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» Pathogenesis of
cancer-associated
thrombosis (CAT) is
multifactorial, and risk
of CAT varies based
on patient-, tumor-,
and treatment-related
factors.

We identified novel
biomarkers and
pathways associated
with CAT, and
prospective studies
are needed to gain
insight on these
findings.

Cancer is associated with an increased risk of venous thromboembolism (VTE). In the
CASSINI study, ambulatory cancer patients with a Khorana risk score =2 had a reduced
risk of VTE while receiving rivaroxaban. This analysis used blood samples from CASSINI
to compare biomarker levels between patients with and without VTE. VTE occurred in 62
patients during the 6 months of CASSINI (cases), and they were matched by age, sex,
cancer type, tumor stage, and Khorana score to 62 controls. Baseline blood samples were
analyzed for 280 biomarkers, and biomarker distribution was compared using the
Wilcoxon rank-sum test between groups defined by VTE occurrence and vital status.
Sparse Bayesian regression modeling was used to select a joint panel of potential VTE
biomarkers. Biomarkers with the largest differences in baseline distribution among
cancer patients with and without VTE included decreases in stromal cell-derived factor-1
(SDF-1), thyroid-stimulating hormone (TSH), and monocyte chemotactic protein 4 and
increases in growth hormone (GH) and interleukin-1 receptor type 1 (IL-1R1). Between
survivors and those who died, significantly different biomarkers included ST2, IL-8, and
C-reactive protein. Regression analyses also identified decreases in SDF-1 and TSH.
Pathway analysis indicated enrichment of cytokine and chemokine activity with IL-1R1,
SDF-1, and GH, which are the strongest predictors of VTE or death. Our analyses highlight
the interactions between hemostatic and inflammatory processes and identify candidate
biomarkers of cancer-associated VTE. Prospective studies will determine clinical
relevance of these biomarkers. This trial was registered at www.ClinicalTrials.gov as
#NCT02555878.

Introduction

Thromboembolism contributes substantial morbidity and mortality to cancer patients." Venous thrombo-
embolism (VTE) is more likely to occur in patients with advanced cancer and metastatic disease and is
associated with shorter survival. Cancer is associated with an increased risk of developing VTE, which
occurs in up to 20% of cancer patients, and arterial thromboembolism, which affects 2% to 5% of can-
cer patients.? A significant challenge associated with the management of VTE risk in cancer patients is
that it varies by a number of factors, including cancer type, platelet and leukocyte levels, and patient-
related factors.>®
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The Khorana risk score is currently the most widely validated pre-
dictive model for risk of developing VTE in cancer patients." Clini-
cal guidelines recommend this score as the only validated risk
assessment tool for the prediction of cancer-associated VTE in out-
patients.*® Scores are calculated based on the presence of very
high-risk (stomach or pancreas) or high-risk (lung, lymphoma, gyne-
cologic, bladder, testicular) cancers, platelet count (=350 000/uL),
hemoglobin (<10 g/dL or use of erythropoiesis-stimulating agents),
leukocyte count (>11 000/uL), and body mass index (=35 kg/m?).2
The biomarkers D-dimer and soluble P-selectin were added to extend
the Khorana score in the Vienna Cancer and Thrombosis Study
(CATS) score.” These 2 biomarkers and thrombin generation were
independently associated with VTE risk in cancer patients based on
the results of observational studies.”® Data from additional cohort
studies are needed to consider alterations to clinical practice
guidelines.*

Recent studies have attempted to identify novel biomarkers predic-
tive of cancer-associated VTE. Lung cancer patients with elevated
D-dimer levels were found to have significantly shorter survival, par-
ticularly Asian patients.® Similar negative associations of elevated
D-dimer on survival have been identified in patients with other types
of cancer, including breast, colorectal, cervical, pancreatic, and
prostate cancer.! However, differences in p-dimer assay methodolo-
gies and patient populations studied raise questions about specific
cutoff values for p-dimer. Prothrombin fragment 1 + 2 complements
p-dimer in identifying patients at risk of VTE and is considered a
specific in vivo measurement of thrombin generation.'®'" p-dimer
plasma levels have also been correlated to plasma levels of interleu-
kin (IL)-6, vascular endothelial growth factor (VEGF), serum VEGF
per 10° platelets, and fibrinogen.12 Thus, mediators of inflammation
and angiogenesis may interact with the hemostatic system to further
the procoagulant state associated with cancer.!’ C-reactive protein
(CRP), a measure of systemic inflammation, has been inconsistently
associated with VTE in cancer patients.

