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ABSTRACT

BACKGROUND Patients with cancer treated with immune-checkpoint inhibitors (ICls) have a substantial risk of venous
thromboembolism (VTE). The association between ICl-induced inflammation and hypercoagulability is unclear, and no
biomarkers currently exist to stratify VTE risk.

OBJECTIVES The authors sought to determine the association between the early changes in C-reactive protein (CRP)
after ICl initiation and the risk of VTE.

METHODS This retrospective cohort study included patients with cancer initiating ICI therapy from 2 academic cancer
centers, serving as discovery and external validation cohorts. Patients were stratified based on CRP trajectories during the
first 3 months of ICl treatment, with a CRP rise defined as a 2-fold increase from baseline. Patients were followed for VTE
for the duration of ICI therapy, and competing risk and time-dependent analyses were used.

RESULTS A total of 822 patients were included. In the discovery cohort (n = 405), the cumulative VTE incidence in patients
with a CRP rise (n =159, 39.3%) was 19.9% (95% Cl: 8.4%-34.8%), compared with 8.6% (3.1%-17.6%) in those without a
CRP rise. After adjusting for key patient- and cancer-specific confounders, the subdistribution HR for VTE in patients with a
CRP rise was 2.64 (95% Cl: 1.06-6.62). This was confirmed in the external validation cohort (n = 417; subdistribution HR:
2.25; 95% Cl: 1.03-4.94), with VTE incidences of 22.9% (95% Cl: 9.7%-39.3%) in patients with a CRP rise and 10.8% (95%
Cl: 7.4%-15.1%) in those without. The association between CRP rise and VTE risk was confirmed in a time-dependent analysis
and was consistent after adjusting for disease progression as a potential time-dependent confounder.

CONCLUSIONS Early CRP changes during ICI therapy are associated with an increased risk of VTE, suggesting a
potential association between ICl-induced inflammation and hypercoagulability. CRP trajectories may serve as a
biomarker for ICl-associated VTE. (JACC CardioOncol. 2024;6:965-975) ©® 2024 The Authors. Published by Elsevier
on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

CRP = C-reactive protein

ECOG = Eastern Cooperative

Oncology Group

ICI = immune checkpoint

inhibitor

sdHR = subdistribution HR

VTE = venous
thromboembolism

atients with cancer have an increased

risk of venous thromboembolism

(VTE), a well-recognized complica-
tion associated with increased morbidity
and mortality." In clinical practice, the occur-
rence of VTE may also lead to delays, inter-
ruptions, or even discontinuation of
anticancer therapies, adversely affecting the
diseases course.'?

Since the introduction of immune check-
point inhibitors (ICIs), the treatment land-
scape in medical oncology has dramatically changed.
ICIs are increasingly used to treat various cancers”* by
inhibiting tumoral immune-evasive pathways,
inducing a strong and often sustained anticancer ef-
fect.” As a result, ICIs have led to significant advances
in the treatment of various cancer types, with a sub-
set of patients achieving ongoing remission despite
advanced disease stages.”

However, ICI therapy is associated with an array of
immune-mediated, inflammatory adverse events,
which are well-characterized.®’ By contrast, the risk
of VTE associated with ICI therapy has been less clear,
partly due to the limited information on cardiovas-
cular complications in landmark clinical trials, as
these trials often apply frequency and severity
thresholds for reporting adverse events.®'° Recent
observational studies, however, have indicated a
substantial risk of VTE associated with ICI therapy,
with cumulative incidences ranging from 11% to
24%‘3,10—15

Currently, it remains unclear whether ICIs exert a
causal prothrombotic effect or if the observed VTE
risk merely reflects the underlying risk profiles of
patients based on disease- and patient-specific risk
factors."'® However, established risk factors and
prediction models for VTE, derived from the general
population of cancer patients, have shown limited
predictive utility when applied to cohorts undergoing
ICI therapy.*'” Notably, these clinical risk models for
selecting ambulatory cancer patients for primary
thromboprophylaxis (eg, the Khorana score) were
developed in the preimmunotherapy era.'®2° Specific
risk factors and biomarkers for predicting VTE in pa-
tients treated with ICI are currently lacking. A better
understanding of the potential link between ICI-
associated inflammation and the risk of VTE, as well
as an enhanced ability to predict ICI-associated VTE,
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may address this unmet need in a steadily growing
patient population.

