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BACKGROUND: We aimed to investigate the exposure-response (E/R) relationship for ipilimumab and nivolumab in metastatic
clear cell renal cell carcinoma (m-ccRCC) patients from the randomised phase 2 BIONIKK trial (EudraCT 2016-003099-28).
METHODS: This study included patients treated with either single-agent nivolumab (Nivo monotherapy group, n =39) or
nivolumab plus ipilimumab (Ipi/Nivo group, n = 71). Trough plasma concentrations (Cp,i,) Were assayed at week 6 after treatment
start. Cox proportional hazard and logistic regression models were used to investigate the E/R relationship between Cp;, and
clinical outcomes.

RESULTS: Low nivolumab C,;, (<median) was not identified as an independent risk factor for progression in either the Nivo
monotherapy group (HR 2.03, 95% Cl [0.93-4.44]; p = 0.076) or the Ipi/Nivo group (HR 1.06, 95% Cl [0.63-1.79]; p = 0.83).
Interestingly, low ipilimumab Cpin (<4.9 pg/mL) was independently associated with worse PFS in the Ipi/Nivo group (HR 1.77, 95%
Cl [1.03-3.05]; p = 0.040). In both groups, neither nivolumab C,;, nor ipilimumab C.,;, was associated with the risk of death or
grade > 3 TRAEs occurrence.

CONCLUSIONS: This study suggests an E-R relationship for the efficacy of ipilimumab in m-ccRCC patients treated in combination
with nivolumab. Prospective validation of our efficacy threshold in larger cohorts or phase 3 trials is essential prior to the
implementation of a pharmacokinetically guided strategy.

British Journal of Cancer; https://doi.org/10.1038/s41416-026-03340-1

BACKGROUND ipilimumab, a cytotoxic T-lymphocyte-associated protein 4 (CTLA-
The therapeutic landscape for metastatic clear cell renal cell 4) inhibitor, was among the first regimens to demonstrate a
carcinoma (m-ccRCC) has significantly evolved over the past survival benefit over sunitinib in the frontline treatment of m-
5 years, particularly in the frontline setting with the use of immune ccRCC, as shown in the CheckMate 214 trial [2]. This pivotal study
checkpoint inhibitor-based combination regimens [1]. Nivolumab, led to the European Medicines Agency (EMA) approval of the
a programmed cell death-1 (PD-1) inhibitor, associated with nivolumab-ipilimumab combination in 2019. However, concerns
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were raised by EMA experts regarding the added value of
ipilimumab in terms of efficacy, especially given its association
with increased risks of adverse events. Consequently, the EMA
requested that Bristol Myers Squibb conduct a randomized
controlled trial comparing the nivolumab-ipilimumab combination
to nivolumab monotherapy in frontline m-ccRCC (CheckMate 8Y8
[NCT03873402]). To date, the results of this trial have not been
reported yet.

Since the introduction of immune checkpoint inhibitors (ICls),
substantial efforts have been made to identify predictive
biomarkers of efficacy and immune-related toxicities [3]. Among
these, treatment dosing has been a key area of investigation.
While higher doses of ipilimumab have been linked to better
efficacy but with more frequent grade >3 adverse events in
patients with advanced melanoma [4, 5], these findings have not
been consistently replicated in m-ccRCC, particularly in combina-
tion with nivolumab. Notably, in patients treated with nivolumab
monotherapy, dose range from 0.3 to 10 mg/kg did not appear to
influence efficacy or safety outcomes in m-ccRCC [6]. Furthermore,
a single study has compared different dosing schedules of
nivolumab plus ipilimumab in m-ccRCC (nivolumab 1 mg/kg with
ipilimumab 3 mg/kg versus nivolumab 3 mg/kg with ipilimumab
1 mg/kg), demonstrating comparable efficacy but higher toxicity
with the higher dose of ipilimumab (3 mg/kg) [7].