The CASSINI study examined the effect of rivaroxaban vs placebo
on VTE incidence in ambulatory cancer patients considered to be
at high risk for VTE, as assessed by the Khorana score.'® While
on treatment, rivaroxaban 10 mg once daily reduced the risk of a
VTE event. An analysis of the primary endpoint (composite of
objectively defined proximal deep-vein thrombosis [DVT] in a lower
limb, pulmonary embolism, symptomatic DVT in an upper limb or
distal DVT in a lower limb, and death from VTE) during the inter-
vention period identified events in 11 of 420 (2.6%) of the rivaroxa-
ban group and 27 of 421 (6.4%) of the placebo group (hazard
ratio [HR], 0.40; 95% confidence interval [Cl], 0.20-0.80). We
examined a large panel of biomarkers in blood samples from
patients enrolled in CASSINI at baseline to determine differences
in levels between patients who did and did not develop VTE.

Methods

CASSINI study design and patients

The CASSINI study was a multicenter, randomized, double-blind,
placebo-controlled, parallel-group, phase 3b trial for which the meth-
ods and primary results have previously been published in
detail.'®' Briefly, patients aged 18 years and older who were
ambulatory and had a solid tumor or lymphoma were eligible for
enrollment. Other key inclusion criteria required patients to have a
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Khorana score of 2 or higher at baseline, expected survival >6
months, and initiation of a new systemic cancer therapy regimen
within 1 week before or after starting study medication. Enrolled
patients had venous ultrasonography of both legs to exclude those
with preexisting proximal DVT. Patients without thrombosis were ran-
domized to rivaroxaban 10 mg or placebo once daily for up to
180 days. Of 841 patients randomized in CASSINI, 62 developed
VTE, with 24 occurring after treatment discontinuation.

The CASSINI study was performed in accordance with the princi-
ples of the Declaration of Helsinki and with local regulations. The
study protocol was approved by an institutional review board at
each trial site.

Biomarker substudy

In this substudy, a case-control design was used to compare blood
samples from the 62 patients who developed VTE during the
6-month CASSINI study with 62 matched controls. Controls were
matched for age, sex, cancer type, tumor stage, and Khorana score.
Pretreatment, baseline blood samples were collected and analyzed
for 280 biomarkers, including a mix of cytokines, chemokines, meta-
bolic markers, hormones, and growth factors, using the Myriad
Human DiscoveryMAP, version 3.3 (Myriad RBM, Austin, TX) (sup-
plemental Table 1). Apolipoprotein E was missing in all samples,
and assays with <10 unique values were not analyzed, leaving 252
biomarkers for analysis. Missing values were imputed using a
K-nearest neighbor approach (with 10 neighbors), as implemented
in the function impute.knn from the R package impute, version
1.60."° Differences in the distribution of the biomarker values at
baseline between the 2 groups defined by VTE occurrence were
assessed using the Wilcoxon rank-sum test to determine the signifi-
cance of the range of values from each other. No adjustment for
multiple comparisons was performed. An additional analysis was
performed for differences in biomarkers at baseline for the cancer
patients who survived vs those who died during the study.

Sparse multipredictor Bayesian logistic regression modeling'® was
separately applied to the VTE occurrence outcome and to the VTE/
death composite outcome using inverse normal transformed'” bio-
markers as predictors and the R package HTLR, version 0.4.3.'® The
default hyper t with 1 degree of freedom prior was used with 40 000
Markov chain Monte-Carlo (MCMC) iterations. All biomarkers after
inverse normal transformation with a P > .05 from a Shapiro-Wilk
test of normality were considered in the regression modeling. Bio-
markers with absolute mean posterior coefficients from the MCMC
> 0.2 times the biomarker with the greatest absolute mean posterior
coefficient were selected for inclusion in the final model (default
threshold from the HTLR package). Selected biomarkers were char-
acterized by their mean posterior coefficient and 90% posterior inter-
val, as calculated using the MCMC _intervals_data function of the R
bayesplot package.'® Pathway/gene set enrichment analysis of
selected biomarkers was performed using the enrichR package'®
interface to the EnrichR web service,?® with biomarkers mapped to
their respective gene symbols using Myriad-provided UniProt IDs.

Results
Patient characteristics

Demographics and baseline clinical characteristics for all 124
patients and by subgroups based on VTE are provided in Table 1.
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Table 1. Baseline demographics and clinical characteristics

With VTE Without VTE All patients

Characteristic (n = 62) (n = 62) (N = 124)
Age, median (range), years 67 (41, 85) 66 (43, 82) 67 (41, 85)
Male, n (%) 28 (45.2) 27 (43.5) 55 (44.4)
Race, n (%)

White 48 (77.4) 48 (77.4) 96 (77.4)

Black 3 (4.8) 5 (8.1) 8 (6.5)

Asian 1(1.6) 2 (3.2) 3(2.4)

Other 2 (3.2) 1 (1.6) 3 (2.4)

