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THROMBOSIS AND HEMOSTASIS
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Patients with malignancy are at 4- to 7-fold higher risk of venous thromboembolism (VTE), a

® VTE is the second most
common cause of
noncancer-related
deaths in patients with
malignancy, yet its
mechanisms remain
poorly defined.

® Increased tryptophan
metabolites in a colon
cancer model
activated the AHR
TF/PAI-1 axis in the
venous wall to induce
thrombosis.

J

potentially fatal, yet preventable complication. Although general mechanisms of throm-
bosis are enhanced in these patients, malignancy-specific triggers and their therapeutic
implication remain poorly understood. Here we examined a colon cancer-specific VTE
model and probed a set of metabolites with prothrombotic propensity in the inferior vena
cava (IVC) ligation model. Athymic mice injected with human colon adenocarcinoma cells
exhibited significantly higher IVC clot weights, a biological readout of venous thrombo-
genicity, compared with the control mice. Targeted metabolomics analysis of plasma of
mice revealed an increase in the blood levels of kynurenine and indoxyl sulfate (tryptophan
metabolites) in xenograft-bearing mice, which correlated positively with the increase in the
IVC clot size. These metabolites are ligands of aryl hydrocarbon receptor (AHR) signaling.
Accordingly, plasma from the xenograft-bearing mice activated the AHR pathway and
augmented tissue factor (TF) and plasminogen activator inhibitor 1 (PAI-1) levels in venous
endothelial cells in an AHR-dependent manner. Consistent with these findings, the
endothelium from the IVC of xenograft-bearing animals revealed nuclear AHR and

upregulated TF and PAI-1 expression, telltale signs of an activated AHR-TF/PAI-1 axis. Importantly, pharmacological

inhibition of AHR activity suppressed TF and PAI-1 expression in endothelial cells of the IVC and reduced clot weights in

both kynurenine-injected and xenograft-bearing mice. Together, these data show dysregulated tryptophan metab-

olites in a mouse cancer model, and they reveal a novel link between these metabolites and the control of the
AHR-TF/PAI-1 axis and VTE in cancer. (Blood. 2019;134(26):2399-2413)

Introduction

Khorana et al” examined causes of death in 4466 cancer pa-
tients at 117 US centers. A vast majority of deaths (70.9%) were

Malignancy induces a highly thrombogenic milieu, which mani-
fests clinically as deep vein thrombosis (DVT) and pulmonary
embolism. Both of these events fall under the category of
venous thromboembolism (VTE)." Current estimates suggest
that 20% to 30% of VTEs are associated with cancer.? Large
epidemiological studies have shown that VTE occurs in 4% to 7%
of hospitalized cancer patients.>* The incidence of VTE varies
with tumor type. The National Hospital Discharge Survey found
that the highest incidence of VTE occurs in patients hospitalized
with pancreatic cancer and brain tumors.> Also, gastrointestinal
cancers confer a high risk of VTE, increasing the odds of VTE
by 20-fold (odds ratio, 20.3; 95% confidence interval: 4.9-83.0).6
VTE in patients with cancer can be a potentially fatal event.

ascribed to the progression of underlying cancer. Among
noncancer-related deaths, thrombotic events were one of the
leading contributors (9.2%), of which VTE was the cause of death
in 33% of these patients.

Several cancer, host, and therapy-related factors contribute to
VTE pathogenesis and are used to estimate the risk of VTE in
different prediction models.! The risk of VTE increases with the
stage of cancer. Cancer stage defined according to Tumor,
Nodes and Metastasis (TNM) classification takes into account
overall tumor burden and metastatic disease. Chemotherapy
increases the risk of VTE by 6.5-fold compared with patients not
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receiving chemotherapy. Although subclinical activation of pro-
thrombotic pathways is implicated in cancer-associated VTE,
the cancer milieu reflects an imbalance of prothrombotic and
antithrombotic factors. A host of mediators released from tumor
cells, including pro-inflammatory cytokines, mucinous glyco-
proteins, and microparticles, contributes to the prothrombotic
component. Of this, increased tissue factor (TF), a potent trigger
of the extrinsic coagulation cascade, is a well-established me-
diator of cancer-associated VTE. Accordingly, high TF-expressing
tumors, such as brain and pancreatic cancer, exhibit increased
levels of TF in the blood, and these patients are at the highest risk
of VTE.® Although TF enhances thrombogenesis, thrombolytic/
fibrinolytic pathways are suppressed in patients with malig-
nancy by mediators such as plasminogen activator inhibitor 1
(PAI-1).°

Emerging evidence implicates specific metabolites contributing
to thrombosis in chronic kidney disease,’®'* which is uniquely
characterized by the retention of several metabolites. Of these,
tryptophan metabolites are highly prothrombotic'®'2'5 and
have been further categorized as such in 2 independent human
cohorts.”™ Retained metabolites include kynurenine (Kyn) and
indoxyl sulfate (IS), which bind to aryl hydrocarbon receptor
(AHR) to induce its nuclear translocation.”> Nuclear AHR acti-
vates transcription of the TF gene in endothelial cells'? and
increases the release of TF-bearing microparticles in the circu-
lation. In vascular smooth muscle cells (vSMCs), AHR activation
protects TF protein from ubiquitination and proteasomal
degradation.'0121315 Collectively, these data showed that AHR
activation upregulated TF expression in both endothelial cells
and vSMCs to augment thrombosis. Interestingly, inhibitors of
thrombolysis are also regulated by the AHR pathway. For ex-
ample, the PAI-1 gene is a direct target of AHR and is induced
by AHR activation in hepatoma cells.’®'” Although the AHR path-
way is a well-established, xenobiotic, and chemical carcinogenic
pathway,'® the aforementioned evidence points to the role of
AHR in controlling thrombosis.

The AHR-TF axis warrants investigation in cancer-associated
VTE because the blood levels of metabolites such as Kyn are
increased in a wide variety of cancers,’”? including colon
cancers.2324 With this rationale, the current study investigated a
colon cancer-specific VTE model to probe the role of cancer-
associated tryptophan metabolites in regulating the AHR-TF
prothrombotic axis.

Methods

Xenograft model

All the animal experiments were approved by the Institutional
Animal Care and Use Committee at Boston University (AN#
15449). A group of animals consisting of an equal proportion of
male and female athymic nude mice (catalog #002019; The
Jackson Laboratory, Bar Harbor, ME) were used. The average
weights of the male and female athymic mice were 29.3 + 5.9 g
and 23.6 * 3.9 g, respectively. The mice were fed a normal chow
diet and water ad libitum. HT-29 cells, a human colorectal ad-
enocarcinoma cell line with epithelial morphology purchased
from ATCC (Manassas, VA), were grown in RPMI-1640 medium
(Thermo Fisher Scientific, Waltham, MA) with 10% fetal bovine
serum and 1% penicillin streptomycin. The cells were trypsinized
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and resuspended in a 1:1 mixture of serum-free media and
growth factor—poor Matrigel (Corning Inc., Tewksbury, MA). HT-
29 ata concentration of 1 X 10¢ cells in 200 p.L of suspension was
injected into the subcutaneous tissue on the backs of mice using
a 23-gauge needle.