Increasing levels of C-reactive protein (CRP) after
treatment initiation have been reported as an early
indicator of the ICI-associated inflammatory
response.”’ Recently, transient early CRP elevations
after ICI initiation have been identified as a favorable
prognostic biomarker for treatment response and
survival, suggesting a potential role for CRP trajec-
tories in reflecting ICI-associated anticancer immu-
nity and the accompanying systemic inflammatory
response.”’””> However, the role of CRP levels in
predicting VTE during ICI therapy has not been
evaluated. Therefore, we performed a retrospective
cohort study to investigate the associations between
early CRP trajectories after ICI initiation and VTE risk.
Furthermore, we used a second cohort to externally
validate our results.

METHODS

STUDY DESIGN AND PATIENT COHORT. This retro-
spective cohort study included patients from 2 aca-
demic centers. Consecutive adult patients with
histologically confirmed cancer treated with an ICI at
the Vienna General Hospital of the Medical University
of Vienna, Vienna, Austria, between January 2015 and
November 2018, were used as the discovery cohort.
Details on inclusion and exclusion criteria have been
reported previously.® In addition, patients from the
AUTRICHE registry (AUsTrian Registry for Immune
CHEckpoint inhibitors), comprising consecutive adult
patients treated with ICI at the Medical University of
Graz, Graz, Austria, served as an external valida-
tion cohort.

In both cohorts, patients were required to have at
least 3 CRP measurements within the first 3 months of
ICI therapy initiation (ie, baseline levels and at least 2
longitudinal measurements) to be included in the
analysis. Patients with missing baseline CRP values or
insufficient longitudinal CRP measurements (fewer
than 2 values within the first 3 months after ICI
initiation) were excluded. The study was approved by
the ethics committees of both institutions (Medical
University of Vienna: No. 2213/2019; Medical Univer-
sity of Graz: No. 31-357 ex 18/19).

STUDY PROCEDURES AND VARIABLES. Data on
patient demographics, cancer treatment, and ICI
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FIGURE 1 Schematic Representation of CRP Change Subgroups
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baseline), and CRP stable (no rise or decline from baseline).

Patients are stratified into groups based on the pattern of longitudinal C-reactive protein (CRP) levels during the first 3 months of immune
checkpoint inhibitor therapy: CRP rise (defined as a =2-fold increase from baseline), CRP decline (defined as a =50% decrease from

therapy were obtained by electronic chart reviews.
CRP measurements were collected from the electronic
laboratory files both at study baseline (ie, at the
closest pretreatment timepoint within 2 weeks before
ICI therapy initiation) and longitudinally over the
first 3 months of ICI therapy.

Pretreatment laboratory evaluations, including CRP
measurement, represent alocal standard of care before
each cycle of systemic antineoplastic therapy at both
study centers. CRP was routinely measured using
particle-enhanced  turbidimetric = immunoassay,
following local standard protocols. Patients were
stratified based on individual CRP trajectories within
3 months of ICI therapy. A CRP rise was defined as a 2-
fold or greater increase from baseline levels, based on
previous classifications of longitudinal CRP trajec-
tories in ICI therapy.”*?3*> Conversely, a CRP decline
was defined as a 50% or greater decrease in levels
compared to baseline measurements. All available CRP
measurements during the first 3 months of follow-up
were used to classify patients, with the highest recor-
ded level defining a CRP rise and the lowest defining a
CRP decline. A schematic representation of patient
stratification according to longitudinal CRP changes
after ICI therapy initiation is visualized in Figure 1.

ENDPOINTS. The primary study endpoint was the
first occurrence of VTE during ICI therapy, including
deep pulmonary embolism,
splanchnic vein thrombosis, or sinus vein thrombosis.

vein thrombosis,
Both symptomatic and incidental VTE events were
included as outcome events. The observation period
for VTE occurrence began on the first day of ICI
therapy and ended upon death, initiation of subse-
quent systemic anticancer therapy other than ICI, or a
maximum of 3 months after the last ICI cycle. Objec-
tive diagnostic imaging and confirmation by an in-
dependent adjudication committee were required to
verify VTE events.

Secondary study endpoints included all-cause
mortality and disease progression, which encom-
passed radiologic  progression defined Dby
immunotherapy-specific response evaluation criteria
in solid tumors (iRECIST) or death. Data were ob-
tained from the official Austrian death registry and
electronic medical files.?®
STATISTICAL ANALYSIS. Baseline clinicopathologic
characteristics and treatment specifics were summa-
rized using absolute frequencies and percentages or
median with corresponding 25th-75th percentiles
(Q1-Q3), as appropriate. The median follow-up time
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was calculated using the reverse Kaplan-Meier
method. Longitudinal CRP trajectories were visual-
ized by plotting the quadratic fit to biomarker data
with 95% ClIs.

