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ABSTRACT

Background C reactive protein (CRP) kinetics have
recently been suggested as predictive biomarkers for

the efficacy of immune checkpoint inhibitor (ICl) therapy
in selected cancer types. The aim of this study was to
characterize early CRP kinetics as a tumor-agnostic
biomarker for ICI treatment outcomes.

Methods In this multicenter retrospective cohort study,
two independent cohorts of patients with various cancer
types undergoing palliative ICI treatment at Austrian
academic centers served as the discovery (n=562) and
validation cohort (n=474). Four different patterns of

CRP kinetics in the first 3 months of ICI therapy were
defined (CRP-flare responders, CRP-responders, CRP
non-responders, patients with all-normal CRP). Objective
response rate (ORR), progression-free survival (PFS) and
overall survival (0S) were defined as coprimary endpoints.
Univariable and multivariable logistic regression, landmark
analysis and Cox regression including CRP kinetics as
time-dependent variable were performed.

Results The ORR in patients with all-normal CRP,

CRP responders, CRP flare-responders and CRP non-
responders was 41%, 38%, 31% and 12%, respectively.
The median 0S and PFS estimates were 24.5 months
(95% Cl 18.5 to not reached) and 8.2 months (95% Cl

5.9 to 12.0) in patients with all-normal CRP, 16.1 months
(95% Cl 12.6 to 19-8) and 6.1 months (95% Cl 4.9 t0 7.2)
in CRP-responders, 14.0 months (95% Cl 8.5 to 19.4) and
5.7 months (95% Cl 4.1 to 8.5) in CRP flare-responders
and 8.1 months (95% Cl 5.8 t0 9.9) and 2.3 months (95%
Cl 2.2 to 2.8) in CRP non-responders (log-rank p for PFS
and 0S<0.001). These findings prevailed in multivariable
analysis and could be fully confirmed in our validation
cohort. Pooled subgroup analysis suggested a consistent
predictive significance of early CRP kinetics for treatment
efficacy and outcome independent of cancer type.
Conclusion Early CRP kinetics represent a tumor-agnostic
predictor for treatment response, progression risk and
mortality in patients with cancer undergoing ICI therapy.

1

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Early kinetics of C reactive protein (CRP) within the
first 3 months of treatment with immune checkpoint
inhibitors (ICIs) have been linked to treatment effica-
cy and risk of disease progression in selected can-
cer types. In detail, patients showing a rise in CRP
values followed by a decline below baseline (CRP
flare-responders) as well as patients with declining
CRP values below 30% of baseline on treatment ini-
tiation (CRP responders) showed superior response
and survival rates as compared to patients not fitting
these criteria (CRP non-responders).

WHAT THIS STUDY ADDS

= This is the first study to characterize early CRP ki-
netics upon ICI treatment as a tumor agnostic bio-
marker for treatment response, progression risk
and survival in two large and independent cohorts
including a total number of 1036 patients with dif-
ferent cancer types.

= This study refines the previously proposed CRP
kinetics model by identifying a distinct pattern
of CRP kinetics in patients who had CRP val-
ues consistently below the upper limit of normal
throughout the first three months of ICI therapy.
These patients with‘all time normal CRP’ had a
particularly favorable prognosis indicated by the
longest survival.

= This is the first study on this matter to account
for immortal time bias by treating CRP kinet-
ics as time dependent variables. Neglecting the
time-dependent nature of CRP response group
definition leads to a significant overestimation
of survival times in the subgroups of patients
with CRP flare response and CRP response. Our
analysis fully accounts for immortal time bias,
which significantly underlines the validity of the
results.
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HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= This study demonstrates that early kinetics of CRP after start of ICI
therapy represent a robust biomarker for treatment response, pro-
gression risk and survival in patients undergoing ICI therapy across
various cancer types. Given, its broad availability, low costs and high
reproducibility CRP kinetics might serve as a simple but highly valu-
able biomarker for the assessment and monitoring of ICI response
and might be particularly valuable for early identification of patients
with primary treatment resistance and rapid disease progression. In
a patient subgroup with permanently elevated or steadily increasing
CRP values, intensified clinical monitoring and early radiographic
response assessment could be prompted.

INTRODUCTION

The implementation of immune checkpoint inhibitor
(ICI) therapy based on PD-(L)1 and CTLA4 blockade has
revolutionized cancer care in the last decade and came
along with a remarkable survival benefit in patients with
different solid malignancies.'™

Despite these promising results, there is an urgent need
for robust biomarkers to predict treatment response and
prognosis and to monitor ICI treatment benefit.” ® So
far, microsatellite instability and tumor mutation burden
(TMB) represent the only established tumor agnostic
biomarkers for ICI treatment selection.” ® However, also
the predictive accuracy of the TMB could only be vali-
dated in a subset of cancer types.’