A caliper (VWR International, Radnor, PA) was used to measure
tumor size weekly for 4 consecutive weeks. The tumors were
measured along their longest axis (L) and the axis perpendicular
to the long axis (W). Tumor volume (V) was calculated by using
the equation L X (W?) = V.28 Although the caliper assessment is
important to track the growth of xenografts injected sub-
cutaneously and is performed by a single examiner to avoid
interpersonal errors in this study, we acknowledge a possible
limitation concerning precise measurement. However, the focus
of this study was on the functional association between levels
of tumor-secreted metabolites and thrombosis. The identity of
the tumor as colon cancer was confirmed by staining tissue
for B-catenin, a well-established mediator central to the colon
cancer pathogenesis. Colon cancer is characterized by activation
of Wnt signaling and nuclear B-catenin.

Inferior vena cava ligation model

The overall strategy of the venous thrombosis model in cancer
(Figure 1A) is similar to one described previously.?2?2° After
4 weeks of tumor growth, mice underwent inferior vena cava
(IVC) ligation in addition to ligation of the left gonadal vein and
nearby tributaries, as previously described.®' Briefly, under
isoflurane anesthesia, a midline laparotomy was performed. A
length of 6-0 silk suture was threaded between the vessels to
ligate the IVC. The IVC was ligated distal to the renal veins. All
tributaries nearby the IVC were also ligated to create a total stasis
environment within the IVC for induction of thrombus formation.
Mice with sham injections served as experimental controls. After
48 hours of IVC ligation, the clots were carefully removed from
the vessel wall and weighed.

For a Kyn-mediated thrombosis model, Kyn (catalog #K8625;
MilliporeSigma, Burlington, MA) dissolved in phosphate-buffered
saline was injected intraperitoneally (IP) daily at 100 mg/kg
body weight, with or without CH223191 (catalog #C8124;
MilliporeSigma) 10 mg/kg'"'® IP once daily between 7:30 and
8:30 am for 4 days before IVC ligation. Essentially, there was close
to a 9- to 10-hour gap between the injections. The treatment was
continued for 48 hours until clot harvest.

For the HT-29 thrombosis model, mice received CH223191 as
noted earlier'"> for 5 days before IVC ligation and was con-
tinued until clot harvest. During the course of the experiments
depicted in this article, 6 mice died after IVC ligation.

Targeted metabolomics

Blood samples (40-50 pl) from facial bleeds were collected
before the IVC ligation procedure, pipetted into 1.5 mL tubes
containing heparin, and placed into a centrifuge at 2000g for
30 minutes to separate the plasma. The plasma was stored at
—80°C before processing. Media collected from cultured HT-29
cells in the presence or absence of serum and/or tryptophan (as
indicated in the Results section) were analyzed for Kyn release.
The Metabolomics Service Center at the Chemical Instrumen-
tation Center, Boston University, analyzed the samples for Kyn
and IS levels, as we have previously described.3?
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Figure 1. Generation of a venous thrombosis model of
colon cancer. (A) Schema of the experimental model. Athymic A
nude mice were injected with HT-29 cells, and the xenograft
was allowed to grow for 4 weeks. IVCs were ligated, and after
2 days, the animals were euthanized for harvest of the xeno-
graft and clot. Blood collected was examined for targeted
metabolomics, AHR, and TF activity assays. (B) Tumor xeno-
graft growth. A group of 8- to 10-week-old athymic female
(n = 4) and male (n = 4) mice were injected subcutaneously with
HT-29 cells suspended in Matrigel (N = 8). An average tumor
volume is shown. Error bars = SEM. A Student t test was
applied. Compared with the tumor volume at time O, P = .003
for the tumor volumes at week 2 and 3 and P < .001 at week 4.
(C) Increase in clot weight of mice bearing colon cancer xe-
nografts. Box plots of the clot weights of mice depicted in
panel B and the controls (without xenografts) are shown. The
lines in the boxes represent median levels, and the lower and
upper boundaries of the boxes represent the 25th and 75th
percentiles, respectively. The lower and upper whiskers rep-
resent the minimum and maximum values. ***P = .001. (D)
Tumor volume at the end of harvest was correlated with the
clot weight. N = 8 mice. Pearson'’s correlation R? = 0.21 and
P =25
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Cell culture and immunoblotting

Human umbilical vein endothelial cells were obtained from
Lonza (Basel, Switzerland) and cultured in 5% carbon dioxide
incubators according to the manufacturer’s instructions, as
previously described.”™ Immunoblots were performed as de-
scribed elsewhere.™

Immunohistochemistry and immunofluorescence

For immunohistochemistry (IHC) and immunofluorescence (IF),
the tissue was harvested, sectioned (5 pm), and fixed in form-
aldehyde or paraformaldehyde, respectively, using conventional
procedures. Specifically for IHC, the slides were deparaffinized
and rehydrated. Antigen retrieval was performed by using a
prewarmed 10 mM trisodium citrate solution with 0.05% Tween
20 buffered to pH 6.0. Amicrowave was used to heat the slides in
the trisodium citrate buffer at 95°C for 20 minutes. The slides
were then permeabilized in a solution of 0.3% Triton X-100 in
1X phosphate-buffered saline for 10 minutes, and subjected to
IHC as previously described.' "> The antibodies used for IHC
were mouse monoclonal anti-AHR (incubated at 1:50 dilution for
overnight hours at 4°C) (MA1-514; Thermo Fisher Scientific) and
rabbit polyclonal anti—-B-catenin (incubated at 1:50 dilution for
2 hours at room temperature; sc-7199; Santa Cruz Biotechnol-
ogy, Dallas, TX). For immunoblots of PAI-1, we used rabbit

METABOLITE-AHR-TF AXIS IN CANCER-ASSOCIATED DVT/PE

anti—PAI-1 antibody from Cell Signaling Technology (catalog
#1190; Danvers, MA) at 1:1000 dilution incubated overnight at
4°C. For IF, a mouse monoclonal antibody from Abcam (ab-
125687; Cambridge, United Kingdom) was used at 1:100 dilu-
tion, incubated overnight at 4°C. These antibodies were raised
by using a synthetic peptide corresponding to the residues
surrounding Arg294 of human PAI-1 protein (recognizes mouse,
human, and baboon PAI-1), and mouse PAI-1 (recognizes mouse
PAI-1). For TF studies, we used a prevalidated rat anti-mouse
anti-TF antibody from Genentech (South San Francisco, CA;
1H1) at 1:100 to 1:1000 dilution, incubated overnight at 4°C, as
previously described.” This antibody has been used by other
groups for immunoblot and IF detection of TF.3334 For CD31, a
rabbit polyclonal anti-CD31 antibody (catalog #ab28364;
Abcam) validated for immunoblots and IF (1:1000 and 1:100 at
overnight at 4°C) was used. This antibody is known to react
against mouse, human, and pig CD31. For IF, the secondary
antibodies consisted of Alex Fluor 488, 594, and 647 (Molecular
Probes, Eugene, OR) at 1:250 dilution for 45 minutes at room
temperature. Smooth muscle cells were marked with anti-a
smooth muscle actin antibody (catalog #ab5694; Abcam).