To analyze VTE risk, we used a competing risk
framework that accounted for all-cause death as a
competing event to avoid overestimating cumulative
risks in the setting of substantial underlying mortal-
ity.?” Cumulative VTE incidences were obtained using
the competing risk estimator with corresponding
standard errors, following Marubini and Valsecci,?®
and Gray’s method®® was applied for between-group
comparisons. Further, the association between CRP
group allocation and VTE risk was modeled using a
proportional subdistribution hazard regression model
according to Gray’s method, adjusting for potential
confounders in multivariable analysis (cancer type,
stage, Eastern Cooperative Oncology Group [ECOG]
performance status, comorbidity burden as reflected
by the Charlson comorbidity index, and concomitant
cancer therapies). Results are presented as the sub-
distribution HR (sdHR) with 95% CIs.>°

In addition, the effect of time-dependent cova-
riates on VTE risk was analyzed using multistate
models.?' To account for the time-dependent nature
of longitudinal CRP trajectories, CRP changes were
included as a time-dependent covariate in the time-
to-event analysis of VTE risk. Specifically, the anal-
ysis timeframe was split at the date of change in CRP
group allocation (eg, the date of CRP doubling relative
to baseline for the CRP rise group), reporting the
transition HR for VTE after the occurrence of CRP rise.
For visualization, a landmark analysis was conducted
to compare VTE risks based on CRP trajectories within
the first 3 months of ICI therapy.

We similarly adjusted the VTE risk analysis for
disease progression using a multistate model. The
association between CRP group allocation and VTE
was adjusted for disease progression during follow-
up as a time-dependent covariate. Also, multivari-
able adjustments were made for baseline CRP levels
and included an interaction term between longitudi-
nal CRP group and baseline CRP to account for
intraindividual dependencies. A 2-sided P value
of <0.05 was considered statistically significant. Sta-
tistical analyses were performed using Stata version
16.1 software (StataCorp LP).

RESULTS

STUDY COHORT. Overall, 405 cancer patients treated
with ICI at the Medical University of Vienna served
as the discovery cohort. The median age was 63
years (Q1-Q3: 53-72 years), and 38.3% were female.
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Patients had a variety of underlying cancers, with
melanoma (n = 135; 33.3%), non-small cell lung
cancer (n = 105; 25.9%), renal cell carcinoma (n = 36;
8.9%), and head and neck cancer (n = 31; 7.7%) being
the most frequent tumor types. Most patients pre-
sented with distant metastatic disease (stage IV) at
the initiation of ICI therapy (n = 334; 91.3%) and had
a good ECOG performance status (ECOG O:
n = 215; 67.0%).

ICI therapy was initiated with palliative intent in
the majority of patients (n = 394; 97.3%), and the
median treatment line was second-line systemic
therapy (Q1-Q3: 1-2). Patients received a median of 6
ICI therapy cycles (Q1-Q3: 4-16 cycles; range: 1-76
cycles). Overall, 187 deaths occurred (46.2% of the
study population), with a median overall survival of
23.7 months (95% CI: 18.5-37.3 months). Further,
disease progression occurred in 295 patients (72.8% of
the study population), with a median progression-
free survival of 4.7 months (95% CI: 3.5-6.7 months).
Details on the patient characteristics of the discovery
cohort are summarized in Table 1.

CRP CHANGES AFTER TREATMENT INITIATION. A total
of 2,740 CRP measurements were collected from 405
patients, with a median number of 5 measurements
per patient (Q1-Q3: 3-8 measurements). At baseline,
before ICI treatment began, the median CRP level was
13.8 mg/L (Q1-Q3: 3.7-44.6 mg/L). In total, 283 pa-
tients (69.9%) had baseline CRP levels above the local
institutional upper reference limit (>5 mg/L).

Within the first 3 months of ICI therapy, 159 pa-
tients (39.3%) experienced a CRP rise, defined as a 2-
fold or greater increase from baseline. Supplemental
Figure 1 visualizes the fitted CRP trajectories for pa-
tients based on the occurrence of an early CRP rise.
CRP levels decreased by 50% or more compared with
baseline in 126 patients (31.1%), with no prior CRP rise
in 108 of these patients (26.7%). A small proportion of
patients (n = 18; 3.3%) experienced fluctuating CRP
levels, fulfilling the criteria for both a CRP rise and
decline. The remaining 138 patients (34.1%) were
classified as CRP stable, with no rise or decline from
baseline.