Consequently, the identification of predictive
biomarkers independent of tumor entity are an unmet
clinical need. Recent studies suggested persisting systemic
inflammation may be an adverse prognostic marker during
ICI therapy,'’ which is reliably indicated by elevated levels
of C reactive protein (CRP)." Previously, high CRP levels
at treatment initiation of ICI therapy were shown to be
associated with lower response rates and detrimental
survival across cancer entities.'! 2 Moreover, we could
demonstrate that longitudinal CRP trajectories during
ICI treatment successfully predict disease progression risk
in patients with non-small cell lung cancer (NSCLC)."
Fukuda et al”® defined three groups of early CRP kinetics
within the first 3 months of ICI treatment based on the
percentage change of CRP from baseline in a cohort of
metastatic renal cell carcinoma (mRCC) patients, and
demonstrated, that patients who showed an initial flare
in CRP levels or had a decrease in CRP over time had a
higher probability of treatment response and more favor-
able survival outcomes than patients with no CRP decline.
Since then, this concept has been validated in tumor
type-specific studies of patients with mRCC, NSCLC and
urothelial carcinoma.'*™"” Yet, this proposed model does
not account for clinically non-significant changes in CRP
levels, such as, for instance, changes within the range
of normal CRP values. This may lead to improper clas-
sification of CRP response patterns. Further, the tumor-
agnostic predictive utility of early CRP kinetics has not
been studied yet.

Consequently, the aim of this study was to charac-
terize early CRP kinetics as a tumor agnostic biomarker
for treatment efficacy, progression risk and survival in
patients with cancer undergoing ICI treatment and refine
the previously proposed CRP kinetics prediction model.

MATERIALS AND METHODS

Study design and patient cohort

In this multicenter cohort study, two independent cohorts
of patients with solid malignancies undergoing palliative
ICI treatment were included. The first cohort, serving
as discovery cohort, comprised 562 patients with cancer
consecutively treated at the Medical University of Graz,
Austria (Department of Internal Medicine, Division of
Oncology and Division of Pulmonology as well as Depart-
ment of Dermatology) and at the State Hospital of Feld-
kirch, Austria between January 2015 and November 2021.
Starting from September 2019, data of these patients
were recruited prospectively into an online registry called
(AUsTrian Registry for Immune CHEckpoint inhibitors),
patients before that date were retrospectively included.

In our second cohort (validation cohort), 474 consec-
utive patients with cancer who received palliative ICI
treatment at the Medical University of Vienna, Austria
between February 2011 and December 2018 were retro-
spectively included."

Patients who had missing CRP values at the time point
of ICI treatment initiation, which was defined as the study
baseline, were excluded from the study in both cohorts.

Clinicopathological parameters were retrieved from the
electronic database systems as well as from paper chart
documentation of the participating hospitals, respectively.
Assessed parameters included age, sex, Eastern Coopera-
tive Oncology Group (ECOG) performance status, tumor
type, ICI agent, Charlson comorbidity index, cancer stage,
baseline CRP and the occurrence of infections during the
first 3months of ICI treatment. Further, all available CRP
levels (in mg/L) within 3 months after ICI treatment initi-
ation were evaluated.

As proposed previously by Fukuda et al, patients were
classified into three different CRP-response groups
according to individual early CRP kinetics during the first
3months after ICI initiation."” ‘CRP flare-response’ was
defined as atleast doubling of baseline CRP values (>100%
increase) within 1 month after treatment start, followed
by a drop in CRP below baseline within the consecutive 2
months. ‘CRP response’was defined as a decrease in CRP
levels of at least 30% from baseline within 3 months. All
other patients, including those with only one longitudinal
CRP readout (n=21 in the discovery and n=74 in the vali-
dation cohort), were classified as CRP non-responders. In
a second step, we refined patient stratification by imple-
menting a fourth group of patients characterized by CRP
levels consistently below the upper limit of normal (ULN)
throughout the first 3months (patients with all-time
normal CRP). The ULN was set at a CRP level of <5mg/L
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according to the established laboratory reference values
of the participating hospitals.

Coprimary endpoints were defined as the objective
response rate (ORR), the progression-free survival (PFS),
and overall survival (OS). ORR was defined as the propor-
tion (%) of patients having a complete remission or partial
remission defined by the in-house radiologists in analogy
to immune-related response evaluation criteria in solid
tumors." In case of death prior radiographic response
assessment, the best treatment response was defined
as progressive disease. PFS was defined as the time (in
months) from ICI treatment start until cancer progres-
sion or death from any cause, whatever came first. OS
was defined as the time (in months) from ICI treatment
start to death of any cause. Dates of death were accurately
obtained from the Austrian social security database.

Statistical analyses
All statistical analyses were performed using Stata for
Windows V.16.1 (StataCorp).

x? tests, t-tests and Kruskal-Wallis tests were used to assess
associations between CRP-response groups and baseline
clinicopathological characteristics in both cohorts. To
assess the predictive potential of CRP response groups
toward the ORR, we implemented univariable and multi-
variable logistic regression models. PFS and OS functions
for CRP response groups were computed with Kaplan-
Meier analysis and compared with log-rank tests. By defi-
nition, on analyzing longitudinal kinetics of CRP levels,
varying degrees of immortal time bias arise, as a patient
needs to live for, for example, at least 3 months to be clas-
sified as CRP flare-responder while the classification into
the CRP non-responder group can occur at an earlier
time point of follow-up. This artificially and differentially
affects survival times and represents an important poten-
tial confounder. Therefore, the association of CRP kinetics
with outcomes was analyzed by landmark analysis with
the landmark date set empirically at 40 days of follow-up
(=median time to definition of flare response). PFS and
OS curves from landmark analyses were compared with
Mantel-Byar tests. Further, immortal time bias in time-to-
event regression was controlled by fitting univariable and
multivariable Cox proportional hazards models including
CRP response categories as time-dependent variables.