For image quantification, the entire slide was scanned by a
motorized stage system using the Nikon NIS Elements software
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at the Boston University School of Medicine (BUSM) Imaging
Core. The images were processed in ImageJ (National Institutes
of Health, Bethesda, MD), where the signal was converted to
grayscale, and the number and intensity of pixel were analyzed
as integrated density by using plugin Fiji. The area of vein was
marked as the region of interest. The integrated density of all the
images was normalized to its area.

Luciferase assay

Plasma from these animals was also used for the luciferase assay.
The assay was performed by using the immortalized human
umbilical vein endothelial cells, as previously described.''>

Surface procoagulant TF activity assay
Human umbilical vein endothelial cells were used for the intact

cell surface procoagulant TF activity assay, as previously
described.™15

Statistical analysis

Summary statistics are presented as the mean, median and
standard deviation (SD) or standard error of the mean (SEM),
25th or 75th percentile, or the entire range of values, including
minimum and maximum value as appropriate. A Student t test,
analysis of variance, Pearson’s correlation analysis, and Wilcoxon
rank sum test were performed as appropriate. Statistical sig-
nificance was assessed at the P < .05 level.

Results

A xenograft model using HT-29 cells, a validated tumorigenic
cell line,?® was generated in athymic nude mice (Figure 1A). In a
group of male and female athymic mice injected with HT-29
cells, the xenografts grew rapidly between 3 and 4 weeks'
postinjection. At the end of 4 weeks, the tumors reached an
average volume of 452.66 mm? (SEM = 32.41 mm?) (Figure 1B).
No difference in tumor volume was noted between the 2 sexes.
The colon cancer cells in this xenograft were authenticated by
using B-catenin, an oncogenic marker important for the growth
of colon cancer.?® A histological analysis of the xenografts
revealed a compact mass of tumor cells and interstitium (sup-
plemental Figure 1A, available on the Blood Web site). The
expression of B-catenin was readily observed in the cytosol and
nuclei of colon cancer cells (supplemental Figure 1B); none was
observed in the interstitium, as B-catenin is an epithelial tumor
marker.

Having validated the growth of colon cancer xenografts, we next
examined thrombogenicity in these animals by performing an
IVC ligation at 4 weeks after tumor inoculation (Figure 1A). Thisis
a model of acute complete venous thrombosis driven by stasis-
induced venous wall injury and enhanced TF expression in
endothelial cells.3' The clots were harvested 48 hours after IVC
ligation. The control group consisted of animals without a xe-
nograft. Clot weight served as a biological readout of venous
thrombogenicity. Our results revealed an 80% increase in clot
weight in mice with HT-29 (mean = SEM, 20.26 = 1.31 mg)
compared with control mice (11.33 = 0.05 mg; P = .001)
(Figure 1C), and no differences were noted between the 2 sexes.
These results confirmed enhanced venous thrombogenicity
in the presence of a colon cancer xenograft. We then examined
the relationship between the clot weight and tumor mass. No
correlation was observed between them, suggesting that after a
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rapid growth phase, factors other than the volume of the primary
tumor may influence venous thrombogenicity (Figure 1D).

Previous study samples have shown that tryptophan metabo-
lites, such as IS and Kyn, exert prothrombotic properties in both
mice and humans.''3'53% Considering a possible accelerated
tryptophan metabolism of cancer cells, these metabolites were
quantified by using a prevalidated liquid chromatography-mass
spectrometry (LC/MS) method.3? The results showed a 3-fold
increase in plasma Kyn levels in HT-29 xenograft animals
compared with control animals (control, 0.29 = 0.026 png/mL;
HT-29, 0.68 = 0.15 wg/mL; P < .001) (Figure 2A). Plasma
concentrations of IS were 2-fold higher in animals with xeno-
grafts (control, 0.89 + 0.09 pg/mL; HT-29, 1.60 * 0.33 pg/mL;
P = .03) (Figure 2B). Because these metabolites are known to
augment thrombosis,'®'* we posited that the levels of these
metabolites are likely to correlate with clot burden. Our analysis
showed a linear correlation between the levels of Kyn, IS, and the
clot weight (Figure 2C-D), with positive Pearson R? values of
0.78 for Kyn and 0.48 for IS. Although these data suggest a
stronger correlation between Kyn and clot weight, compared
with IS, it supports their potential causality in inducing venous
thrombogenicity, which was probed further.

The source of Kyn in the xenograft-bearing mice could be en-
dogenous and/or released by HT-29 cells. To ascertain the later
possibility, both basal production of Kyn and one induced by
serum were examined in cultured HT-29 cells. We posited that
the generation of Kyn is likely to increase with supplementa-
tion of medium with tryptophan (substrate) or by serum, which
includes tryptophan. To this end, early-passage 1 X 10* HT-29
cells seeded in 12-well plates were serum starved and then
treated with or without 10% serum in the presence of 1 mM of
tryptophan dissolved in water. The vehicle-treated cells served
as controls. The media were harvested after 48 hours of in-
cubation and analyzed by LC/MS, using a method we previously
published.3? The media without exposure to cells (basal medium)
were also analyzed, and these values were subtracted from the
media exposed to HT-29 cells (Figure 2E).

Our results showed that HT-29 cells generated Kyn in basal
conditions and at significantly higher levels with the supplemen-
tation of serum or tryptophan. In the serum-free condition, Kyn
concentration in the medium was 9.00 = 1.77 nM (mean = SEM),
which was increased 3-fold (28.82 = 10.96 nM; P = .014) with
the addition of tryptophan. Compared with the serum-free
condition, the addition of 10% serum increased the Kyn level
to 29.40 * 13.89 nM (P = .03). However, supplementation of
tryptophan to the medium with 10% serum did not further in-
crease Kyn release. Taken together, these results show that
HT-29 cells generate and secrete Kyn in the medium. These re-
sults are in line with the observed increase in Kyn levels in the
blood of HT-29 xenograft-bearing mice.