Pharmacokinetic (PK) studies have investigated the exposure-
response (E-R) of nivolumab and ipilimumab in advanced
malignancies. Both of them show a dose-proportional increase
in plasma exposure [8], but a time-varying clearance depending
on tumour burden and factors related to the cachectic status
(albumin, inflammatory syndrome) has been described in multiple
PK studies [9-12]. Thus, their elimination increased with both
higher tumour burden and protein catabolism in relation to
cachectic status. Different studies demonstrated that nivolumab
plasma exposure does not drive efficacy at the recommended
dose (3 mg/kg) [9, 13, 14]; however, increased early clearance of
nivolumab has been identified as a surrogate for disease state
[9, 12, 13, 15]. Regarding toxicity, no significant exposure-response
relationship has been reported at the recommended daily dose
(3mg/kg) [12-14, 16-18], consistent with the lack of a dose-
response relationship observed up to 10 mg/kg during the clinical
development of nivolumab [19]. For ipilimumab, different studies
reported an E-R relationship for efficacy and toxicity in patients
treated for advanced melanoma or hepatocellular carcinoma
(HCC) [20-22]. Overall, data on the E-R relationship are largely
derived from melanoma or non-small cell lung carcinoma cohorts,
with very sparse data available for m-ccRCC patients treated in
nivolumab monotherapy [12, 15] and none in combination with
ipilimumab.

Recently, the BIONIKK multicenter randomized phase 2 trial was
conducted to test whether molecular profiling could help guide
first-line treatment (nivolumab, nivolumab plus ipilimumab or
anti-VEGFR tyrosine kinase inhibitor (VEGFR-TKI)) in m-ccRCC
patients [23]. In this context, we leveraged the ancillary program
of the BIONIKK trial to evaluate the E-R relationship of nivolumab
and ipilimumab in this population.

METHODS
Study design and participants
BIONIKK (EudraCT 2016-003099-28) was previously reported as a
biomarker-driven, open-label, non-comparative, randomised, phase 2 trial
from 15 university hospitals or expert cancer centres in France [23]. The
eligibility criteria and trial design were previously described [23].
Treatment randomisation was based on different tumour groups (ccrcci
to ccrccl 4), which were determined according to transcriptomic data.
Patients in the ccrcc1 and ccrec4 groups received nivolumab monotherapy
or nivolumab in combination with ipilimumab. Those in the ccrcc2 and
ccrce3 groups were treated with nivolumab-ipilimumab or VEGFR-TKI. This
ancillary study only included patients treated with ICI (nivolumab

monotherapy or ipilimumab plus nivolumab combination) for whom a
plasma sample was available at week 6 after the start of treatment. The
trial protocol was approved by the French Health authorities and ethics
committee. All patients had signed a written informed consent before the
beginning of this study.

Procedures

Patients in the Nivo monotherapy group received intravenous nivolumab
240 mg every 2 weeks. In the Nivo/Ipi group, patients were treated with
intravenous nivolumab 3 mg/kg plus ipilimumab 1 mg/kg every 3 weeks
up to four doses (three or more doses were mandatory to continue study
treatment), followed by intravenous nivolumab 240 mg every 2 weeks. In
case of severe toxicity, nivolumab and/or ipilimumab administration was
delayed as previously reported in the original study [23]. Adverse events
were graded until the end of the study (set at the end of treatment or after
18 months, whichever occurred first), according to the National Cancer
Institute—Common Toxicity Criteria for Adverse Events (NCI-CTCAE)
version 4.0. Disease assessments were performed with computed
tomography or magnetic resonance imaging at baseline, 10 weeks after
randomization and every 12 weeks thereafter. Progressive disease was
confirmed by a consecutive assessment 6 weeks later. If not confirmed,
patients were able to continue ICl-based treatment until the next evidence
of progression. ICI was administered until progression, unacceptable
toxicity or death.

Measurement of ICl plasma concentrations

Blood samples were collected just before the next ICl infusion at week 6
after treatment initiation, corresponding to nivolumab C,;, after 3 doses in
the Nivo monotherapy group and nivolumab and ipilimumab C.,;, after 2
doses in the Ipi/Nivo group, assuming no delay in theoretical administra-
tion. Blood was drawn into 5mL EDTA Vacutainer tubes and then
centrifuged. Plasma was transferred to polypropylene tubes and kept at
—80°C until assay. Nivolumab and ipilimumab concentrations were
measured using the mAbXmise kit® (Promise, Grenoble, France) for
extraction and then high-performance liquid chromatography-tandem
mass spectrometry (LC-MS/MS) for quantification. This method was
validated according to the EMA guidelines for bioanalytical methods, with
intra- and inter-assay coefficients of analytical variability lower than 7.7%
and 12.4%, respectively [24]. The lower limit of quantification (LLOQ) was
set at 2 pg/mL for nivolumab and ipilimumab. Whatever ICl, plasma
concentration below LLOQ was considered as half of LLOQ (i.e. 1 ug/mL)
during the statistical analysis. The present LC-MS/MS method has been
orthogonally cross-validated with two other techniques in order to ensure
its robustness [25].