CRP CHANGES AND RISK OF VTE. During a median
follow-up of 7.9 months after ICI initiation (Q1-Q3:
3.9-16.2 months), 29 VTE events were observed, with
a cumulative incidence of 12.7% (95% CI: 6.9%-
20.5%). The median time from study inclusion to VTE
diagnosis was 4.1 months (Q1-Q3: 2.1-5.4 months).
Baseline CRP levels measured before ICI therapy were
not associated with VTE risk, with a sdHR of 0.95
(95% CI: 0.44-2.05) per doubling of CRP and a sdHR of
1.05 (95% CI: 0.49-2.26) for levels above 5 mg/L.
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In patients with a CRP rise within the first
3 months of ICI therapy, the cumulative incidence of
VTE was 19.9% (95% CI: 8.4%-34.8%), with rates of
8.9% (95% CI: 5.0%-14.2%) at 6 months and 11.0%
(95% CI: 6.4%-17.1%) at 12 months. Conversely, in
patients without a CRP rise, the cumulative incidence
of VTE was 8.6% (95% CI: 3.1%-17.6%), with rates of
3.9% (95% CI: 1.9%-7.0%) at 6 months and 5.0% (95%
Cl: 2.7%-8.6%) at 12 months (Gray$s method:
P = 0.028) (Figure 2). The median time to VTE was
4.1 months (Q1-Q3: 2.7-5.3 months) in patients with a
CRP rise and 3.7 months (Q1-Q3: 2.0-5.9 months) in
those without. The median time from the date of CRP
rise to VTE diagnosis was 1.8 months (Q1-Q3: 1.2-
2.4 months).

Patients with a CRP decline during the first
3 months had a lower cumulative incidence of VTE,
with rates of 2.5% (95% CI: 0.7%-6.4%) at 6 months
and 3.4% (95% CI: 1.1%-8.0%) at 12 months. The
lowest incidence was observed in the subgroup of
patients with a CRP decline and no prior CRP rise,
with rates of 1.9% (95% CI: 0.3%-6.1%) at 6 months
and 3.0% (95% CI: 0.8%-7.9%) at 12 months. Patients
classified as CRP stable (no rise or decline in CRP) had
a cumulative incidence of VTE of 5.7% (95% CI: 2.5%-
10.8%) at 6 months and 6.9% (95% CI: 3.2%-12.5%) at
12 months (Supplemental Figure 2). Detailed cumu-
lative incidences of VTE for the different CRP trajec-
tory subgroups are provided in Table 2.

In competing risk regression, the occurrence of a
CRP rise after ICI initiation was associated with an
increased risk of VTE (sdHR: 2.34; 95% CI: 1.12-4.91).
This association persisted after multivariable adjust-
ment for age, sex, cancer type, stage, ECOG perfor-
mance status, and comorbidity burden (sdHR: 2.64;
95% CI: 1.06-6.62). The use of concomitant systemic
cancer therapies or immunotherapy combinations did
not affect the association between CRP rise and VTE
risk (Supplemental Table 1). Furthermore, CRP rise
was independently associated with an increased risk
of VTE after adjusting for disease progression during
follow-up, with a sdHR of 2.08 (95% CI: 1.04-4.15) as a
time-dependent covariate.

Upon investigating the association between VTE
and disease progression, we found that 10 of 29 VTEs
(34.5%) occurred within 3 months before or after
confirmed disease progression. Importantly, the
strength of the association between CRP rise and VTE
remained consistent for VTEs occurring within
3 months of disease progression, with a sdHR of 2.12
(95% CI: 0.64-7.00), and for VTEs outside this time-
frame, with a sdHR of 2.51 (95% CI: 0.97-6.43). Of
note, these analyses are limited by reduced statistical
power due to the lower number of outcome events.
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TABLE 1 Baseline Characteristics of the Study Cohort