Because these metabolites are known to activate TF through the
AHR pathway in endothelial cells,’?232 we posited that the
plasma of animals with the colon cancer xenograft is likely to
have an increased ability to induce AHR and TF activity in en-
dothelial cells. Because DVT occurs on an intact monolayer of
endothelial cells of a vein, we used venous endothelial cells for
these assays. AHR activity was determined by using human um-
bilical vein endothelial cells stably expressing an AHR-responsive
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Figure 2. Increase in Kyn and IS in plasma of mice with
colon cancer xenografts. (A) Increase in Kyn level in the
plasma of animals injected with the colon cancer xeno-
graft. Plasma obtained from athymic mice with HT-29
xenografts (N = 8, as described in Figure 1A) before IVC
occlusion were examined for Kyn levels. The uninjected
athymic mice served as controls (N = 8). An average of 2
independent determinations in plasma of the mice from
Figure 1D is shown. A Student t test was performed. Error
bars = SEM. P < .001. (B) Increased IS in plasma of animals
with colon cancer xenografts. Plasma obtained from
athymic mice with HT-29 xenografts before IVC occlusion
was examined for IS levels as noted earlier. Average of 2 CTL
independent determinations in plasma of the mice from
Figure 1D is shown. A Student t test was performed. Error C
bars = SEM. P = .03. (C) Correlation of Kyn levels with clot
weights. Kyn levels recorded in a total of 16 mice from
both groups (xenograft-bearing and control, as described
in Figure 1A) were correlated with the clot weights.
Pearson’s correlation analysis was performed. Line rep-
resents a linear regression performed to obtain the P
value. (D) Correlation of IS levels with the clot weight. IS
levels obtained from 16 mice from both groups (xeno-
graft-bearing and control) were correlated with clot
weights. Pearson’s correlation and linear regression
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promoter tethered to a luciferase reporter.’>'> AHR activity was
measured by using firefly luciferase and normalized to protein
content (relative luciferase unit [RLU]). We used 0.5% to 2%
concentration of plasma from mice to determine the optimal
concentration to be used for AHR activity (Figure 3A). Treatment
with 0.5% to 1% plasma resulted in an increase in AHR activity in
a linear manner, which was not seen with the plasma concen-
tration >1%. Further investigation was therefore conducted by
using 1% plasma.

The plasma from mice with xenografts stimulated significantly
greater AHR activity than did the plasma from control animals
(control, 8941 = 935.7 RLU/pg protein; HT-29 xenograft,
20037 = 3157 RLU/ng protein; P = .007) (Figure 3B). Next, a
monolayer of human umbilical vein endothelial cells was treated
with plasma from mice bearing xenografts, and the cells were
subjected to the surface procoagulant TF activity assay. Plasma
from xenograft-bearing mice induced a 2-fold increase in TF
activity (control, 77.83 + 10.28 pM/102 cells; HT-29 xenograft,
142.3 = 19.5 pM/10? cells [P = .019]) (Figure 3C). This increase
in TF activity was inhibited in the presence of CH223191, a

METABOLITE-AHR-TF AXIS IN CANCER-ASSOCIATED DVT/PE

competitive AHR antagonist’™ (HT-29, 142.3 * 19.5 pM/103
cells; HT-29 with CH223191, 96.50 = 5.68 pM/10° cells
[P = .047]). These results suggest that the plasma from animals
with xenografts activates the AHR pathway and enhances TF ac-
tivity in an AHR-dependent manner.

PAI-1 is also regulated by the AHR pathway in other cell
types.’®"” We therefore examined if AHR activation increased
PAI-1 levels in endothelial cells. To this end, endothelial cells
were treated with different concentrations of Kyn with and
without the AHR antagonist CH223191. The lysates from these
cells showed approximately doubling of PAI-1 expression with
Kyn concentrations as low as 0.1 pM, which was substantially
suppressed by the 20 uM of the AHR antagonist (Figure 3D).
Interestingly, the concentration of Kyn found in the plasma of
xenograft-bearing animals (corresponding to an average of
2.8 pM) (Figure 2A) induced PAI-1 expression in endothelial
cells. Consistent with this notion, close to a 2-fold upregulation in
PAI-1 expression was observed in endothelial cells treated with
plasma from xenograft-bearing mice (P < .001). The treatment
with CH223191 inhibited PAI-1 expression in response to plasma
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Figure 3. Increased AHR activity and TF and PAI-1 levels in endothelial cells treated with plasma from animals with xenografts. (A) Optimum concentration of mouse
plasma for AHR activity. Endothelial cells stably expressing a xenobiotic responsive element promoter-luciferase reporter construct were treated for 24 hours with indicated
concentrations of plasma from 3 athymic control mice (without xenograft). AHR activity was quantified by firefly luciferase units and normalized to amount of protein. An average
of 3 independent experiments is shown. Error bars = SEM. Compared with cells treated with serum-free medium (control), P values were .04, .003, .02, and .03 for plasma
concentration of 0.5%, 1%, 1.5%, and 2%, respectively. (B) Higher AHR-inducing activity of plasma from mice with a colon cancer xenograft. AHR activity assay was performed as
noted earlier by using 1% plasma obtained from mice with a colon cancer xenograft. An average of 2 independent determinations performed in duplicate is shown. Plasma
samples obtained from 8 mice per group as described in Figure 1A were used. Error bars = SEM. P = .007 for plasma from xenograft-bearing (HT-29) animals compared with
matching controls (CTL). (C) Higher TF-inducing activity of plasma from mice with a colon cancer xenograft. Endothelial cells were treated for 24 hours with 1% plasma obtained
from mice with a colon cancer xenograft with or without 20 M of CH223191. Plasma from animals without tumors served as negative controls as described in Figure 1A. The cells
were subjected to procoagulant TF activity assay by using Factor VIl and Factor Xla and chromogenic substrate (see Methods). An average of 2 independent experiments with
plasma obtained from 8 animals per group performed in duplicates is shown. Error bars = SEM. *P = .019 compares CTL and HT-29 and P = .047 HT-29 and HT-29 + CH223191.
(D) Kyn increases PAI-1in an AHR-dependent manner. Endothelial cells treated with a titrated concentration of Kyn as shown with or without AHR inhibitor CH223191 for 24 hours.
Using western blotting, equal amounts of lysates were probed separately on different blots for PAI-1 and B-actin (loading control) due to the proximity of the molecular weights.
Representative immunoblots from 3 independent experiments are shown. Molecular weight ladder (kDa) is shown on the left of the blot. The PAI-1 band normalized to -actin by
using ImageJ is shown, and values obtained are noted below the PAI-1 blot. (E) Endothelial cells treated with 1% plasma from control and HT-29 mice as alluded in Figure 1A with
or without 20 uM of CH223191 for 24 hours. The lysates from 3 separate representative mice are shown from a total 8 mice per group. Actin served as a loading control.

from both the control and xenograft-bearing mice (P = .001 and
P < .001, respectively) (Figure 3E; supplemental Figure 2).
However, the extent of PAI-1 suppression was greater in cells
treated with plasma from xenograft-bearing mice, compared
with cells treated with plasma from control mice. This can be
explained by the heightened AHR activity in xenograft-bearing
mice (Figure 3B) for the antagonist to suppress, as observed in
other disease models.’> Because PAI-1 inhibits thrombolysis, its
upregulation in venous endothelial cells is consistent with the
higher clot burden observed in animals with xenografts.