For multivariable logistic and Cox regression modeling,
we only considered variables which were univariably asso-
ciated with the outcome at the 5% level (ie, p<0.05). In
addition, a sensitivity analysis including age, tumor entity
and stage a treatment start a priori in the multivariable
analyses was performed. Follow-up was truncated at 5 years
for all survival outcomes in the Cox regression models.
For the univariable and multivariable implementation of
baseline CRP in logistic regression and Cox models, CRP
at baseline was included as a dichotomized variable (high
vs low CRP) using an empirical cut-off at the 50th percen-
tile in the absence of validated cut-offs in this setting.
Missing baseline covariables (ECOG performance status,
tumor stage at ICI treatment start and treatment line)

were accounted for by multiple imputation models using
chained equations with 100 (m=100) imputations for
each missing variable. Outcomes and longitudinal CRP
values were not imputed. The full analysis code is avail-
able on reasonable request.

RESULTS

Cohort description

Overall, 562 patients with solid malignancies under-
going palliative ICI treatment between January 2015
and November 2021 represented the discovery cohort
(table 1). Of these patients, 432 received palliative 1CI
treatment at the Medical University of Graz, Austria and
130 patients were treated at the State Hospital of Feld-
kirch, Austria. The most frequent tumor types were
NSCLC (n=231, 41.1%), melanoma (n=73, 13%), and
RCC (n=46, 8.2% (online supplemental table 1), and
most patients (94%) suffered from stage IV disease when
ICI treatment was initiated. Further, 474 patients who
received palliative ICI treatment at the Medical University
of Vienna, Austria between February 2011 and December
2018 represented the validation cohort (table 1)." Signif-
icant differences in terms of key baseline characteristics
were observed between the two study cohorts. Patients
in the validation cohort among others, were more likely
to have metastatic melanoma, had better ECOG perfor-
mance status and less comorbidities at ICI therapy start.

In the discovery cohort, n=3652 CRP values obtained
within the first 3months of ICI treatment were included
in the analysis with a median of 4 CRP values per patient
(minimum 1, maximum 21). In the validation cohort, a
total of n=3527 CRP values were analyzed, with a median
of 5 CRP values per patient (minimum 1, maximum 50).
At baseline, median CRP levels were 14.4mg/L (IQR
4.3-50.1mg/L) in the discovery cohort and 11.3mg/
dL (IQR 03.4-42.9mg/dL) in the validation cohort.
According to the definition of Fukuda et al,"® patients
were classified as CRP non-responders (n=249, 44%),
CRP-responders (n=242, 43%) and CRP-flare responders
(n=71, 13%), respectively. Proportions were similar in the
validation cohort (n=266, 56.1%; n=157, 33.1%; n=51,
10.8%), respectively.

The overall ORR was 27% in the discovery cohort
and 32% in the validation cohort. Median PFS and OS
estimates were 4.6 months (95% CI 4.0 to 5.2) and 10.0
months (95% CI 8.6 to 11.6) in the discovery and 5.3
months (95% CI 4.0 to 7.1) and 25.0 months (95% CI
19.9 to not reached) in the validation cohort, respectively.
Importantly, there was no significant difference in the
distribution of CRP response groups in patients with and
without infections in the first 3 months of treatment ()
p=0.081).

Multicancer validation of early CRP kinetics as biomarkers for
ICI response and survival

In univariable logistic regression models evaluating the
impact of early CRP kinetics on treatment response,
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Table 1 Descriptive characteristics (summary table) of the study population

Discovery cohort (n=562)

Validation cohort (n=474)

n
(Yomiss.) Summary measure n (Yomiss.) Summary measure P value
Sex 562 474 (0%) 0.479
(0%)
Male 350 (62.3%) 285 (60.1%)
Female 212 (37.7%) 189 (39.9%)
Age (years) 66.3 (IQR 58.4-72.7) 474 (0%) 64 (IQR 53-72) <0.001
ECOG 455 (19%) 387 (18.4%) <0.001
ECOG 0 59 (10.5%) 274 (57.8%)
ECOG >0 396 (70.5%) 113 (23.8%)
Charlson Index 562 (0%) 10 (IQR 10-13) 474 (0%) 8 (IQR 7-9) <0.001
Palliative at diagnosis 562 (0%) 285 (50.7%) NA NA
Cancer types 562 (0%) 474 (0%) <0.001
NSCLC 231 (41.1%) 126 (26.6%)
Melanoma 95 (16.9%) 173 (36.5%)
RCC 73 (13%) 38 (8%)
uc 46 (8.2%) 21 (4.4%)
Other 117 (20.8%) 116 (24.5%)
Tumor stage at ICl start 555 (1.25%) 435 (8.2%) <0.001
1-+111 25 (4.4%) 45 (9.5%)
\% 530 (94.3%) 390 (82.3%)
No of metastatic sites 562 (0%) 1(QR 1-2) NA NA
High baseline CRP 562 (0%) 280 (55.2%) 435 (8.2%) 227 (47.9%) 0.517
ICI
Treatment line 559 474 (0%) 0.001
(0.5%)
1st line 250 (44.5%) 164 (34.6%)
2nd line or higher 183 (55%) 310 (65.4%)
ICl agent 562 (0%) 474 (0%) <0.001
Nivolumab 234 (41.6%) 204 (43%)
Pembrolizumab 248 (44.1%) 187 (39.5%)
Atezolizumab 30 (56.3%) 11 (2.3%)
Durvalumab 4 (0.7%) 0 (0%)
Ipilimumab 10 (1.8%) 44 (9.3%)
Avelumab 0 (0%) 4 (0.8%)
Nivolumab/ 36 (6.4%) 24 (5.1%)
ipilimumab
Additional treatments 562 (0%) 474 (0%)
Chemotherapy 53 (9.4%) 17 (2.6%) <0.001
Radiotherapy 12 (2.1%) 81 (17.1%) <0.001
Targeted therapy 11 (2.0%) 46 (9.7%) <0.001
Infection during first 3 417 (25.8%)
months of ICI treatment
yes 42 (7.5%)
no 375 (66.73%)
Continued
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Table 1 Continued

