbecco’s modified Eagle’s medium (DMEM) and CXCL11
recombinant protein (100ng/mL).Migration of CXCR3 inhibitor, AMG487 (1mmol/L),
pretreated SCC-9 cells toward CXCL11 recombinant protein (100 ng/mL). Represen-
tative images are shown. The fold change in migration was calculated and plotted. C:
SCC-9 migration toward LPS primed LECs was reduced in the presence of CXCR3 in-
hibitor or CXCL11 neutralizing antibodies (nAbs). Migration of SCC-9 control cells
towardLECs, LPSþ LECs, and LPSþ LECsþ CXCL11nAb (1mg/mL).Migrationof SCC-9
cells treated with 1 mmol/L of CXCR3 inhibitor, AMG487, toward LPSþ LECs or LPSþ
LECsþ CXCL11 nAb. Representative images are shown. The fold change in migration
was calculated and plotted. DeF: Expression of chemokines and matrix remodeling
and EMT related genes in CXCL11 treated SCC-9 cells. SCC-9 cells were treated with
CXCL11 recombinant protein and then with 2 mmol/L of CF3DODA-Me. DeF: mRNA
expression levels of various chemokine receptors (D), matrix remodeling associated
genes (E), and EMT associated genes (F) were analyzed using PCR. G: CXCL11 treat-
ment increased JAK-STAT expression in SCC-9 cells. SCC-9 cells were treated with
CXCL11 recombinant protein and then with 2 and 5 mmol/L of CF3DODA-Me. Protein
levels of phosphorylated STAT-3 (p-STAT-3), phosphorylated JAK-2 (p-JAK-2), and
phosphorylated p44/42 (p-p44/42) were analyzed by Western blot analysis. Relative
expression levels of p-STAT-3/STAT-3, p-JAK-2/b-actin, and p44/42/p44/42 and
were quantified and plotted. Data are expressed as means� SEM (AeG). *P< 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001 versus control; yyP < 0.01,
yyyP< 0.001, and yyyyP< 0.0001 versus LPS LECs; zzzP< 0.001, zzzzP< 0.0001 versus
CXCL11 recombinant protein. Scale barsZ 100mm (B and C). Original magnification,
�10 (B and C). MMP, matrix metalloproteinase.
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therapeutic interventions. However, only a few studies have
investigated the role of inflamed lymphatic microenviron-
ment and the direct interactions between LECs and tumor
cells that guide early tumor entry and migration.41