Not reported 8 (12.9) 6 (9.7) 14 (11.3)
Ethnicity, n (%)

Hispanic/Latino 4 (6.5) 7 (11.3) 11 (8.9)

Not Hispanic/Latino 49 (79.0) 49 (79.0) 98 (79.0)

Not reported/unknown 9 (14.5) 6 (9.7) 15 (12.1)

24.40 (15.1, 40.7)
87.00 (38.4, 184.8)

BMI, median (range), kg/m?
Creatinine clearance, median (range), mL/min

Khorana risk score categories, n (%)

Cancer
2 - Very high-risk cancer 40 (64.5)
1 - High-risk cancer 21 (33.9)
1 - BMI >35 kg/m? 6 (9.7)
1 - Platelet count >350 000/uL 23 (37.1)
1 - Hemoglobin <10 g/dL 5 (8.1)
1 - Leukocyte count >11000/pL 13 (21.0)

Total Khorana risk score, n (%)

<2 0
2 42 (67.7)
3 17 (27.4)
4 2 (3.2)
=5 1(1.6)

ECOG PS score

0 16 (25.8)
1 39 (62.9)
2 7 (11.3)

26.20 (17.7, 49.1)
90.00 (37.2, 265.8)

24.95 (15.1, 49.1)
88.80 (37.2, 265.8)

35 (56.5) 75 (60.5)
25 (40.3) 46 (37.1)
10 (16.1) 16 (12.9)
21 (33.9) 44 (35.5)
8 (12.9) 13 (10.5)
15 (24.2) 28 (22.6)
0 0
43 (69.4) 85 (68.5)
13 (21.0) 30 (24.2)
6 (9.7) 8 (6.5)
0 1(0.8)
22 (35.5) 38 (30.6)
33 (53.2) 72 (58.1)
7 (11.3) 14 (11.3)

BMI, body mass index; ECOG PS, Eastern Cooperative Oncology Group performance status.

More patients who had VTE had elevated platelet count (37.1%)
compared with those who did not have VTE (33.9%). Fewer
patients who had VTE had low hemoglobin (8.1%) compared with
those who did not have VTE (12.9%). Khorana risk score categories
were different by VTE status, with a higher proportion of VTE
patients having a score of 3 and a smaller proportion having a score
of 4 or more compared with non-VTE patients. Pancreatic cancer
accounted for half of the population (n = 62), and 84 patients sur-
vived while 40 died (VTE: n = 27; control: n = 13) during the
study.

Biomarker identification

Eleven biomarkers had significantly (P < .05) different baseline dis-
tributions in cancer patients with VTE (h = 62) vs those without
VTE (nh = 62) (Table 2). Biomarkers with the largest difference in
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median values were stromal cell-derived factor-1 (SDF-1), growth
hormone (GH), thyroid-stimulating hormone (TSH), monocyte che-
motactic protein 4, IL-1 receptor type 1 (IL-1R1), pulmonary and
activation-regulated chemokine, mast/stem cell growth factor recep-
tor, and IL-16 (Figure 1). P-selectin values were not significantly dif-
ferent between patients with VTE (median, 85.0 ng/mL; range,
33.0-340.0 ng/mL) and without VTE (73.0 ng/mL; range, 36.0-
197.0 ng/mL; P = .129).

Comparing patients who survived with those who died, 12 bio-
markers had significantly different distributions at baseline (supple-
mental Table 2). The biomarkers with the largest differences in
median values included the protein ST2 (encoded by the IL-1
receptor-ike 1 gene),>' macrophage inflammatory protein-3 «
(MIP-3 «), tenascin-C, tumor necrosis factor (TNF) ligand superfam-
ily member 12 (Tweak), eotaxin-1, IL-8, and CRP (Figure 2).
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Table 2. Significant differences in baseline biomarkers based on occurrence of VTE in patients enrolled in CASSINI*

Analyte

VTE
Median (range) [n]

No VTE
Median (range) [n]

Stromal cell-derived factor-1, pg/mL

Growth hormone, ng/mL

Thyroid-stimulating hormone, pwlU/mL

Monocyte chemotactic protein 4, pg/mL

Interleukin-1 receptor type 1, pg/mL

Human epidermal growth factor receptor 2, ng/mL
Placenta growth factor, pg/mL

Pulmonary and activation-regulated chemokine, ng/mL
Mast/stem cell growth factor receptor, ng/mL
Interleukin-16, pg/mL

Human chorionic gonadotropin 8, mlU/mL

2550.0 (162.0, 4340.0) [62]
1.6 (0.1, 16) [61]

0.9 (0.02, 6.4) [61]
145.0 (33.0, 473.0) [58]
1940.0 (285.0, 3930.0) [62]