checkpoint inhibitor therapy

Median
(Q1-Q3) or
N % Missing n (%)
Demographics and clinical characteristics
Age, y 405 0 63 (53-72)
Female 405 0 155 (38.3)
BMI, kg/m? 330 18.5 24.4 (21.0-27.7)
ECOG performance status 321 20.7
ECOG O 215 (67.0)
ECOG 1 78 (24.3)
ECOG =2 28 (8.7)
Charlson comorbidity index 405 0 8 (6-9)
Cancer characteristics
Tumor type 405 6]
Melanoma 135 (33.3)
Non-small cell lung cancer 105 (25.9)
Renal cell carcinoma 36 (8.9)
Head and neck squamous cell carcinoma 31(7.7)
Lymphoma/myeloma 21(5.2)
Urothelial 19 (4.7)
Hepatocellular cancer 12 (3.0)
Gynecological 12 (3.0)
Sarcoma 9(2.2)
Colorectal cancer 9(2.2)
Others® 16 (4.0)
Stage 366 9.6
1-11 32(8.7)
\% 334 (91.3)
Therapeutic management
Immune checkpoint inhibitor agent 405 0
Nivolumab 173 (42.7)
Pembrolizumab 156 (38.5)
Ipilimumab 45 (11.1)
Atezolizumab 7(1.7)
Avelumab 3(0.7)
Ipilimumab plus nivolumab 21(5.2)
Therapy cycles 6 (4-16), range: 1-76
Treatment intent
Adjuvant 1 (.7)
Palliative 394 (97.3)
Line of anticancer therapy 2 (1-2), range: 1-6
Prior chemotherapy 234 (58.4)
Concomitant therapy during immune 405 0
checkpoint inhibitor
Chemotherapy 14 (3.5)
Targeted therapy 40 (9.9)
Radiotherapy 77 (19.0)
Medical anticancer therapy after immune 397 2.0 118 (29.7)

thyroid carcinoma (n = 1).

performance status.

?Others comprise Merkel-cell carcinoma (n = 4), malignant pleural mesothelioma (n = 3), gastroesophageal
cancer (n = 2), breast cancer (n = 2), small-cell lung cancer (n = 2), penile carcinoma (n = 1), glioma (n = 1), and

BMI = body mass index; CPS = combined positive score; ECOG = Eastern Cooperative Oncology Group

Next, we accounted for the potential confounding
effect of intraindividual correlations between CRP
changes and baseline CRP values. The association
between CRP rise and VTE risk remained significant
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FIGURE 2 Cumulative Incidence of VTE Based on Early CRP Rise (=2-Fold) After ICI
Initiation

20%
1

Gray'’s test: p=0.028

15%

Cumulative incidence of VTE
5% 10%
1 1

0%
1

0 6 12 18 24
Follow-up in months

CRP rise No CRP rise

Cumulative incidence functions were derived from competing risk analysis, accounting for
all-cause mortality as a competing outcome event. The figure shows a significantly
higher cumulative incidence of venous thromboembolism (VTE) in patients with an early
C-reactive protein (CRP) rise after immune checkpoint inhibitor (ICl) initiation compared
to those without.

after expanding the multivariable model to include
baseline CRP levels, with a sdHR of 2.66 (95% CI: 1.04-
6.81), and after adjusting for an interaction term be-
tween baseline CRP levels and CRP group assignment,
with a sdHR of 3.14 (95% CI: 1.06-9.31). The occur-
rence of a CRP decline was associated with a nonsig-
nificant decrease in VTE risk, with a sdHR of 0.41
(95% CI: 0.16-1.06). The sdHR upon multivariable
adjustment for age, sex, cancer type, stage, ECOG
performance status, and comorbidity burden was
0.46 (95% CI: 0.15-1.40).

TABLE 2 Cumulative Incidence of VTE by CRP Subgroups

Cumulative Incidence of VTE

CRP Group 6 mo 12 mo 24 mo Overall
Overall 405 (100) 5.8 (3.8-8.5) 7.3(4.9-10.4) 8.1(5.8-16.1) 12.7 (6.9-20.5)
CRP rise

Yes 159 (39.3) 8.9 (5.0-14.2) 11.0 (6.4-17.1) 13.2 (7.4-20.6) 19.9 (8.4-34.8)

No 246 (60.7) 3.9(1.9-7.0) 5.0(2.7-8.6) 5.0(2.7-8.6) 8.6 (3.1-17.6)
CRP decline 126 31.1) 25(0.7-6.4) 3.4 (1.1-8.0) 3.4 (1.1-8.0) 9.2 (1.8-23.0)

No prior rise® 108 (26.7) 1.9 (0.3-6.1) 3.0 (0.8-7.9) 3.0(0.8-7.9) 9.7 (1.6-26.6)
CRP stable 138 (34.1) 5.7(2.5-10.8) 6.9 (3.2-125) 6.9(3.2-125) 6.9 (3.2-12.5)

Values are n (%) or cumulative incidences in % (95% Cl). ®Indicates patients with a C-reactive protein (CRP) decline
and no prior CRP rise. A schematic representation of CRP group allocation is visualized in Figure 1. Cumulative
incidences were obtained in competing risk analysis, accounting for all-cause mortality as competing outcome
event.