Discovery cohort (n=562)

Validation cohort (n=474)

n
(Y%omiss.) Summary measure n (%miss.) Summary measure P value
CRP response 562 (0%) 474 (0%)
(original model)
CRP non-responder 249 (44%) 266 (56.1%) 0.001
CRP responder 242 (43%) 157 (33.1%)
CRP flare-responder 71 (13%) 51 (10.8%)
CRP response 562 (0%) 474 (0%)
(refined model)
CRP non-responder 226 (40.2%) 204 (43%) <0.001
CRP responder 209 (37.2%) 129 (27.2%)
CRP flare-responder 69 (12.4%) 48 (10.1%)
All-normal CRP 58 (10.3%) 93 (19.6%)

P values indicate differences between the study cohorts.

CRP, C reactive protein; ECOG, Eastern Cooperative Oncology Group performance score; ICl, immune checkpoint inhibitor; NA, not available;
NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; UC, urothelial carcinoma.

CRP responders and CRP flareresponders had signifi-
cantly higher odds of response than CRP non-responders
(table 2). These associations prevailed on multivari-
able adjustment for age, baseline CRP, cancer type and
treatment line in both study cohort (table 2, online
supplemental table 2). Kaplan-Meier analysis showed
significantly shorter PFS and OS in CRP non-responders
as compared with CRP responders and flare-responders
(figure 1A-B). In our discovery cohort, this association
prevailed after accounting for immortal time bias within
landmark analyses (online supplemental figure 1A-B).
Median time to definition as CRP flare-responders was
41.5days, thus 40 days was considered as a reasonable
pragmatic cut-off for landmark analysis for all further
analysis. Further confirmation for a consistent association
between early CRP kinetics and PFS and OS outcomes
emerged from univariable and multivariable Cox propor-
tional hazard models which treated CRP kinetic groups as
time-dependent variables indicating longer PFS (table 3)
and OS (table 4) in patients with CRP flare response and
CRP response.

We sought to validate these findings in the validation
cohort, in which a significant survival difference between
the three CRP response groups could only be shown for
PFS but not for OS in Kaplan-Meier and Landmark anal-
ysis (figure 1C-D, online supplemental figure 1C-D) and
multivariable Cox regression analysis (online supple-
mental table 3 and online supplemental table 4).

Refined CRP kinetics model accounting for patients with all-
normal CRP

In total, n=58 (10.3%) patients of the discovery cohort had
CRP levels consistently below the ULN throughout the
first 3months of ICI treatment. Of those, n=23, n=33 and
n=2 patients would have otherwise been classified as

CRP non-responders, CRP-responders and CRP flare-
responders according to the preciously established model
of early CRP kinetics by Fukuda et al,l3 respectively. Like-
wise, n=93 (19.6%) patients in the validation cohort had
CRP values below the ULN during the first 3 months of ICI
treatment, and thus were considered as patients with all-
normal CRP, of which n=62, n=28and n=3 patients would
have otherwise been classified as CRP non-responders,
CRP responders and CRP flare-responders, respec-
tively. Patients with all-normal CRP were more likely to
have better ECOG performance status, receive ICI in a
first-line treatment setting and have melanoma and less
likely to have NSCLC (online supplemental table 5). On
reclassifying patients with all-normal CRP, a four-group
CRP kinetics model was subsequentially defined. In the
discovery cohort, n=58 (10.3%), n=209 (37.2%), n=69
(12.4%) and n=226 (40.2) were classified as patients with
all-normal CRP, CRP-responders, CRP flare-responders
and CRP non-responders, respectively. Distributions were
slightly different in the validation cohort (table 1).

Predictive and prognostic accuracy of refined classification of
early CRP kinetics

Univariable and multivariable logistic regression anal-
ysis of the refined CRP response stratification revealed
that in addition to CRP responders and CRP flare-
responders, patients with all-normal CRP showed signifi-
cantly higher odds of treatment response compared
with CRP non-responders (table 2). In detail, the ORR
was 41%, 38%, 31% and 12% in patients with all-normal
CRP, CRP responders, CRP flare-responders and CRP
non-responders, respectively. These findings could be
confirmed in the validation cohort, although the associ-
ation between all-normal CRP and ORR weakened after
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Table 2 Univariable and multivariable logistic regression models for the original and refined model for early CRP kinetics