0.5 (0.2, 1.1) [61]

32.5 (32.5, 123.0) [61]
157.5 (62.0, 849.0) [62]
6.3 (2.8, 15.0) [59]
296.0 (129.0, 1120.0) [61]
2.2 (2.2, 279.0) [62]

2890.0 (1220.0, 5640.0) [61]
0.8 (0.1, 28) [61]

1.5 (0.02, 15.0) [61]
183.0 (33.0, 883.0) [59]
1630.0 (175.0, 3470.0) [62]

0.4 (0.1, 3.6) [61]

32.5 (32.5, 82.0) [61]
197.0 (51.0, 1090.0) [62]
7.4 (2.6, 15.0) [59]
334.0 (135.0, 2200.0) [61]
2.2 (2.2, 252.0) [62]

.003
.006
.006
.017
.027
.027
.035
.036
.04

.043
.045

*Nonparametric test (Wilcoxon rank sum), unadjusted for multiple comparisons. The Wilcoxon rank sum test used here is comparing the 2 distributions (and not the 2 median values

shown in the table).
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Figure 1. Biomarkers with significantly different distributions (red bar) and largest differences between median values (blue diamond) at baseline for

cancer patients enrolled in CASSINI with subsequent VTE vs those without VTE. P determined from a Wilcoxon rank-sum test, unadjusted for multiple comparisons,

comparing the 2 distributions.
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Figure 2. Biomarkers with significantly different distributions (red bar) and largest differences between median values (blue diamond) at baseline for

cancer patients who survived vs those who died during the CASSINI study. P determined from a Wilcoxon rank-sum test, unadjusted for multiple comparisons,
comparing the 2 distributions.

Table 3. Bayesian sparse logistic regression coefficient estimates and 90% posterior intervals for VTE outcome

Biomarker HGNC Point estimate Lower 90% PI Upper 90% PI
Stromal cell-derived factor-1 (SDF-1) CXCL12 —0.2437 —0.9260 0.0148
Thyroid-stimulating hormone (TSH) TSHB —0.1796 —0.8036 0.0146
Monocyte chemotactic protein 4 (MCP-4) CCL13 —0.1182 —0.7075 0.0208
Interferon-inducible T-cell a chemoattractant (ITAC) CXCL11 0.10183 —0.0234 0.7182
Growth hormone (GH) GH1 0.0968 —0.0203 0.5867
Human epidermal growth factor receptor 2 (HER-2) ERBB2 0.0436 —0.0255 0.3507
Interleukin-1 receptor type 1 (IL-1R1) ILT1R1 0.0342 —0.0279 0.2484
Pulmonary and activation-regulated chemokine (PARC) CCL18 —0.0341 —0.2519 0.0270
Myoglobin MB 0.0326 —0.0278 0.2424
MHC class | chain-related protein A (MICA) MICA 0.0321 —0.0305 0.2226
Human chorionic gonadotropin B (hCG) CGB3 0.0315 —0.0267 0.2269
Folate receptor y (FOLR3) FOLR3 0.0294 —0.0280 0.2024
Heparin-binding EGF-like growth factor (HB-EGF) HBEGF 0.0290 —0.0289 0.1978
Superoxide dismutase 1, soluble (SOD-1) SOD1 0.0283 —0.0256 0.1947
Carbonic anhydrase 9 (CA-9) CA-9 0.0259 —0.0245 0.1789
Granulocyte colony-stimulating factor (G-CSF) CSF3 —0.0257 —0.1770 0.0299

HGNC, human gene symbol; point estimate, mean posterior estimate of inverse normal transformed and standardized biomarker lower and upper 90% Pls for regression coefficient
from the Markov chain Monte-Carlo; EGF, epidermal growth factor; MHC, major histocompatibility complex; P, posterior interval.
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Figure 3. Correlogram of biomarkers. Color corresponds to Pearson correlation value between biomarkers (after inverse normal transformation) as indicated in the color

scale on the right (-1 to 1), with darker blue indicating stronger positive correlation (diagonals are darkest blue indicating correlation of 1 by definition) and darker red indicating

stronger negative correlation. Only correlations with P < .01 are plotted. Biomarkers are ordered by hierarchical clustering using Ward's D2 metric. The plot was constructed

using the corrplot function from the R package corrplot. CA-9 indicates carbonic anhydrase 9; FOLRS3, folate receptor -y; G-CSF, granulocyte colony-stimulating factor;

GH, growth hormone; HB-EGF, heparin-binding EGF-like growth factor; hCG, human chorionic gonadotropin 8; HER-2, human epidermal growth factor receptor 2; IL-1R1,

interleukin-1 receptor type 1; ITAC, interferon-inducible T-cell a chemoattractant; MCP-4, monocyte chemotactic protein 4; MICA, MHC class | chain-related protein A; PARC,

pulmonary and activation-regulated chemokine; SDF-1, stromal cell-derived factor-1; SOD-1, superoxide dismutase 1, soluble; TSH, thyroid-stimulating hormone.