Antidrug antibodies (ADA) status screening

The presence of ipilimumab ADA (IPI-ADA) and nivolumab ADA (NIVO-
ADA) at week 6 after treatment initiation was determined using qualitative
anti-nivolumab and anti-ipilimumab ADA ELISA kits (AssayGenie, Dublin,
Ireland). All experiments were performed according to the manufacturer’s
instructions.

Study endpoints

The primary endpoint was the Progression-free survival (PFS), defined as
the time from randomization to the first RECIST-defined progression or
death. Secondary endpoints included objective response rate (ORR), overall
survival (OS) and incidence rate of grade >3 treatment-related adverse
events (TRAE). ORR was defined as the percentage of patients having a
partial or complete response according to RECIST, version 1.1 [26]. OS was
defined as time between randomization and death (all causes included).
Patients with no tumour progression or death at the end of follow-up were
censored at the last date of evaluation.

Statistical analysis

For descriptive analyses, qualitative variables were expressed as number
(%) and quantitative variables as median [interquartile range, IQR] or [95%
confidence interval, 95% Cl]. Comparisons between 2 groups were
performed using Wilcoxon and Chi-square tests. Comparison between
>3 groups were performed using Kruskal Wallis test. Normal distribution
assumption for quantitative variables was evaluated by histograms and
Shapiro-Wilk test. Variables deviating from the normal distribution were
dichotomized for regression models. In the Ipi/Nivo group, univariate and
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multivariate linear regression models were used to identify determinants
of interindividual variability in ICl plasma exposure, using dose-normalized
Cmin (100-mg dose for ipilimumab and 240 mg for nivolumab). In the
multivariate model, only those determinants with a p-value < 0.05 in the
univariate analysis were retained. Regarding exposure-efficacy analysis,
survival curves were obtained with Kaplan-Meier estimates and compared
with log-rank test. Univariate and multivariate Cox proportional hazard
regressions were used to identify risk factors of PFS and OS. Significant
variables in univariate analyses (p < 0.05), as well as established prognostic
factors and potential determinants of plasma exposure were included in
the multivariate models. Results were expressed as Hazard Ratio (HR) with
95% Cl. Regarding exposure-safety analysis, univariate logistic regression
model was used to test the association between grade > 3 TRAE onset and
biological and clinical variables in the whole cohort (n=110 patients),
regardless of treatment group. Significant variables in univariate analyses
as well as potential confounders were included in the multivariate models.
Results were expressed as Odds Ratio (OR) with 95% Cl. All p-values were
two-sided, and the level of significance was set at p <0.05. Statistical
analyses were performed with the software R (version 4.1.0, packages
survival, survcomp, gtsummary and ggpubr) with RStudio (version 1.4.1717).

RESULTS

Study cohort

One hundred and ninety-nine m-ccRCC patients were included in
the BIONIKK study. Among them, 58 and 101 patients were
enroled in the Nivo monotherapy and Ipi/Nivo groups, respec-
tively, with plasma availability in 39 (67%) and 71 (70%) patients,
respectively. Overall, 110 patients were eligible for the E/R analysis
(Supplementary Fig. 1). Baseline characteristics of this subgroup of
patients were similar to those of the overall BIONNIK population
(n=199), except, as expected, for the molecular group that
guided the treatment (ICl or VEGFR-TKI) (Table 1). In this ancillary
study, patients received immunotherapy only, allocated according
to molecular group as follows: in the Nivo monotherapy group,
ccrccl (n=28) and ccrcc4 (n=11); in the Ipi/Nivo group, ccrccl
(n=128), ccrcc2 (n=28), ccrcc3 (n=1) and ccrccd (n=14).
Baseline patient characteristics including albuminemia and CRP
level were similar in the Nivo monotherapy and Ipi/Nivo groups
(Supplementary Table 1). After a median follow-up of 39.6 [IQR
30.0-48.6] months, 89 patients (81%) had progressed and 49
(45%) had died.