Collectively, the aforementioned data indicated that animals
with colon cancer xenografts, which are known AHR agonists,
had elevated blood levels of IS and Kyn. Therefore, we posited
that AHR signaling is likely activated in endothelial cells of the
IVC in xenograft-bearing mice, which will upregulate AHR’s
downstream mediators, namely TF and PAI-1. Using nuclear
localization of AHR as an evidence of AHR activation,’® the IVCs
of animals exposed to xenografts for 4 weeks were compared
with those of control mice (not bearing xenografts). In these
experiments, mice did not undergo IVC ligation to avoid the
confounding effect of surgical trauma on endothelial protein
expression (Figure 4A). CD31 antibody was used to confirm their
identity as endothelial cells. The IVC endothelial cells of control
mice revealed AHR predominantly localized in the cytosol,
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whereas the IVC endothelial cells of HT-29-injected mice
revealed AHR localized in the nucleus (Figure 4B). Minimal
nuclear AHR localization in control IVC endothelium can be
ascribed to the presence of known endogenous AHR ligands.
We examined the percentage of cells positive for nuclear AHR
from an equal number of CD31* endothelial cells surveyed in 24
images of IVC per each experimental group. Of the endothelial
cell lining in IVC, 5.2 = 1.62% of endothelial cells in control mice
were positive for nuclear AHR; xenograft-bearing mice had a
2.5-fold higher percentage of AHR-positive endothelial cells
(13.17 = 3.04%; P = .025). These results suggested a height-
ened state of AHR activation within the endothelial layer of the
IVC of xenograft-bearing mice.

We next probed the downstream targets of AHR (TF and PAI-1)
in the IVC of xenograft-bearing mice that did not undergo IVC
ligation. Minimal TF expression was observed in the control
mice (Figure 5A-B). Compared with control mice, expression of
TF and PAI-1 was 4.5-fold and 2.5-fold higher, respectively, in
the IVCs of xenograft-bearing mice (P = .032 and P = .0425).

The IVC lysates probed by immunoblotting includes endothelial
cells and vSMCs, in which AHR activation by solutes is known to
upregulate TF and augment thrombosis.®'"13'> Although DVTs
in humans occur on the largely intact endothelial layer,3¢ that is
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Figure 4. Increased activation of AHR in IVC of animals with colon cancer xe-
nografts. (A) Experimental design. A group of 8- to 10-week-old (total 8 mice, 4 mice
of each sex) athymic mice were injected with HT-29 cells. Mice without HT-29 with the
same sex distribution served as controls. At the end of 4 weeks, the xenograft
volumes in these mice were 418.19 + 26.93 mm? (in the same range as those in
Figure 1B). No IVC ligation was performed in these groups. (B) AHR status in the IVC
of mice with colon cancer xenografts. IVCs harvested from control (CTL) and colon
cancer xenograft-bearing mice (HT-29) were stained with prevalidated anti-AHR™
and anti-CD31 antibodies and imaged by using confocal microscopy. Alexa Fluor
secondary antibodies were used. 4',6-Diamidino-2-phenylindole (DAPI) was used for
nuclear stain. Representative images from a segment IVC of 8 animals analyzed per
group are shown. The inserts show a representative endothelial cell with AHR in
cytosol and in the nucleus. Scale bar = 10 um. (C) The IVC of xenograft-bearing mice
contained a higher percentage of endothelial cells with nuclear AHR. Each group
consisted of 8 IVCs from a total of 8 mice in each experimental group: males (n = 4)
and females (n = 4). One section of IVC was examined per mouse. Three high-power
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not the case in the IVC occlusion model in mice, which is known
to inflict severe vessel wall injury and drive TF from different cell
types within the vessel wall.” We therefore examined TF ex-
pression in endothelial cells, marked with anti-CD31 (Figure 5C)
and in vSMCs, identified by a smooth muscle actin staining
(asterisk in Figure 5C and supplemental Figure 3A) and laser
confocal microscopy. For this experiment, IVCs were harvested
from mice without ligation to avoid the confounding effect of
surgical trauma on TF expression (supplemental Figure 3B). We
observed a monolayer of vSMCs consistent with a substantially
thinner IVC wall, compared with an aorta. TF expression was
evident in endothelial cells and in vSMCs, and both were in-
creased in xenograft-bearing mice. Our further analysis focused
on the endothelial layer given its relevance to the human DVT.3¢
The endothelial layer was marked as the region of interest, and
TF and PAI-1 expression was derived as integrated density by
using ImageJ. Both TF and PAI-1 in endothelial cells exhibited
significantly higher levels in the xenograft-bearing mice com-
pared with the control mice (P = .002 and P = .009, respectively)
(Figure 5D,F). Taken together, these results suggest that
the IVC endothelial cells of mice injected with HT-29 have
greater activation of AHR signaling, which upregulates TF and
PAI-1 expression. This finding corroborated with the higher
venous thrombogenicity observed in xenograft-bearing mice
(Figure 1C).

The role of AHR activity in regulating cancer-associated venous
thrombosis was further probed by using pharmacological ma-
nipulation in 2 discrete mice models. Due to the fact that Kyn
levels were elevated in the xenograft-bearing mice, Kyn levels
correlated strongly with the clot weight (Figure 2C), and that
plasma from these mice induced AHR and TF and PAI-1 levels in
endothelial cells (Figure 3), we posited that an AHR antagonist
might suppress Kyn-mediated TF and PAI-1 expression in IVC of
mice, as well as reduce venous thrombogenicity. As a control
experiment, we first examined the effect of AHR inhibition in
mice without xenografts. A group of 6 athymic mice were given
CH2213191 for 5 days followed by IVC ligation. The injections
were continued for 48 hours more after IVC occlusion, until
harvest. An equal number of vehicle-treated mice served as
controls (Figure 6A). The IVC clot weights in mice treated with
CH223191 tended to be lower compared with those of control
mice (control mice, 12 = 0.71 mg tumors; CH223191,10.44 mg =
0.56 mg tumors; P = .112) (Figure 6B), suggesting no effect of
AHR inhibition on venous thrombogenicity in control mice. The
effect of the competitive inhibitor is also a function of the levels of
agonist ligands in the milieu. Plasma from xenograft-bearing
mice contained significantly higher levels of the AHR agonists
Kyn and IS (Figure 2). It stands to reason that CH223191 will likely
exhibit greater effect in the Kyn-injected or xenograft-bearing
mice compared with control mice with lower levels of AHR
agonistic ligands (Kyn and IS) in the circulation (Figure 2A-B).