VTE = venous thromboembolism.
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CRP RISE AS TIME-DEPENDENT RISK FACTOR FOR
VTE. To account for the time-dependent nature of
longitudinal CRP changes after treatment initiation,
we evaluated the association between CRP rise and
subsequent VTE risk using a multistate model. CRP
rise was implemented as a time-dependent covariate
in a competing risk regression model, where it was
associated with an increased risk of VTE (transition
HR: 2.18; 95% CI: 1.02-4.69). Figure 3 visualizes the
cumulative estimates of VTE risk in a landmark
analysis, stratifying patients based on whether a CRP
rise occurred within the first 3 months of ICI therapy.

EXTERNAL VALIDATION OF CRP CHANGES AND VTE
RISK. A cohort of patients with cancer treated with
ICI at the Medical University of Graz, Graz, Austria,
served as an external validation cohort (n = 417).
Baseline characteristics of this cohort are summarized
in Supplemental Table 2. The association between an
early CRP rise after ICI initiation and subsequent VTE
risk was confirmed in multivariable analysis (adjusted
sdHR: 2.25; 95% CI: 1.03-4.94). The cumulative inci-
dence of VTE in patients with an early CRP rise was
22.9% (95% CI: 9.7%-39.3%), compared with 10.8%
(95% CI: 7.4%-15.1%) in those without a CRP rise
(Gray$ method: P = 0.015) (Supplemental Table 3).

SENSITIVITY ANALYSIS. In the derivation cohort
(n = 405), 70 patients (17.3%) were receiving contin-
uous anticoagulation at baseline. In a sensitivity
analysis excluding these patients, the cumulative
incidence of VTE in those with a CRP rise was 22.3%
(95% CI: 9.4%-38.6%), compared with 8.1% (95% CI:
2.5%-18.0%) in those without a CRP rise (Grays
method: P = 0.008). In multivariable analysis, adjust-
ing for age, sex, cancer type, stage, ECOG performance
status, and comorbidity burden, the sdHR for VTE in
patients with a CRP rise was 4.57 (95% CI: 1.43-14.59).

In the external validation cohort (n = 417), 106 pa-
tients (25.4%) were receiving anticoagulation at
baseline. After excluding these patients, the cumula-
tive incidence of VTE in those with a CRP rise was
22.8% (95% CI: 8.1%-41.9%) compared with 11.2% (95%
CI: 7.1%-16.3%) in those without a CRP rise (Grays$
method: P=0.046). The sdHR for VTE in multivariable
analysis for patients with a CRP rise in the validation
cohort was 2.43 (95% CI: 0.97-6.07). All details
regarding the type and indication of anticoagulation,
as well as sensitivity analyses in both the development
and validation cohorts, are available in the
Supplemental Appendix (Supplemental Tables 4 to 7).

DISCUSSION. Utilizing 2 cohorts of cancer
patients treated with ICI therapy, we observed an
independent association between early longitudinal
CRP trajectories and subsequent VTE risk
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(Central Illustration). An early increase in CRP levels
after ICI initiation was associated with a higher pro-
thrombotic risk. These findings were confirmed
through external validation in an independent cohort
and remained significant after controlling for potential
confounding factors, including key clinical covariates,
the time-dependent nature of CRP trajectories, the
correlation with baseline CRP values, disease pro-
gression during follow-up, and a sensitivity analysis
excluding patients receiving anticoagulation.