Original model

Refined model

Variable Univariable analysis Multivariable analysis Multivariable analysis
OR (95% Cl) P value OR (95% Cl) P value OR (95%Cl) P value
Age (continuously coded) 1.028 (1.003 to 1.034) 0.022 1.025 (1.006 to 1.045) 0.011 1.023 (1.004 to 1.043) 0.031
Sex 1 (reference) 0.178
Male 0.771 (0.528 to 1.126)
Female
ECOG 1 (reference) 0.191
ECOG 1 0.690 (0.395 to 1.204)
ECOG>1
Charlson Index 0.995 (0.889 to 1.026) 0.209
Baseline CRP 1 (reference) 0.040 1 (reference) 0.011 1 (reference) 0.046
Low (<median) 0.676 (0.465 to 0.983) 0.584 (0.386 to 0.886) 0.631 (0.401 to 0.993)
High (>median)
Cancer type 1 (reference) 0.361
NSCLC 1.270 (0.761 to 2.120) 0.797
Melanoma 1.078 (0.606 to 1.918) 0.122
RCC 0.526 (0.233 to 1.188) 0.206
uc 0.714 (0.424 to 1.203)
Other
Metastatic sites 0.988 (0.831 to 1.175) 0.896
Stage at ICl start 1 (reference) 0.002 1 (reference) 0.012 1 (reference) 0.007
11+ 0.284 (0.126 to 0.641) 0.319 (0.130 to 1.780) 0.294 (0.121 to0 0.716)
\%
Treatment line 1 (reference) <0.001 1 (reference) 0.001 1 (reference) 0.001
1st line 0.448 (0.307 to 0.655) 0.500 (0.333 to 0.751) 0.496 (0.330 to 0.744)
2nd line or higher
Additional treatments 1 (reference) 0.577
No additional treatment ~ 1.413 (0.418 to 4.774) 0.224
Radiotherapy 1.454 (0.795 to 2.658) 0.163
Chemotherapy 2.356 (0.707 to 7.852)
Targeted therapy
CRP response 1 (reference) <0.001 1 (reference) <0.001
CRP non-responder 4.230 (2.714 to 6.593) <0.001 4.803 (3.001 to 7.687)  0.001
CRP responder 3.030 (1.639 to 5.603) 3.026 (1.603 to 5.714)
CRP flare-responder
CRP response 1 (reference) <0.001 1 (reference) <0.001
CRP non-responder 4.385 (2.702 to 7.117) <0.001 5.024 (3.006 to 8.398) 0.001
CRP responder 3.310 (1.741 to 6.294) <0.001 3.246 (1.672 to 6.301) <0.001

CRP flare-responder
All-normal CRP

4.992 (2.592 to 9.614)

significant p-values are highlighted in bold

3.937 (1.955 to 7.929)

CRP, C reactive protein; ECOG, Eastern Cooperative Oncology Group performance score; ICl, immune checkpoint inhibitor; NSCLC, non-small cell

lung cancer; RCC, renal cell carcinoma; UC, urothelial carcinoma.

multivariable adjusting for baseline CRP (online supple-
mental table 2).

In addition, Kaplan-Meier analysis revealed significantly
increased PFS and OS in patients with all-normal CRP,
CRP responders and CRP flare responders (figure 2) a
finding which was confirmed in landmark analysis (online
supplemental figure 2A-B) and Cox proportional hazards
model (table 3). In detail, median PFS was 8.2 (5.9-
12.0) months in patients with all-normal CRP, 6.1 months
(95% CI 4.9 to 7.2) in CRP responders, 5.7months (95%
CI 4.1 to 8.5) in CRP flare-responders and 2.3 months
(95% CI 2.2 to 2.8) in CRP non-responders. Median OS
estimates of these four groups were 24.5months (95% CI

18.5 to not reached), 16.1 months (95% CI 12.6 to 19.8),
14.0months (95% CI 8.5 to 19.4) and 8.1 months (95% CI
5.8 t0 9.9), respectively.

After adjusting for potential confounders including
baseline CRP the association between the all-normal
CRP group and the survival endpoints slightly weakened,
whereas the other CRP response groups fully prevailed
as significant predictors (tables 3 and 4). Importantly,
since by definition, patients in the all-normal CRP group
had to have baseline CRP levels below the ULN, a very
strong correlation between low baseline CRP and the
all-normal CRP group was observed (B regression coeffi-
cient for continuous baseline CRP as dependent variable
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and all-normal CRP as predictor variable=-37.74, 95% CI
-52.92 to -22.56, p<0.001). To account for this collinearity
an exploratory analysis excluding baseline CRP from the
multivariable model was performed. Consequently, PFS
(HR 0.60, 95% CI 0.43 to 0.84, p=0.003) and OS estimates
(HR 0.52,95% CI 0.24 to 0.78, p=0.002) were significantly
longer in patients with allnormal CRP compared with the
reference group of CRP non-responders (online supple-
mental tables 6 and 7).

In addition, a sensitivity analysis further adjusting for
age, tumor entity, and cancer stage (not significantly
associated with outcome in univariable analyses, but clin-
ically established prognostic markers) within the multi-
variable models for ORR, PFS, and OS fully confirmed
CRP response groups as significant predictors of outcome
(online supplemental tables 8,9 and 10).

As for our validation cohort, CRP kinetics were signifi-
cantly and independently associated with PFS and OS in
both, landmark analysis as well as univariable and multi-
variable Cox regression analysis (online supplemental
figure 2C-D), (online supplemental table 3), and (online
supplemental table 4).