We next investigated whether the AHR inhibitor suppressed
Kyn-mediated venous thrombogenicity. In this experiment, a
group of 8- to 10-week-old athymic female and male mice were

Figure 4 (continued) field images, randomly obtained, were analyzed by using a
laser confocal microscope. In essence, 24 images per group were examined and
presented as percentage of endothelial cells positive for nuclear AHR. **P = .025.
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Figure 5. Increased TF and PAI-1 in the IVC of animals with
colon cancer xenografts. (A) IVC from mice shown in Figure 4A
were harvested, divided for immunoblotting, and fixed for im-
munofluorescence microscopy. Of 8 mice per group, the lysates
from 5 mice were resolved on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels due to sufficient
quantity of protein in these samples. Equal amounts of samples
were separately probed on different western blots with the in-
dicated antibodies (owing to proximity of bands). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) served as a loading control.
(B) The immunoblot bands of TF and PAI-1 shown in Figure 4A were
normalized to GAPDH in the aforementioned gel. Normalized TF
and PAI-1 from control and HT-29 mice are shown on box plots.
Asterisks (* and **) compare the expression of TF and PAI-1,
respectively, between the 2 groups. *P = .032 and **P = .0425. (C)
Increased expression of TF in the IVC of animals with colon cancer
xenografts. IVC from animals with a xenograft without IVC ligation
were stained by using anti-TF and anti-CD31 antibodies. Alexa Fluor

PAI-1

secondary antibodies were used. 4’,6-Diamidino-2-phenylindole
(DAPI) was used for nuclear stain. Un-injected animals served as
controls (CTL). Images are representative of [VCs from 8 mice in
each group. Scale bar = 10 wm. (D) Three images per IVC were
x analyzed, and a region of interest was marked corresponding to the
endothelial cells. Integrated density was normalized to the surface
area of the region of interest measured in microns by using
ImageJ. Data are presented as a box plot, and the Student t test
was used to compare the 2 groups. **P = .002. (E) Increased
expression of PAI-1 in the IVC of animals with colon cancer xe-
nografts. IVCs from animals with xenografts without IVC ligation,
as described earlier, were stained by using anti-PAI-1 and anti-
CD31 antibodies. Images are representative from 8 mice in each
group. Scale bar = 30 pm. (F) Integrated density for PAI-1 was
performed as noted earlier. The data are presented as a box plot,
and the Student t test was used to compare the 2 groups

HT-29 (P = .009).

*%
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injected with Kyn, with or without CH223191 (Figure 6C). Mice
not receiving Kyn injections served as a control. One-way
analysis of variance showed a significant overall difference in
clot weights between the 3 groups (P = .02). Further comparison
of the groups by using the Student t test revealed that mice
injected with Kyn exhibited a significantly higher clot weight
(18.55 = 1.34 mg) compared with that of control mice (11.03 = 0.7
mg; P = .02) (Figure 6D). The treatment of mice with the AHR
antagonist reduced clot weight in both control and Kyn +
CH223191 animals to baseline, leaving no statistically significant
difference between the experimental groups (10.61 * 0.19 mg;
P = .03).

These observations strongly suggested that the AHR antagonist
lowered Kyn-mediated hyper-thrombogenicity to baseline. This
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reduction was also reflected in alterations in the levels of TF and
PAI-1 in the IVC lysates of Kyn-injected mice (supplemental
Figure 4; Figure 6D). Compared with the control mice, Kyn
exposure significantly increased both TF (2.0 = 0.22-fold;
P = .03) and PAI-1 (1.82 * 0.04-fold; P = .02) expression,
both of which were suppressed by CH223191 (TF, P = .04;
PAI-1, P = .01). No significant difference was noted in TF and
PAI-1 expression between control mice (Figure 6E) and Kyn +
CH223191-injected mice, suggesting that the AHR inhibitor
normalized the Kyn-induced increase in expression of TF and
PAI-1 within the vessel wall.

This experiment implicates a Kyn-AHR axis in modulating IVC

thrombosis. To confirm the hypothesis that AHR suppression
inhibits venous thrombogenicity, further functional assays were

BELGHASEM et al

20z AeN Lg uo 3sanb Aq ypd'G/9100610ZPIGPOOIA/68961S L/66EC/92/7E L /Pd-a1o1e/poojd/jeusuonedligndyse//:dpy woly papeojumoq



Figure 6. Kyn-mediated venous thrombogenicity and TF and
PAI-1 are suppressed by AHR inhibition. (A) Experimental A
design. A group of 12 mice (6 male mice and 6 female mice) were
divided into 2 equal groups, with 3 male mice given 10 mg/kg
CH2213191 or vehicle (used as control), and similarly, 3 female Day 0
mice given 10 mg/kg CH2213191 or vehicle. The treatment was
continued for 2 more days after IVC ligation. The clots from mice
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harvested after 48 hours following surgery were weighed. (B) IVC
clot weights are presented as a box plot for each group. P = .112
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compares control and CH223191-treated groups. (C) Scheme
examining AHR inhibition in Kyn-mediated venous thrombosis.
A group of 8- to 12-week-old athymic mice consisting of an
equal proportion of male and female animals was injected IP
with 100 mg/kg Kyn with or without 10 mg/kg CH223191, once
daily before the procedure. Vehicle-treated mice served as a
control group. The animals were subjected to the IVC ligation,
and clots were harvested 48 hours after ligation. Control group, C
n = 6 mice; Kyn group, n = 8 mice; and Kyn + CH223191 group,
n = é mice. (D) IVC clot weights presented as a box plot for each
group from panel C. *P = .02 compares the control and Kyn Day 0
groups, and **P = .03 compares the Kyn and Kyn + CH223191
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performed. We injected a group of xenograft-bearing mice
(equal proportion of male and female mice) with HT-29 cells.
After 3 weeks, the mice were randomly divided into 2 groups:
first group was injected with 10 mg/kg IP of CH223191 once
daily until the harvest of clots, and the second group was in-
jected with the vehicle (control group) in the same manner
(Figure 7A). Tumor volume and sera samples were collected
from these mice after euthanasia. Comparison of sample analysis
from both the groups revealed no differences in the tumor
volumes or Kyn levels (Figure 7B-C). However, the IVC clot
weights showed a 4-fold reduction with CH223191 treatment.
The mean clot weight in HT-29 mice was 16.68 = 5.69 mg; in the
HT-29 + CH223191 group, it was 4.56 £ 2.93 mg (P = .001)
(Figure 7D).

A parallel experiment was performed in which the IVCs were
harvested after 4 weeks of xenograft growth to examine the
expressions of TF and PAI-1 in IVC using IF and immunoblotting.
These mice did not undergo IVC occlusion to avoid the con-
founding effect of surgical trauma on TF and PAI-1 expression.
Compared with the control groups, IVC lysates from mice
treated with CH223191 exhibited 6-fold and 4-fold reductions in

METABOLITE-AHR-TF AXIS IN CANCER-ASSOCIATED DVT/PE

the levels of TF and PAI-1, respectively (both, P = .001) (Figure
7E-F). Because the lysates of IVC consisted of proteins from
non-endothelial cell types, IF microscopy was performed to
specifically examine the changes in TF and PAI-1 in the endo-
thelial cells of IVC. The IVCs without surgical manipulation were
fixed and stained for TF, PAI-1, and CD31, and their expressions
were gquantitated as integrated density (Figure 8). Compared
with the HT-29 mice, the IVC endothelial cells of mice treated
with CH223191 revealed a significant suppression of both TF
(P =.005) and PAI-1 (P < .001). These data all suggest that AHR
inhibition in xenograft-bearing mice is responsible for sup-
pression of TF and PAI-1 expression in the endothelial cells and
reduction of IVC clot weight, suggesting that AHR inhibition
leads to reduced venous thrombogenicity.