The tumor-specific biomarkers, cancer antigen (CA19-9), and carci-
noembryonic antigen (CEA) were significantly elevated for patients
who died compared with those who survived (median [rangel:
CA19-9: 300.0 [1.7, 3060.0] vs 39.5 [1.7, 3800.0]; P = .006 and
CEA: 5.0 [0.3, 297.0] vs 2.4 [0.3, 358.0]; P = .041).

Given the large population of patients with pancreatic cancer, we
compared biomarkers by cancer type (pancreatic vs other cancer
types) (supplemental Table 3). The most significant factors by
cancer type were CA19-9, VEGF D, a-1-acid glycoprotein 1, and
HE4. Only a few of the biomarkers identified as significant predic-
tors of VTE were significant for the pancreatic cancer population:
human epidermal growth factor receptor 2 (P = .014), human
chorionic gonadotropin B (P = .025), thyroid-stimulating hormone
(P = .054), and mast/stem cell growth factor receptor (P = .07).
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From the Bayesian sparse regression modeling of VTE occurrence,
16 biomarkers were jointly selected from the 213 considered
(Table 3), with SDF-1 and TSH having the largest absolute mean
posterior regression coefficient. Eight of these showed some asso-
ciation in Table 2, including 7 of the top 8 (ranked by absolute
mean posterior coefficient). These 16 biomarkers showed some cor-
relations with each other across the entire cohort (Figure 3). Path-
way analysis of the selected biomarkers indicated enrichment of
multiple gene sets/pathways (Table 4), including cytokine-cytokine
receptor interaction, cytokine activity, and chemokine activity. Predic-
tions from the model were 86% correct for those predicted to not
develop VTE (54 of 63) and 87% correct for those predicted to
develop VTE (53 of 61). For the composite outcome of VTE or
death, 25 biomarkers were selected in the sparse regression analy-
ses (supplemental Table 4), with 7 also selected in the VTE-only
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model, including the 3 strongest for VTE or death: IL-1R1, SDF-1,
and GH.

Discussion

In this substudy of CASSINI, 2 methods of analyzing potential bio-
markers associated with VTE in cancer patients were performed.
Significant differences in baseline distribution of biomarkers were
most notable for SDF-1 and TSH. Among patients who died, several
inflammatory biomarkers were associated with large and significant
differences in median values. These included ST2, which is associ-
ated with heart failure and cardiac fibrosis®' and encoded by an
IL-1 receptor family gene. IL-1R1 was significantly elevated in can-
cer patients who developed VTE compared with those who did not
develop VTE. IL-1, the model proinflammatory cytokine, binds to
IL-1R1 and leads to the expression of many inflammatory genes.??
CRP and MIP-3 « levels were elevated in patients who died during
the study, and levels of the proinflammatory cytokine IL-8 showed a
larger distribution among survivors but had a higher median value
among those who died. However, IL-6 was not significantly different
in either subgroup of patients based on survival or VTE occurrence,
in contrast to prior reports.?%2

Results of the logistic regression and pathway analysis were sup-
portive and complementary of these initial findings. SDF-1 and TSH
remained the strongest predictors of VTE, and the majority of bio-
markers identified in the distribution analysis were confirmed with
logistic regression. In addition, the biomarkers showed some corre-
lations with each other. Models based on pathway analysis of cyto-
kine and chemokine activity were more than 85% effective in
predicting VTE outcome. Additional biomarkers were identified in
the regression analysis of VTE or death, but the 3 strongest bio-
markers were consistent with initial findings in this cohort: IL-1R1,
SDF-1, and GH.

Many factors and overlapping pathways are believed to contribute
to cancer-associated VTE."" Cancer induces a procoagulant state
through various mechanisms related to tumor cells as well as the
various types of cancer therapy. Inflammatory cytokines are released
as part of the immune response that leads to tumor initiation and
progression as well as in response to therapy-induced cellular dam-
age and infection.'®?® Monocytes and endothelial cells express tis-
sue factor, which is activated by inflammatory cytokines released
from tumors.'® Expression of tissue factor is also induced by
P-selectin, a key player in thrombogenesis that leads to a prothrom-
bic state, and by CRP. Tissue factor is the primary initiator of the
extrinsic coagulation cascade and increases fibrin deposition in
close proximity to mononuclear cells in the tumor stroma.'®2® Expo-
sure to inflammatory cytokines increases the amount of tissue factor
available to participate in coagulation and also increases the pro-
duction of tissue factor microparticles, which have been linked to
VTE in patients with pancreatic cancer, particularly those with nonre-
sectable metastatic and poorly differentiated adenocarcinomas.?’
However, in addition to tissue factor, many other procoagulant and
antifibrinolytic activities may be stimulated by inflammatory cytokines,
including the formation of neutrophil extracellular traps, complement
activation, and PAI-1 expression.