Subgroup analysis of novel CRP kinetics prediction model
stratified by tumor type

Finally, an exploratory subgroup analysis of our novel
CRP response prediction model stratified by tumor type
was performed for all three coprimary endpoints ORR,
PFS and OS. For this analysis, the discovery and validation

cohort were pooled to increase statistical power. Consis-
tently, CRP responders, CRP flare-responders and patients
with all-normal CRP had increased odds of response
(figure 3) and longer PFS and OS (figure 4) compared
with CRP non-responders across all cancer types.

DISCUSSION

In this study, we could demonstrate the prognostic and
predictive significance of early CRP kinetics for cancer-
agnostic prediction of therapy response and mortality in
patients treated with ICIs in two large and independent
multi-cancer cohorts. Notably, by observing a distinct
pattern of CRP kinetics in patients who had CRP values
consistently below the ULN throughout the first 3 months
of ICI therapy (ie, all-normal CRP) we could refine the
previously proposed CRP Kkinetics prediction model for
ICI efficacy.

Alongside CRP-responders and CRP flare-responders
also patients with all-normal CRP showed superior
response rates and survival outcomes as compared with
CRP non-responders. These results indicate that longitu-
dinal measurements of CRP represent a valuable tool to
predict and monitor ICI therapy efficacy.

Fukuda et al'® analyzed early CRP kinetics in 42 patients
with mRCC undergoing treatment with nivolumab and
defined three groups of early CRP kinetics based on the
percentage change of CRP from baseline. In their analysis,
patients showing a CRP flare response or CRP response in

Barth DA, et al. J Immunother Cancer 2023;11:¢007765. doi:10.1136/jitc-2023-007765
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Table 3 Univariable and multivariable Cox regression models for PFS for the original and refined model for early CRP kinetics

Original model

Refined model

Variable Univariable analysis Multivariable analysis Multivariable analysis
HR (95% ClI) P value HR (95% ClI) P value HR (95% CI) P value
Age (continuously coded) 0.99 (0.99 to 1.00) 0.096
Sex 1 (reference) 0.202
Male 1.13 (0.94 to 1.35)
Female
ECOG 1 (reference) 0.007 1 (reference) 0.103 1 (reference) 0.067
ECOG 1 1.50 (1.12 to 2.00) 1.28 (0.95 to 1.73) 1.32 (0.98 to 1.78)
ECOG>1
Charlson Index 1.00 (0.97 to 1.03) 0.936
Baseline CRP 1 (reference) <0.001 1 (reference) <0.001 1 (reference) <0.001
Low (<median) 1.46 (1.22 to 1.75) 1.65 (1.36 to 2.01) 1.80 (1.46 to 2.22)
High (>median)
Cancer type 1 (reference) 0.426 1 (reference) 0.838 1 (reference) 0.784
NSCLC 0.90 (0.70 to 1.16) 0.035 1.03 (0.79 to 1.34) 0.002 1.04 (0.80 to 1.35) 0.006
Melanoma 0.73 (0.55 to 0.98) 0.057 0.63 (0.47 to 0.85) 0.057 0.66 (0.49 to 0.89) 0.126
RCC 1.37 (0.99 to 1.89) 0.315 1.37 (0.99 to 1.90) 0.152 1.29 (0.93 to 1.79) 0.103
uc 1.13 (0.89 to 1.44) 1.19 (0.94 to 1.53) 1.23 (0.96 to 1.57)
Other
Metastatic sites 1.08 (0.99 to 1.17) 0.076
Stage at ICl start 1 (reference) 0.053
11+ 1.57 (1.00 to 2.49)
\%
Treatment line 1 (reference) 0.050
1st line 1.20 (1.00 to 1.44)
2nd line or higher
Additional treatments 1 (reference) 0.864
No additional treatment 1.051 (0.592 to 1.868) 0.703
Radiotherapy 1.063 (0.777 to 1.453) 0.070
Chemotherapy 0.442 (0.183 to 1.067)
Targeted therapy
CRP response 1 (reference) <0.001 1 (reference) <0.001
CRP non-responder 0.63 (0.51 t0 0.77) 0.013 0.52 (0.42 to 0.65) 0.002
CRP responder 0.68 (0.51 to 0.92) 0.62 (0.46 to 0.84)
CRP flare-responder
CRP response 1 (reference) <0.001 1 (reference) <0.001
CRP non-responder 0.59 (0.48 to 0.73) 0.006 0.48 (0.38 to 0.59) 0.003
CRP responder 0.66 (0.49 to 0.89) 0.001 0.63 (0.46 to 0.85) 0.096

CRP flare-responder
All-normal CRP

0.56 (0.40 to 0.78)

significant p-values are highlighted in bold
CRP, C reactive protein; ECOG, Eastern Cooperative Oncology Group performance score; ICl, immune checkpoint inhibitor; NSCLC, non-small cell

0.74 (0.52 to 1.05)

lung cancer; PFS, progression-free survival; UC, urothelial carcinoma.