Discussion

Leveraging a colon cancer—specific DVT model, the current
study demonstrated a previously unrecognized connection
between colon cancer-associated increases in certain metabo-
lites and the resulting regulation of factors that contribute to
cancer-associated VTE. Our results showed that animals with
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Figure 7. Enhanced venous thrombogenicity in an HT-29-induced cancer model is abrogated by AHR inhibition. (A) Experimental design. An equal number of male and
female athymic mice (N = 10) were injected with HT-29 and after 3 weeks randomized to 2 subgroups (N = 5 per group). HT-29 group had 3 male and 2 female mice and HT-29 +
CH223191 had 2 male mice and 3 female mice. Mice were given CH223191 IP for a total of 7 days until the harvest of IVC clots. The group treated with the vehicle (dimethyl
sulfoxide) served as controls. (B) Tumor volumes at the end of 4 weeks after cell injection are presented as box plots, P = .878. (C) Kyn levels in plasma of mice at the time of
harvest are shown in box plots, P = .235. (D) IVC clots from both the groups as in Figure 6A are shown in box plots. The Student t test was used to compare the groups. **P = .001.
(E) IVCs harvested from mice, as in Figure 6A from a parallel experiment without the IVC ligation surgery, were lysed and probed separately for TF and PAI-1. Equal amounts of
lysates were used in each blot, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. The numbers at the top correspond to 5 separate mice
used for the study. (F) TF and PAI-1 normalized to GAPDH for both groups, N = 5 per group represented as box plots. A Student t test was used to compare TF and PAI-2

separately between the groups. *P = .001 for TF and **P = .001 for PAI-1 and compares the HT-29 vs the HT-29 + CH223191 group.

colon cancer xenografts have increased blood levels of Kyn and
IS, which induce AHR activity in the endothelial cells of large
veins. This action results in upregulation of TF and PAI-1 ex-
pression. TF is a known trigger for thrombogenesis through the
extrinsic coagulation cascade, and PAI-1 is known to inhibit
thrombolysis, both of which in concert may augment the clot
burden culminating in DVT, as illustrated in Figure 9. Furthering
our understanding of the pathogenesis of cancer-associated
VTE, this research supports the metabolite AHR-TF/PAI-1 axis
as a potential contributor to this condition. The nodes of this axis
are quantifiable and can be further leveraged to stratify human
cancer patients at risk of VTE, as performed for other disease
models." The translational potential of this prothrombotic axis is
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further underscored by the fact that both AHR and TF are
therapeutically targetable proteins, and tryptophan metabolites
might be modulated by dietary interventions.

Increase in prothrombotic metabolites in cancer

Blood levels of Kyn are increased in a wide variety of cancers,
such as non-small cell lung cancer, brain, ovarian, pancreatic,
gastric, colon, and bladder cancer.’™?” In 97 patients with co-
lorectal cancer, Engin et al?* reported a significant rise in blood
levels of Kyn to 1.24 nM compared with 0.89 nM in matched
cancer-free control subjects. Kyn is the product of tryptophan
metabolism, and its generation is regulated by a set of enzymes
such as tryptophan dioxygenase tryptophan 2,3-dioxygenase
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Figure 8. TF and PAI-1 levels in the endothelium of IVC
of HT-29-injected mice are suppressed by an AHR A
antagonist. [VCs of mice were harvested and divided for
immunoblotting (as shown in Figure 7E-F) and fixed for
immunofluorescence microscopy. (A,C) Immunofluores-
cence images of IVC stained with anti-TF and anti-PAI-1
along with anti-CD31. The secondary antibodies consisted
of Alexa Fluor. Green = CD31; red = TF or PAI-1. 4',6-
Diamidino-2-phenylindole (DAPI) was used to stain the
nuclei. Representative images of 5 IVC mice are shown.
Scale bar = 10 um for TF and 30 um for PAI-1. (B,D). Three
images per IVC were analyzed, and a region of interest was
marked corresponding to the endothelial cells. Integrated
density was normalized to the surface area of the region of
interest measured by using ImageJ as microns. The data
are represented as box plots, and a Student t test was
used to compare both the groups, **P = .005 for TF and
P < .001 for PAI-1.
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and indoleamine 2,3-dioxygenase 1 that are also present in
tumor cells, among other tissues. Colon cancer cells such as HT-
29, Caco-2, and LC-180 cells harbor the entire enzyme ma-
chinery for tryptophan catabolism, whose rate is several folds
higher than that in normal colon epithelium.® Qi et al** showed
that the human colon cancer cells grown in vitro converted
tryptophan to Kyn and that the treatment with anticancer agents
suppressed the generation of Kyn and resulted in the accu-
mulation of tryptophan within the cancer cells and its milieu.
However, such studies performed in a two-dimensional cell
culture may not accurately reflect the metabolism of tumors in a
three-dimensional structure.*®4" Nonetheless, our analysis of
HT-29 cells suggests that the xenografts of HT-29 used in this
study are likely to be the source of increased Kyn levels in the
blood of these mice.

An increase in blood levels of IS in the context of a colon
cancer xenograft model is intriguing. Although IS is a tryptophan

METABOLITE-AHR-TF AXIS IN CANCER-ASSOCIATED DVT/PE

metabolite similar to Kyn, it is generated from indole in the gut
microbiome by tryptophanase-containing bacteria. Indole is
further converted to IS in the liver by the cytochrome system. At a
steady state, the blood level of IS is a function of its production
and excretion through the kidneys. An increase in the blood
levels of IS in the setting of colon cancer may suggest higher
production, because its renal excretion is less likely to be af-
fected in this xenograft model. It is plausible that the alteration in
microbiome with tumor grafting* may contribute to the in-
creased levels of IS. Dysbiosis in patients with colon cancer is
known*® and implicated in the growth and progression of colon
cancer.** Although this observation warrants further exploration,
the current results indicate that investigation of the role of gut
microbiome and cancer-associated VTE is needed.

Human studies have indicated a heightened risk of cancer-

associated VTE with a greater tumor burden, inclusive of tu-
mor mass and stage.**5 Intriguingly, the current study revealed
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Figure 9. A prothrombotic metabolite AHR-TF/PAI-1 axis is associated with cancer-associated VTE. In animals with xenografts, an increase in blood levels of prothrombotic
metabolites activates AHR signaling within endothelial cells of large veins. AHR activation results in its nuclear translocation and the upregulation of TF and PAI-1 within
endothelial cells. Both of these events are known to augment thrombogenesis and inhibit thrombolysis. In concert, this axis may contribute to cancer-associated VTE.

no correlation between the IVC clot weights, an indicator
of venous thrombogenicity in mice, and the tumor mass
(Figure 1D). Although this apparent discordance may be due to a
smaller sample size or confounded by a rapid tumor growth,
there is an alternative and potentially hypothesis-generating
explanation. Malignancy exploits multiple ways to mediate
VTE. Although it is conceivable that some of the mediators
secreted by the tumors are dependent on tumor mass, it is also
plausible that others, such as IS and Kyn, are influenced by the
metabolism of the tumor. Recent studies have indicated that the
metabolic rate of cancer cells is heterogeneous in a tumor and
may not correlate linearly with the tumor mass.**#’ In that case,
the kinetics of a specific pathway within the tumor cells, rather
than tumor mass per se, may govern the levels of these medi-
ators. This notion may be further supported in colon cancer in
humans. The higher tumor stage, as reflected by the TNM
classification, suggests a greater tumor burden in humans. The
“T" in the TNM classification is generally captured by the tumor
size.*>* However, the TNM classification proposed by the
National Comprehensive Cancer Network guideline for colon
cancer does not include tumor size but rather is based on the
invasiveness of the tumor. Further studies are needed to ex-
amine the effect of factors other than tumor mass on cancer-
associated VTE.