A prior study has shown that plasma levels of proinflammatory fac-
tors IL-1, TNFa, and serum amyloid A protein were significantly ele-
vated in patients diagnosed with VTE compared with a control
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group of age- and sex-matched healthy subjects.?® Subsequent
work by the same group identified a mutation in IL-1 that is associ-
ated with mortality due to VTE.?® In addition, ST2 was significantly
elevated in VTE patients and appears to be an indicator of inflamma-
tory, immune, and cardiovascular diseases. As was seen in our anal-
ysis of VTE among cancer patients, there was no difference in IL-6
between VTE and non-VTE groups.

The roles of TSH and GH in VTE risk are incompletely understood.
Elevated levels of TSH have been reported in patients with VTE,
which may be associated with effects of thyroid dysfunction on the
hemostatic system.®*3' However, TSH levels had wide confidence
intervals, and another study showed no association between TSH
and VTE.*2 The GH axis has been linked with cancer progression.®®
Despite a broader distribution, the median value of GH in cancer
patients with VTE was twice that of cancer patients without VTE.
This finding may be consistent with the occurrence of VTE in cancer
patients who have more advanced disease with distant metastasis.’
Interactions between the various biologic processes involved in can-
cer initiation and progression and hypercoagulability are complex
and multifactorial. The pathway analysis showed enrichment for
cytokine and chemokine activity, suggesting greater activity of
inflammatory markers for VTE in cancer patients. Our findings sup-
port validation of these biomarkers in other populations, use of them
in predictive models, and research exploring the causal pathways.

This comprehensive subanalysis of the CASSINI study had several
limitations. Biomarker levels were analyzed at baseline, and there
was no assessment of longitudinal changes in biomarker levels."
The results were not adjusted for multiple comparisons, leading to a
risk of false-positive findings. As VTE risk varies by cancer type, the
inclusion of patients with various cancer types, both lymphoma and
solid tumors, may have confounded the identification of specific bio-
markers associated with VTE in patients with particular cancers. For
example, the platelet activator podoplanin has been identified as a
biomarker of VTE in brain tumor patients.>**®° In addition, multivari-
ate analysis may have limited the predictive ability of biomarkers. As
observed in an analysis of CATS, CRP levels were predictive of
VTE in a univariate analysis with an HR of 1.2 per doubling but, in a
multivariate analysis including chemotherapy, surgery, radiotherapy,
metastasis, and P-selectin, CRP was no longer significantly associ-
ated with VTE.®® Another confounding factor may include the type
of systemic therapy administered to cancer patients.®”

The goal of risk stratification models is to personalize thrombopro-
phylaxis to achieve the greatest risk reduction in thromboembolism
while avoiding bleeding complications, particularly in patients at
lower risk of VTE. The identification of biomarkers predictive of VTE
in cancer patients will further optimize risk stratification models.
Additional studies to prospectively validate candidate biomarkers
and biomarker signatures would be of significant clinical relevance
and utility.

Acknowledgments

This study was funded by Janssen and Bayer (ClinicalTrials.gov iden-
tifier, NCT02555878). A.AK. acknowledges additional research sup-
port from the Sondra and Stephen Hardis Chair in Oncology
Research and the Porter Family Fund. AAK, KRM, and J.B. are
supported by the Consortium Linking Oncology with Thrombosis
(CLOT), funded by the National Heart, Lung, and Blood Institute

BIOMARKER SIGNATURES IN CANCER-ASSOCIATED VTE 1219



(U01HL143402). Medical writing support was provided by Michelle
McDermott of Cello Health Communications/MedErgy (Yardley, PA).

Authorship

Contribution: A.AK. participated in the conception of the study;
AAK, TW, and KRM. conducted the study; J.B., U.V.,, and C.V.D.
performed the statistical analyses; and A.AK, J.B. TW., UV, CV.D,
KT.M, PW.,, and KR.M. participated in data interpretation and manu-
script development and provided final approval of the submitted
manuscript.