the first 3months of ICI treatment had significantly higher
odds of response and more favorable survival outcomes
as compared with CRP non-responders."” This model was
later validated by Klimper et al” in cohorts of mRCC,
metastatic UC and advanced NSCLC patients receiving
ICI treatment.!* % In this study, we thus hypothesized
that early CRP kinetics might serve as a tumor-agnostic
biomarker for ICI efficacy. To test this hypothesis, we eval-
uated a total of 1036 patients with various tumor types
treated with ICI therapy in two academic centers in Austria
within a validation study design. To the best of our knowl-
edge, this is by far the largest study on this matter. In a first
step, we aimed to investigate the prognostic and predic-
tive accuracy of the previously described CRP response

patterns model by Fukuda et al'” in our pan-cancer cohort.
We fully confirmed a significant association between the
CRP response patterns and our three study endpoints in
our discovery cohort, and partly confirmed these findings
in the validation cohort. Importantly, the tested model by
Fukuda et al assigns patients to the CRP response groups
(ie, CRP responder, CRP flare-responder and CRP non-
responder) by the percentage change from baseline CRP
values in the first 3months after treatment initiation.
Although this model accurately reflects clinically relevant
CRP changes in patients with elevated baseline CRP, its
group distinction in patients with normal baseline CRP
may be improved. For instance, a patient with a baseline
CRP of 2mg/L and consecutive CRP measurements of
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Table 4 Univariable and multivariable Cox regression models for OS for the original and refined model for early CRP kinetics

Original model

Refined model

Variable Univariable analysis Multivariable analysis Multivariable analysis

HR (95% ClI) P value HR (95% Cl) P value HR (95% ClI) P value
Age (continuously 1.00 (0.99 to 1.01) 0.385
coded)
Sex 1 (reference) 0.477
Male 1.08 (0.87 to 1.34)
Female
ECOG 1 (reference) <0.001 1 (reference) 0.010 1 (reference) 0.008
ECOG 1 2.07 (1.39 to 3.10) 1.70 (1.13 to 2.59) 1.74 (1.16 to 2.60)
ECOG>1
Charlson Index 1.10 (1.06 to 1.14) <0.001 1.07 (1.03 to 1.11) <0.001 1.08 (1.03 to 1.12) <0.001
Baseline CRP 1 (reference) <0.001 1 (reference) <0.001 1 (reference) <0.001
Low (<median) 1.79 (1.45 to 2.20) 1.87 (1.49 to 2.36) 2.01 (1.58 to 2.57)
High (>median)
Cancer type 1 (reference) 0.071 1 (reference) 0.219 1 (reference) 0.250
NSCLC 0.76 (0.57 to 1.02) <0.001 0.83 (0.61 to 1.12) <0.001 0.84 (0.62 to 1.13) <0.001
Melanoma 0.46 (0.31 to 0.69) 0.008 0.41 (0.27 to 0.63) 0.003 0.42 (0.28 to 0.62) 0.009
RCC 1.66 (1.14 to 2.41) 0.462 1.77 (1.21 to 2.59) 0.363 1.66 (1.13 to 2.43) 0.365
uc 1.11 (0.84 to 1.47) 1.14 (0.86 to 1.53) 1.14 (0.86 to 1.53)
Other
Metastatic sites 1.21 (1.10 to 1.33) <0.001 1.18 (1.06 to 1.32) 0.003 1.19 (1.07 to 1.33) 0.001
Stage at ICl start 1 (reference) 0.028 1 (reference) 0.151 1 (reference) 0.159
11+ 2.03 (1.08 to 3.80) 1.63 (0.84 to 3.16) 1.61 (0.83 t0 3.13)
\%
Treatment line 1 (reference) 0.315
1st line 1.14 (0.92 to 1.41)
2nd line or higher
Additional treatments 1 (reference) 0.361
no additional 1.341 (0.714 to 2.520) 0.738
treatment 1.065 (0.735 to 1.545) 0.051
Radiotherapy 0.251 (0.062 to 1.008)
Chemotherapy
Targeted therapy
CRP response 1 (reference) 0.008 1 (reference) <0.001
CRP non-responder  0.73 (0.58 to 0.92) 0.339 0.57 (0.45 t0 0.73) 0.029
CRP responder 0.85 (0.60 to 1.19) 0.68 (0.48 to 0.96)
CRP flare-responder
CRP response 1 (reference) <0.001 1 (reference) <0.001
CRP non-responder  0.64 (0.50 to 0.81) 0.104 0.46 (0.35 to 0.59) 0.007
CRP responder 0.75 (0.54 to 1.06) <0.001 0.62 (0.44 to 0.88) 0.053

CRP flare-responder
All-normal CRP

0.46 (0.31 to 0.69)

significant p-values are highlighted in bold

0.66 (0.43 to 1.01)

CRP, C reactive protein; ECOG, Eastern Cooperative Oncology Group performance score; ICl, immune checkpoint inhibitor; NSCLC, non-small cell
lung cancer; OS, overall survival; RCC, renal cell carcinoma; UC, urothelial carcinoma.

3mg/L would be classified as a CRP non-responder. We
thus hypothesized that patients with CRP measurements
consistently below the ULN (ie, 5mg/L) throughout
the first 3months of ICI treatment represent a distinct
CRP response group with favorable prognosis. Conse-
quently, 10% of patients in our discovery cohort and 21%
of patients in our validation cohort were reclassified as
all-normal CRP, of which a large proportion would have
otherwise been classified as CRP non-responders who
have been previously shown to have a poor prognosis. This
four-CRP-group model showed improved discrimination
of response rates, disease progression risk, and death. In

detail, we observed that patients with all-normal CRP had
fourfold higher odds for treatment response than CRP
non-responders and had the numerically longest PFS and
OS. As anticipated, all-normal CRP was highly correlated
with low baseline CRP levels, which have been previously
linked to favorable prognosis in patients with cancer.'
This collinearity led to enlarged confidence intervals and
higher p values of the association between all-normal
CRP and the endpoints under study in both the discovery
and validation cohort. Excluding baseline CRP from our
multivariable regression models and thus accounting for
this collinearity demonstrated a strong and statistically
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Figure 2 Kaplan-Meier curves showing progression-free survival and overall survival according to our refined four group CRP
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ICI, immune checkpoint inhibitor; ULN, upper limit of normal.