Our observations suggest a potential association
between the ICI-associated systemic inflammatory
response, as reflected by an early CRP rise, and hy-
percoagulability. Mechanistically, systemic inflam-
mation is closely connected with the hemostatic
system, through a complex interplay of inflammatory
pathways, platelets, plasmatic coagulation, endothe-
lial homeostasis, and fibrinolysis.>* ICI therapy in-
duces a systemic immune response through various
physiologic mechanisms, including increased T-cell
activation, proinflammatory cytokines, autoantibody-
mediated mechanisms, and complement-mediated
inflammation.® Phenotypically, immune-related
adverse events induced by ICI resemble autoim-
mune diseases and share common pathophysiologic
pathways with these conditions.® Intriguingly, auto-
immune and inflammatory diseases in the noncancer
population have been linked to an increased risk of
VTE.33’34

To the best of our knowledge, this study is the first
to report a potential association between the ICI-
induced inflammatory response, represented by an
early CRP rise, and clinically overt hypercoagulability
leading to VTE. Recent murine studies have suggested
a potential pathophysiologic role for the up-
regulation of tumoral tissue factor and the release of
tissue factor-bearing extracellular vesicles after ICI
treatment, resulting in increased thrombus formation
in ICI-treated mice.?>> Moreover, recent research has
reported increased formation of prothrombotic
neutrophil extracellular traps and circulating platelet-
neutrophil aggregates in ICI-treated mice,*® further
supporting the concept of immunothrombosis as a
potential cause of ICI-associated VTE. Therefore, we
propose that VTE is an underappreciated immune-
related adverse event of cancer immunotherapy,
which may partly explain the high rates of VTE
observed with ICI therapy.

Beyond their potential pathophysiological impli-
cations, our findings hold important clinical rele-
vance for patients treated with ICI. Currently,
primary thromboprophylaxis for ambulatory cancer
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FIGURE 3 Landmark Analysis of VTE Risk Based on Early CRP Rise Within 3 Months
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to those without. Abbreviations as in Figure 2.

A landmark time-dependent analysis was conducted using a 3-month timepoint after ICI
initiation, comparing patients with and without a CRP rise during this period. The results
confirm a higher risk of VTE in patients with an early CRP rise during ICI therapy compared

patients is recommended based on risk stratification
using the Khorana score or other validated models.>”
However, the Khorana score and other existing risk
stratification tools were developed before the advent
of immunotherapy, and recent validation studies in
patients treated with ICI have reported conflicting
results.>'>'7:3% Additionally, established clinical risk
factors for cancer-associated VTE have been shown to
underperform in the context of ICI therapy, with
consistently high VTE rates observed regardless of
cancer type, stage, or patient characteristics.?'3:3%:39
Data on biomarkers for predicting the risk of ICI-
associated VTE are sparse, with only 1 exploratory
subcohort from a retrospective study investigating
inflammatory biomarkers before ICI initiation in 25
treated patients. This study found that higher pre-
treatment values of myeloid-derived suppressor cells,
interleukin 8, and soluble vascular cell adhesion
protein 1 were observed in patients who subsequently
developed VTE compared with those who did not."
Therefore, our study highlights the potential of lon-
gitudinal evaluation of inflammatory biomarkers,
such as CRP, for predicting VTE during ICI therapy.

STUDY LIMITATIONS. Several limitations need to be
considered when interpreting the results of our

study. First, despite using a widely available
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Patients With Cancer Treated With

Immune Checkpoint Inhibitors

» 822 patients

* Independent cohorts
from 2 centers

* Discovery (n = 405)
« Validation (n = 417)
« Median follow-up: 7.9 months

CENTRAL ILLUSTRATION Longitudinal C-Reactive Protein Trajectories and Venous Thrombo-
embolism Risk in Patients With Cancer Treated With Immune Checkpoint Inhibitors

Cumulative Incidence of VTE During

ICI Therapy
Cohort  Incidence (95% Cl)
C-reactive protein Discovery 19.9% (8.4-34.8)
(CRP) rise Validation  22.9% (9.7-39.3)
. Discovery  8.6% (3.1-17.6)
AT Validation  10.8% (7.4-15.1)

Longitudinal Trajectories of CRP During
the First 3 Months of Therapy

CRP rise (ie, 2-fold increase within
3 months): sdHR* for VTE:
2.64 (95% Cl: 1.06-6.62)

CRP decline (ie, 50% decline within
3 months): sdHR* for VTE:
0.46 (95% Cl: 0.15-1.40)

12-Month Cumulative Incidence

of VTE
Cohort  Incidence (95% Cl)

S Discovery  11.0% (6.4-17.1)
- Validation ~ 11.3% (4.1-22.5)
Discovery  6.9% (3.2-12.5)

RP
CEEsteble Validation  5.3% (2.6-9.5)
. Discovery  3.4% (1.1-8.0)

RP
CREdecine Validation ~ 4.6% (2.2-8.5)

Moik F, et al. JACC CardioOncol. 2024;6(6):965-975.

VTE = venous thromboembolism.