Conflict-of-interest disclosures: A.AK. reports receiving personal
fees for serving as cochair of the steering committee for CASSINI
and nonfinancial support for travel from Janssen during the conduct
of the study; personal fees and nonfinancial support for travel from
Bayer, Sanofi, Parexel, Janssen, Halozyme, Pfizer, Bristol Myers
Squibb, Leo Pharma, Medscape/WebMD, and Seattle Genetics;

References

personal fees from Pharmacyclics, Pharmacyte, Anthos, Nektar, and
TriSalus; and grants to his institution from Merck, Array, Bristol
Myers Squibb, and Leap Pharma, outside the submitted work.
AAK. was also the National Coordinator of the MARINER trial for
Janssen. T.W. has served on steering committees for Janssen and
Pfizer. KR.M. has served on advisory boards for Dova Pharmaceuti-
cals, Pfizer, Rigel Pharmaceuticals, and Sanofi. U.V., C.V.D., KT.M,,
and P.W. are full-time employees of Janssen Scientific Affairs, LLC
and own stock in Johnson & Johnson. J.B. has nothing to disclose.

ORCID profiles: J.B., 0000-0003-2403-8268; T.W., 0000-
0001-6383-7172; K.T.M., 0000-0001-7505-102X; K.R.M., 0000-
0001-7340-475X.

Correspondence: Alok A. Khorana, Department of Hematol-
ogy and Medical Oncology, Cleveland Clinic, 10201 Carnegie
Avenue, CAB0, Cleveland, OH 44106, e-mail: Khorana@ccf.org.

1. Liebman HA. Cancer prognosis in patients with venous thromboembolism (VTE) and patients with clinical and laboratory biomarkers predictive of

VTE risk. Thromb Res. 2018;164(Suppl 1):S19-S22.

Hisada Y, Mackman N. Cancer-associated pathways and biomarkers of venous thrombosis. Blood. 2017;130(13):1499-1506.
Khorana AA, Connolly GC. Assessing risk of venous thromboembolism in the patient with cancer. J Clin Oncol. 2009;27(29):4839-4847.

4.  Key NS, Khorana AA, Kuderer NM, et al. Venous thromboembolism prophylaxis and treatment in patients with cancer: ASCO Clinical Practice

Guideline update. J Clin Oncol. 2020;38(5):496-520.

5. Mandala M, Falanga A, Roila F; ESMO Guidelines Working Group. Management of venous thromboembolism (VTE) in cancer patients: ESMO

Clinical Practice Guidelines. Ann Oncol. 2011;22(Suppl 6):vi85-vi92.

6. Streiff MB, Holmstrom B, Ashrani A, et al. Cancer-associated venous thromboembolic disease, version 1.2015. J Nat/ Compr Canc Netw. 2015;

13(9):1079-1095.

Ay C, Dunkler D, Marosi C, et al. Prediction of venous thromboembolism in cancer patients. Blood. 2010;116(24):5377-5382.

8. Pabinger |, van Es N, Heinze G, et al. A clinical prediction model for cancer-associated venous thromboembolism: a development and validation
study in two independent prospective cohorts. Lancet Haematol. 2018;5(7):e289-e298.

9. MaX, LiY, Zhang J, Huang J, Liu L. Prognostic role of D-dimer in patients with lung cancer: a meta-analysis. Tumour Biol. 2014;35(3):2103-2109.
10. Pabinger |, Thaler J, Ay C. Biomarkers for prediction of venous thromboembolism in cancer. Blood. 2013;122(12):2011-2018.

11. Ay C, Pabinger |, Cohen AT. Cancer-associated venous thromboembolism: burden, mechanisms, and management. Thromb Haemost. 2017,

117(2):219-230.

12. Dirix LY, Salgado R, Weytjens R, et al. Plasma fibrin D-dimer levels correlate with tumour volume, progression rate and survival in patients with met-

astatic breast cancer. Br J Cancer. 2002;86(3):389-395.

13. Khorana AA, Soff GA, Kakkar AK, et al; CASSINI Investigators. Rivaroxaban for thromboprophylaxis in high-risk ambulatory patients with cancer.

N Engl J Med. 2019;380(8):720-728.

14. Khorana AA, Vadhan-Raj S, Kuderer NM, et al. Rivaroxaban for preventing venous thromboembolism in high-risk ambulatory patients with cancer:
rationale and design of the CASSINI trial. Thromb Haemost. 2017;117(11):2135-2145.

15. Troyanskaya O, Cantor M, Sherlock G, et al. Missing value estimation methods for DNA microarrays. Bioinformatics. 2001;17(6):520-525.

16.

17.

18.
19.

20.

21.

1220 KHORANA et al

Li L, Yao W. Fully Bayesian logistic regression with hyper-LASSO priors for high-dimensional feature selection. J Stat Comput Simul. 2018;88(14):
2827-2851.

McCaw ZR, Lane JM, Saxena R, Redline S, Lin X. Operating characteristics of the rank-based inverse normal transformation for quantitative trait
analysis in genome-wide association studies. Biometrics. 2020;76(4):1262-1272.