significant association between all-normal CRP and the
study endpoints. Alongside, patients with all-normal
CRP also CRP responders and CPR flare-responders had
significantly higher response rates and better prognosis

Tumor type and CRP response category

for objective response rate (ORR)

Non-small cell lung cancer (n=357, p=0.0004)
CRP Flare responder (n=48)

than CRP non-responders. In detail, the median PFS in
CRP non-responders, which comprised 40% of our study
population was only 2.3months with an ORR of 10%.
This underlines that patients with elevated CRP levels at

odds ratio (95% CI)
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Figure 3 Logistic regression for ORR stratified by tumor type for the refined four group CRP kinetics model. P values in the

sub headers indicate xz P for CRP. CRP, C reactive protein.
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Figure 4 Cox regression for PFS and OS stratified by tumor type for the refined four group CRP kinetics model. P values in the

sub headers indicate x? P for CRP. CRP, C reactive protein.

baseline, who do not show any kind of early CRP response
(ie, CRP non-responders) after ICI start have a very low
chance of response and should thus be closely monitored
for radiographic disease progression.

Although our two study cohorts significantly differed
in terms of clinically relevant patient characteristics such
as tumor type, EOCG performance status and line of
ICI treatment allocation, the prognostic potential of our
model could be fully confirmed in our validation cohort,
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which further strengthens its general validity. An added
strength of this study is that we rigorously accounted for
immortal time bias. Due to the time-dependent nature of
CRP response group definitions, unaccounted immortal
time bias leads to an overestimation of the favorable
prognostic impact of being in any of the CRP response
groups.”’ Importantly, after fully controlling for this bias
by implementing landmark analysis and time-dependent
regression models, the four CRP kinetic groups remained
strongly and significantly associated with the outcomes
under study.

Finally, we aimed to elucidate whether the impact of
CRP kinetics on ICI treatment response and survival
outcomes differed across tumor types. Although the
relatively small sample size in the respective cancer-type
subgroups led to enlarged Cls, patients with all-normal
CRP, CRP responders and CRP flare-responders consis-
tently showed increased odds of treatment response
as well as longer PFS and OS compared with CRP non-
responders across all tumor entities under study. The
impact of CRP kinetic group on outcomes was strongest
in patients with urothelial cancer, which is in line with
previous studies that have suggested CRP as a proxy
marker for cancer induced systematic inflammation and
tumor activity in this tumor entity.*

Although CRP kinetics are assessed post-treatment start,
and therefore, cannot be used for upfront prediction of
ICI efficacy, our study findings suggest that monitoring
of CRP kinetics after ICI initiation might be particularly
valuable for early identification of patients (ie, CRP non-
responders) with very high risk of primary treatment
resistance and rapid disease progression. In this patient
subgroup with permanently elevated or steadily increasing
CRP values, intensified clinical monitoring and early
radiographic response assessment should be prompted.
Previous studies further suggest a potential role of CRP
kinetics to help to distinguish radiographic pseudopro-
gression, a phenomenon caused by immune cell invasion
into the tumor lesions that is reported to occur in approx-
imately 10% of patients treated with ICL,* from actual
disease progression.15

CRP is an acute phase protein and a well-established
surrogate marker of inflammatory conditions such as
cancer induced inflammation. Recently, cancerrelated
systemic and local inflammation in the tumor micro-
environment have been proposed to play a crucial role
in the development of resistance to ICI treatment.”* As
such, we can conceive a strong immunological rationale
that persistently elevated CRP levels after ICI treatment
initiation (ie, CRP non-responder) reflect chronic cancer
induced-inflammatory processes that are linked with an
immunosuppressive tumor microenvironment.*” Impor-
tantly, the elucidation of the exact mechanisms involved
in CRP-flare phenomena in the context of immuno-
therapy still warrants further investigation in functional
studies.

Some limitations of our study must be discussed. First,
due to the mostly retrospective study design, selection

bias cannot be entirely excluded. However, the multi-
center study design and validation of our results in two
large independent all-comer cohorts may reduce the risk
of selection bias by a significant extent, which ultimately
represents a strength of our study. Second, CRP values
were retrospectively assessed within routine clinical prac-
tice and not collected following a prospective, predefined
protocol. Thus, patients experiencing CRP flare response
or CRP response between two measurements may not
have been detected. Third, information on infections
and consequent antibiotics use within the first three treat-
ment months were partly missing due to the retrospective
study design. However, no significant association between
the presence of infections within the first 3 months of ICI
therapy and the CRP response groups was observed.

CONCLUSION

This study demonstrates that early kinetics of CRP after
start of ICI therapy represents a robust predictive and
prognostic biomarker for treatment response, progres-
sion risk and survival in patients undergoing ICI therapy
across various cancer types. Given, its broad availability,
low costs and high reproducibility CRP kinetics might
serve as a simple but highly valuable biomarker for the
assessment and monitoring of ICI therapy benefit and
might be particularly valuable for early identification of
patients with primary treatment resistance.
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