Association between longitudinal C-reactive protein (CRP) trajectories and venous thromboembolism (VTE) risk in cancer patients treated
with immune checkpoint inhibitors (ICls), showing study cohorts, CRP group allocation methods, and key findings with an emphasis on
increased VTE risk in patients with an early CRP rise after ICl initiation. Patients are stratified into groups based on the pattern of longitudinal
CRP levels during the first 3 months of ICI therapy: CRP rise (defined as a =2-fold increase from baseline), CRP decline (defined as a =50%
decrease from baseline), and CRP stable (no rise or decline from baseline). *Multivariable sdHR obtained in competing risk regression,
accounting for all-cause death as competing event and adjusting for age, sex, cancer type, stage, ECOG performance status, and comorbidity
burden. 95% Cl = 95% confidence interval; CRP = C-reactive protein; ICl = immune checkpoint inhibitor; sdHR = subdistribution hazard ratio;

biomarker and externally validating our findings in an
independent cohort, the retrospective design limits
generalizability. Longitudinal laboratory monitoring
during ICI therapy, including routine CRP measure-
ments, is standard practice in both study centers.
However, due to the retrospective nature of the
study, measurement timepoints were not standard-
ized, and the exact reasons for individual CRP

measurements or potential noncompliance with the
practice could not be captured. Therefore, prospec-
tive studies using a standardized approach to longi-
tudinally measure biomarker levels at fixed
timepoints are needed.

Similarly, despite controlling for potential clinical
confounders in multivariable analysis and validating

our finding in time-dependent analyses, the
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longitudinal CRP trajectories are influenced by com-
plex confounding factors that may affect the associ-
ation between CRP levels and VTE risk. These factors
could include increased CRP levels due to infection,
clinical deterioration, or cancer progression, which
would be better controlled in a prospective study.
Previous studies have linked rising CRP levels to an
increased risk of progression in ICI therapy.**

Furthermore, cancer progression is linked to hy-
percoagulability.*®*' In evaluating the potential
confounding effect of underlying cancer progression
dynamics, we found that a subset of VTE occurred in
close association with disease progression. However,
an independent association between rising CRP levels
and VTE risk, regardless of disease progression during
follow-up, was observed.

Additionally, the previously reported association
between early transient CRP elevations after ICI
initiation and improved clinical outcomes suggests
that clinical deterioration and disease progression are
not the sole drivers of increased VTE risk in patients
with rising CRP levels.?*?32>

Moreover, despite CRP being an established sur-
rogate of systemic inflammation, the retrospective
design of our study limited the ability to explore more
specific immune-mediated biomarkers and pathways
involved in the inflammatory response. Future
studies should aim to unravel the complex ICI-
associated inflammatory response and its correlation
with hypercoagulability biomarkers and VTE risk.

Lastly, currently available risk assessment models
for cancer-associated VTE rely on variables available
at treatment initiation,?° and incorporating longitu-
dinal biomarker measurements into risk stratification
strategies may be challenging in clinical practice.
Furthermore, before clinical implementation, the
exact timing and frequency of measurements needed
to optimize risk stratification must be determined
through prospective studies with standardized CRP
monitoring. However, established VTE risk models
have limited predictive utility in patients treated with
ICI. Therefore, more nuanced risk assessment strate-
gies that incorporate longitudinal data could improve
the ability to develop personalized prediction and
prevention strategies in the future.'®-'-2°:39

CONCLUSIONS

In summary, the observed association between early
changes in CRP levels and subsequent VTE risk sug-
gests that ICI-induced systemic inflammation may
contribute to clinically overt hypercoagulability,
manifesting as VTE. An early increase in CRP levels
could serve as a promising biomarker to identify

Moik et al
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cancer patients receiving ICI therapy who are at high
risk for developing VTE and may benefit from risk-
stratified thromboprophylaxis strategies, pending
confirmation in future studies.
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PERSPECTIVES

venous thromboembolism.

COMPETENCY IN MEDICAL KNOWLEDGE: In cancer
patients treated with immune checkpoint inhibitors, early
increases in the inflammatory biomarker C-reactive pro-
tein are associated with a significantly higher risk of

JACC: CARDIOONCOLOGY, VOL. 6, NO. 6, 2024

DECEMBER 2024:965-975

TRANSLATIONAL OUTLOOK: Further research is
needed to explore the potential pathophysiologic rela-
tionship between immune checkpoint inhibitor-associated
inflammation and systemic hypercoagulability.
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