Toll-like receptor 4 receptors are highly expressed in
HNSCC tumors and cell lines, and toll-like receptor 4
activation with its agonist LPS increases tumor growth, cell
migration, and proliferation.42 LPS also significantly affects
inflammatory mechanisms in the lymphatic bed.23 Hence,
LPS was used as the primary mediator of inflammation in
these studies. HNSCCs are characterized by early lymphatic
metastasis, and this often precludes conventional chemo-
therapy.43 Pentacyclic triterpenoids, such as methyl
2-cyano-3,12-dioxooleana-1,9-dien-28-oate (bardoxolone
Me), are potent anticancer agents and CF3DODA-Me was
recently identified as a novel bardoxolone Me analog that
may have reduced toxic adverse effects.44 In the present
study, CF3DODA-Me decreased HNSCC cell proliferation.
912
It also induced apoptosis, as previously documented in other
cancers.24,44 HNSCC cell proliferation was, however,
induced on stimulation with LEC-CM or LPS-LEC-CM,
possibly because of the increased cytokines and chemo-
kines secreted by LECs (Figure 1, C and E) that affect cell
proliferative pathways. This could further explain the
reduced effectiveness of CF3DODA-Me in inhibiting LEC-
CM primed SCC-9 cell proliferation compared with its
direct effects on these tumor cells. It is possible that the
changes observed in proliferation in the presence of
LPS-LEC-CM and/or the compound CF3DODA-Me are due
to changes in metabolism of the tumor cells. Several com-
pounds have been shown to induce cancer cell death via
targeting mitochondrial metabolism and inhibiting the
Warburg effect.26,45 These results demonstrate that
CF3DODA-Me treatment effectively reduced the OCR
associated with basal as well as maximal respiration. It also
increased the glycolysis-associated ECAR but did not alter
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Schematic representation of inflammation-
mediated tumor-lymphatic cross talk in head and neck
squamous cell carcinomas (HNSCC). On inflammatory
stimulation, such as with LPS, lymphatic endothelial cells
(LECs) expressed increased levels of several cytokines, such
as IL-8, IL-6, MCP1, and IL-1b, and the chemokines che-
mokine (C-X-C motif) ligand CXCL10, CXCL9, and CXCL11,
directly triggering mechanisms that activate tumor cell
proliferation and migration. Enhanced expression of
CXCL11 by inflamed LECs and chemokine (C-X-C motif) re-
ceptor 3 (CXCR3) expressed by LEC conditioned tumor cells
activate the Janus kinase (JAK)/signal transducer and
activator of transcription 3 (STAT-3) signaling mechanisms
that further promote tumor progression. In addition, the
metabolic potential of the tumor cells is enhanced in the
presence of inflamed LECs and could further contribute to
tumor progression in an inflammatory microenvironment.
HNSCC tumor cells in response to CXCL11 treatment acti-
vate matrix remodeling and epithelial-to-mesenchymal
transition (EMT) mechanisms that are key steps necessary
for early metastasis. Methyl 2-trifluoromethyl-3,11-diox-
oolean-1,12-dien-30-oate (CF3DODA-Me) was found to
effectively suppress several of these tumor-promoting
events by either directly targeting tumor cells or modu-
lating the response of tumor cells to inflamed LECs and
could be a potential therapeutic target. JAK2, Janus kinase
2; MMP, matrix metalloproteinase; MCP1, monocyte che-
moattractant protein 1; p-JAK-2, phosphorylated JAK-2;
p-STAT-3, phosphorylated STAT-3.
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the maximal glycolytic capacityeassociated ECAR of SCC-
9 cells treated with or without LPS-LEC-CM. This indicates
the potency of compound to inhibit aerobic glycolysis of
SCC-9 cells and can be correlated to the apoptotic and
antiproliferative effects (Figure 1, EeG). Also, this is the
first study to clearly demonstrate that on stimulation with
LEC-CM or LPS-LEC-CM, there was a significant increase
in the metabolic potential of the tumor cells. This could also
explain some of the tumor-promoting effects seen with
LEC-CM or LPS-LEC-CM.

The migration and chemoattraction of LECs and
HNSCC cells were found to be most pronounced for SCC-
9, a squamous carcinoma cell line. This is significant as
SCC accounts for 90% of all HNSCC tumor types. Hence,
the molecular cues or chemoattractants that mediate this
process were investigated. This study focused on the
CXCR3-CXCL9/10/11 axis, which has been significantly
implicated in both mediating immune responses and as a
viable cancer target.15 CXCR3 is differentially activated
by CXCL9, CXCL10, and CXCL11; however, CXCL11
has the highest affinity to CXCR3.37 Decreased levels of
CXCL11 reduce tumor cell growth and metastasis
in vivo.46 CXCR3-CXCL11 axis in particular mediates
macrophage recruitment and hence could further
contribute to the activation of the inflammatory microen-
vironment.47 A constitutive activation of the JAK/STAT
pathway was observed in the LECs, which is consistent
with previous reports that the CXCL9/10/11-CXCR3
The American Journal of Pathology - ajp.amjpathol.org
induces STAT and phosphatidylinositol 3-kinaseeAKT
signaling.48 Hence, these results lead us to speculate that,
in response to specific signals from the surrounding
microenvironment, particularly from inflamed LECs near
the primary tumor, there is activation of oncogenic path-
ways that further promote tumor progression.