AHR-TF/PAI-1 axis in cancer-associated VTE

Emerging evidence implicates the role of the AHR pathway in
thrombosis through several mechanisms.'®'3 In endothelial cells,
AHR activation increases TF messenger RNA, protects TF from
ubiquitination and proteasomal degradation, and enhances the
release of TF-bearing microvesicles. In essence, AHR activation
can transform the endothelial cells from an anticoagulant sur-
face to a procoagulant surface, enhancing thrombosis. IS is also
known to increase platelet aggregation and adhesion, thereby
augmenting thrombus formation.*’ Traditionally, platelets have
remained a focus of arterial thrombosis. However, because
antiplatelet agents are used successfully in the prevention of

2410 & blood® 26 DECEMBER 2019 | VOLUME 134, NUMBER 26

VTE,*® it may suggest their role in cancer-associated DVT. The
current study does not rule out the contribution of factors other
than metabolites, such as inflammation, which are known to
activate both AHR and TF signaling.>'52

AHR regulation of PAI-1 may be relevant in cancer-associated
VTE. PAI-1 is the physiologic inhibitor of fibrinolysis and elicits its
function by binding to and specifically inhibiting tissue plas-
minogen activator and urokinase plasminogen activator. An
AHR-dependent increase in PAI-1 is noted in both Kyn-treated
endothelial cell lysates and in the plasma of xenograft-bearing
animals. This scenario provides evidence that AHR regulates
PAI-1 in endothelial cells. These observations are consistent with
that of Son etal,’® who described PAI-1 as a transcriptional target
of the AHR pathway in hepatoma cells. Our findings are relevant,
as patients with different malignancies have higher levels of
PAI-1.535% Overall, the current study suggests the AHR-TF/PAI-1
axis as a candidate mediator of colon cancer-associated VTE.

Translational potential of AHR-TF axis in
cancer-associated VTE

In addition to its pathogenicity, the metabolite AHR-TF axis may
have prognostic significance in cancer-associated VTE. Cur-
rently, available risk scores of VTE, such as the Khorana score and
its modifications, are derived from limited numbers of subjects
and include only a handful of variables. Thus, their ability to
capture the staggering variability in patient- and cancer-related
VTE risk®*%¢ is suboptimal, as these scores cannot be generalized
to some major cancer types.®’ Because the incidence of VTE
varies according to cancer type, it suggests that cancer-specific
thrombotic mediators play an important role. Thus, develop-
ment of cancer-specific risk models for the prediction of VTE is
needed to help guide targeted thromboprophylaxis.®®

This pathway has features that may make it conducive to bio-

marker research. First, the nodes of this axis are quantifiable
with high accuracy and in a scalable manner. For example,
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metabolites can be measured in blood with sensitive and ac-
curate methods, such as LC/MS.32 Second, high-throughput
assays with a wide dynamic range and optimized signal-to-
noise ratio are also available to monitor the ability of serum to
activate AHR and TF activity in endothelial cells. A recent study
examined the nodes of the metabolite AHR-TF axis and corre-
lated them with the thrombosis in patients with normal kidney
function and chronic kidney disease.’® In both these cohorts,
with the use of unsupervised machine learning techniques, the
levels of metabolites and potency of patients’ sera to activate
AHR pathway and TF in endothelial cells were sufficient to
discriminate patients who subsequently developed thrombosis.
A similar strategy can be envisioned for VTE risk stratification in
patients with cancer.

AHR signaling may be an appealing target for cancer-associated
VTE. The AHR pathway is implicated in the pathogenesis of
different malignancies.’® Using tool compounds, our laboratory
and others have shown the pharmacological targetability of AHR
protein.’>2¢ Now that the current data support its role in cancer-
associated VTE, AHR antagonists may fulfill a dual purpose in
patients with malignancy. AHR is activated by endogenous li-
gands, such as é-formylindolo[3,2-b]carbazole, and also ex-
ogenous ligands such as environmental toxins. Ligands such as
6-formylindolo[3,2-b]carbazole maintain low levels of AHR ac-
tivity in cells and drive basal levels of downstream AHR targets
such as TF. This notion is supported by the fact that mice without
xenografts had 5.2 = 1.62% endothelial cells positive for nuclear
AHR in IVC (Figure 4C). CH223191 is a potent competitive AHR
inhibitor that suppresses the AHR pathway activated by en-
dogenous ligands, as well as those ligands overproduced as part
of the disease process, such as IS and Kyn. This may explain
suppression of AHR targets by CH223191 below control levels
(Figures 6E and 7F). Similar observations were noted in the
arterial thrombosis model in which 2 discrete AHR antagonists,
CB7993113 and CH223191, suppressed TF below basal levels in
cultured vSMCs.""" Furthermore, AHR antagonists do not di-
rectly target coagulation factors that constitute the hemostatic
protective barrier and accordingly are expected to have lower
bleeding risk."

Inherent in a mouse study are a few limitations. The allogenic
xenografts mandate the use of immunocompromised mice such
as athymic nude mice. Such a model will be devoid of com-
ponents of immunity in thrombus formation, which limits the
ability to probe for the role of innate immunity in thrombosis
“immunothrombosis,”¢° likely a focus of other investigations.
Although the current study used the xenograft model, tumors in
their natural environment (orthotropic models) are more rep-
resentative of human tumors. The aforementioned limitations
can be addressed in future studies with the use of humanized
mice or syngeneic orthotropic models.

In an era of precision medicine, cancer-associated thrombosis
can be a predictable and preventable event. Addressing this
unmet need warrants mechanistic probing of translationally
relevant animal models. Although unbiased omics approaches
are underway, a hypothesis-driven study of mediators, as illus-
trated in the current work, provides unique mechanistic insights.
The translational potential of these findings is underscored by
the fact that the components of the metabolite AHR-TF/PAI-1
axis can potentially be leveraged to individualize the risk prediction

METABOLITE-AHR-TF AXIS IN CANCER-ASSOCIATED DVT/PE

for cancer-associated thrombosis, as done in other human
diseases,' and therapeutically targeted to improve the manage-
ment of at-risk cancer patients.
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