Gabry J, Simpson D, Vehtari A, Betancourt M, Gelman A. Visualization in Bayesian workflow. J R Stat Soc Ser A Stat Soc. 2019;182(2):389-402.

Jawaid W. enrichR: Provides an R Interface to 'Enrichr'. R package version 2.1. https://CRAN.R-project.org/package=enrichR. Accessed 22 Febru-
ary, 2021.

Kuleshov MV, Jones MR, Rouillard AD, et al. Enrichr: a comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res.
2016;44(W1):W90-W97.

Matilla L, Arrieta V, Jover E, et al. Soluble St2 induces cardiac fibroblast activation and collagen synthesis via neuropilin-1. Cells. 2020;9(7):1667.

22 FEBRUARY 2022 - VOLUME 6, NUMBER 4 & b]OOd advances


https://orcid.org/0000-0003-2403-8268
https://orcid.org/0000-0001-6383-7172
https://orcid.org/0000-0001-6383-7172
https://orcid.org/0000-0001-7505-102X
https://orcid.org/0000-0001-7340-475X
https://orcid.org/0000-0001-7340-475X
mailto:Khorana@ccf.org
https://CRAN.R-project.org/package=enrichR

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.

36.

37.

Dinarello CA. Interleukin-1 in the pathogenesis and treatment of inflammatory diseases. Blood. 2011;117(14):3720-3732.

Manly DA, Wang J, Glover SL, et al. Increased microparticle tissue factor activity in cancer patients with venous thromboembolism. Thromb Res.
2010;125(6):511-512.

Matsuo K, Hasegawa K, Yoshino K, et al. Venous thromboembolism, interleukin-6 and survival outcomes in patients with advanced ovarian clear cell
carcinoma. Eur J Cancer. 2015;51(14):1978-1988.

Brenner DR, Scherer D, Muir K, et al. A review of the application of inflammatory biomarkers in epidemiologic cancer research. Cancer Epidemiol
Biomarkers Prev. 2014;23(9):1729-1751.

Date K, Ettelaie C, Maraveyas A. Tissue factor-bearing microparticles and inflammation: a potential mechanism for the development of venous
thromboembolism in cancer. J Thromb Haemost. 2017;15(12):2289-2299.

Thaler J, Ay C, Mackman N, et al. Microparticle-associated tissue factor activity in patients with pancreatic cancer: correlation with
clinicopathological features. Eur J Clin Invest. 2013;43(3):277-285.

Abuduhalike R, Sun J, Zhao L, Mahemuti A. Correlation study of venous thromboembolism with SAA, IL-1, and TNF-a levels and gene polymor-
phisms in Chinese population. J Thorac Dis. 2019;11(12):5527-5534.

Abuduhalike R, Sun J, Mahemuti A. Correlation study of the long-term prognosis of venous thromboembolism and inflammatory gene polymor-
phisms. Int J Gen Med. 2020;13:1559-1566.

Lerstad G, Enga KF, Jorde R, et al. Thyroid function, as assessed by TSH, and future risk of venous thromboembolism: the Tromse study. Eur J
Endocrinol. 2015;173(1):83-90.

Kovarova M, Koller T, Stvrtinova V, Payer J. Thyroid-stimulating hormone concentration as an independent risk factor of venous thromboembolism
regardless of thyroid function. Endokrynol Pol. 2015;66(6):474-479.

Segna D, Méan M, Limacher A, et al. Association between thyroid dysfunction and venous thromboembolism in the elderly: a prospective cohort
study. J Thromb Haemost. 2016;14(4):685-694.

Boguszewski CL, Boguszewski MCDS. Growth hormone's links to cancer. Endocr Rev. 2019;40(2):558-574.
Mir Seyed Nazari P, Ried! J, Pabinger I, Ay C. The role of podoplanin in cancer-associated thrombosis. Thromb Res. 2018;164(Suppl! 1):534-S39.

Watanabe J, Natsumeda M, Okada M, et al. Podoplanin expression and IDH-wildtype status predict venous thromboembolism in patients with high-
grade gliomas in the early postoperative period. World Neurosurg. 2019;128:¢982-¢988.

Kanz R, Vukovich T, Vormittag R, et al. Thrombosis risk and survival in cancer patients with elevated C-reactive protein. J Thromb Haemost. 2011;
9(1):567-63.

Verso M, Agnelli G, Barni S, Gasparini G, LaBianca R. A modified Khorana risk assessment score for venous thromboembolism in cancer patients
receiving chemotherapy: the Protecht score. Intern Emerg Med. 2012;7(3):291-292.

L blOOd advances 22 FEBRUARY 2022 - VOLUME 6, NUMBER 4 BIOMARKER SIGNATURES IN CANCER-ASSOCIATED VTE 1221



	TF1
	TF2
	TF3
	TF4