CXCL11, produced by the LECs, may attract tumor cells
toward the lymphatic endothelium and promote tumor entry
and migration. This is supported by the study data showing
that soluble CXCL11 promotes tumor chemotaxis.
Furthermore, conditioned medium from a panel of HNSCC
lines (SCC-9, Detroit, and FADU) significantly enhanced
CXCL11 levels produced by LECs, indicating it is a key
component of tumor-lymphatic cross talk. Inhibition of
CXCR3 on HNSCC cells diminished the tumor migration to
LECs, underlining the important role of the CXCR3-
CXCL11 axis. CXCL11 was also found to induce the
activation of several MMPs and EMT-associated genes in
the HNSCC cells. Cancer progression involves over-
expression of MMPs that mediate many of the changes in
the tumor-microenvironment associated with angiogenic or
lymphangiogenic processes. CF3DODA-Me significantly
suppressed several of these MMPs in the HNSCC tumor
cells, thereby initiating an antimetastatic switch. Concomi-
tantly, CXCL11 specifically induced levels of MMP7 and
MMP9. This is interesting because MMP9 modulates
bioavailability of vascular endothelial growth factor and
may directly affect tumor-induced lymphangiogenesis.30
913
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MMP7 also promotes tumor migration and invasion.49 In
addition, CXCL11 also increased the expression of TWIST2,
GLI1, PTCH1, and SNAI2, thereby activating the EMT
program in the SCC-9 cells. EMT is critical for early
metastasis, is often induced by inflammation, and endows
tumor cells with enhanced migratory and invasive proper-
ties.50 CXCL11 is reported to promote EMT in ovarian
cancer cells by inducing levels of SNAI2 and SNAI1.51

Interestingly, CF3DODA-Me did not suppress TWIST2
induced in response to CXCL11 in HNSCC cells, whereas it
significantly suppressed many of the other inducers.

These results also indicate that p-JAK-2 and p-STAT-3
are induced in response to both LEC-CM and CXCL11 in
the HNSCC cells. The JAKeSTAT-3 signaling pathway
is linked to tumor proliferation, migration, and invasion
and can also regulate MMP-9 and MMP-7 expression.19

As shown in the schematic (Figure 7), our data support
the concept that chemotactic signals from inflamed LECs,
such as CXCL11, induce activation of the JAK-STAT
and AKT pathways. This, in turn, increases tumor cell
proliferation and activation of MMP- and EMT-mediated
pathways to enhance tumor migration (Figure 7). Also,
although CF3DODA-Me exhibited potent anticancer ac-
tivities and significantly inhibited several of the molecular
pathways involved in the tumor-lymphatic cross talk, it
was not able to completely abrogate some of the onco-
genic pathways activated in response to tumor
growthepromoting cues from the inflamed lymphatic
endothelium. This could explain why tumors exhibit dif-
ferential drug resistance.

Overexpression of CXCR3 in HNSCC patient tumor
sections, combined with significant increase in lymphatic
infiltration in the tumor samples, also underlines the
importance of the tumor-lymphatic signaling axis we have
outlined. These findings are further corroborated by analysis
of HNSCC patient gene expression and clinical data from
TCGA database that establish a significant correlation be-
tween increased CXCR3 expression and lymphovascular
invasion in HNSCC with advanced tumor stage. This sug-
gests that CXCR3 should be explored as a potential thera-
peutic target for lymphatic metastasis in HNSCC.

Thus, results from this study demonstrate that enhanced
signaling through the CXCL11-CXCR3 axis promoted
HNSCC chemotaxis toward LECs by activating cell pro-
liferation pathways, remodeling the extracellular matrix, and
inducing EMT-associated transcription factors (Figure 7).
Stimulation with LEC-CM enhanced tumor metabolism and
glycolytic respiration in addition to enhancing several
tumor-promoting pathways. The novel triterpenoid com-
pound, CF3DODA-Me, was effective in altering cell pro-
liferation, migration, cellular bioenergetics, and
mitochondrial function in the tumor cells and abrogated
several of the key pathways mediating a tumor-lymphatic
cross talk. Hence, it could be an effective anticancer agent
to target tumor cells at sites of metastasis and inhibit tumor
progression through lymphatics.
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