Pharmacokinetics and ADA status

At week 6 after treatment initiation, the median nivolumab Cpi,
(range) was statistically different between the Nivo monotherapy
and Ipi/Nivo groups (56.5 (6.6-96.7) vs 30.7 (1.0-56.7) pg/mL,
p <0.0001; respectively) due to different dosing regimens. The
median ipilimumab C.;, (range) was 4.9 (1.0-22.5) pg/mL. The
incidence of NIVO-ADA was 13% (n =5/39) and 14% (n=10/71) in
the Nivo monotherapy and Ipi/Nivo groups, respectively. Three
patients (4%) had IPI-ADA in the Ipi/Nivo group. The median dose-
normalized nivolumab C,;, was not significantly different in patients
with NIVO-ADA compared to those without in the Nivo mono-
therapy group (40.0 [IQR 26.1-56.5] vs 57.0 [IQR 42.7-61.6] pug/mL,
respectively; p = 0.32) while it was statistically lower in the Ipi/Nivo
group (179 [IQR 133-19.8] vs 315 [IQR 24.7-31.8] ug/mL,
respectively; p=0.0017) (Supplementary Fig. 2). No statistical
difference in median dose-normalized ipilimumab C.i, was
observed between patients with and without IPI-ADA (4.6 [IQR
4.1-76] vs 6.1 [IQR 3.7-8.5] pg/mL, respectively; p=1.0). No
statistical difference in plasma exposure was observed for either
nivolumab or ipilimumab according to the molecular group in both
groups (Supplementary Fig. 3A-C). In the Nivo monotherapy group,
patients with poor IMDC risk had lower C.;, compared to other
patients (p = 0.035), whereas no statistical differences in ipilimumab
or nivolumab C.,;, were observed in the Nivo/Ipi group (Supple-
mentary Fig. 3D-F). In univariate analyses using only PK data from
the Ipi/Nivo group, CRP level, albuminemia, ALP and NIVO-ADA
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Table 1. Baseline demographic and disease characteristics of the
BIONIKK cohort.
Variable BIONIKK Overall p-value?
population BIONIKK
with PK population
samples treated with
(n=110) ICI (n=199)
Age (years) 64.1 [37.5-82.6] 64.1 [21.7-83.6] 0.99
Gender, n (%) 0.25
Female 21 (19) 51 (26)
Male 89 (81) 148 (74)
ECOG performance 0.58
status, n (%)
0 86 (78) 145 (73)
1 20 (18) 46 (23)
2 4(4) 8 (4)
Previous 0.91
nephrectomy,
n (%)
No 29 (26) 55 (28)
Yes 81 (74) 144 (72)
IMDC risk group, 0.72
n (%)
Favourable 35 (32) 59 (30)
Intermediate 49 (44) 98 (49)
Poor 26 (24) 42 (21)
Number of 1.0
metastasis, n (%)
>2 82 (75) 148 (74)
1 28 (25) 51 (26)
Molecular group 2, 0.044
n (%)
Ccrecl 56 (51) 83 (42)
Ccrec2 28 (25) 73 (37)
Ccrec3 1(1) 9 (5)
Ccrecé 25 (23) 34 (17)

Albumin (g/L)b

42.0 [14.9-52.0]

42.0 [149-52.0] 0.99

CRP (mg/L)° 5.7 [0.5-308.5] 6.2 [0.5-308.5] 0.88
eGFR (mL/min)P< 65.0 [5.1-187.0] 66.0 [5.1-187.0] 0.39
LDH (UI/L)® 193 [104-524] 197 [90-895] 0.34
ALT (UI/L)° 21 [5-77] 21 [5-90] 0.84
AST (UI/L)° 19 [8-66] 20 [8-145] 0.40
ALP (UI/L)° 84 [33-637] 86 [33-1010] 0.85

Quantitative results are expressed as median [range].

ALP alkaline phosphatase, ALT alanine aminotransferase, AST aspartate
aminotransferase, CRP C-reactive protein, ECOG Eastern Cooperative
Oncology Group, ICI immune checkpoint inhibitor, IMDC International
Metastatic Renal Cell Carcinoma Database Consortium, eGFR estimated
glomerular filtration rate, LDH lactate dehydrogenase, PK pharmacokinetic.
Distinct profiles of clear cell renal cell tumors (ccreci to 4).

PBaseline value.

“Glomerular filtration rate was estimated according to the Modification of
Diet in Renal Disease (MVDRD) equation.

dp-value : difference between two groups.

status were significantly associated (p < 0.05) with nivolumab Cqn,
while CRP level and albuminemia were significantly associated with
ipilimumab C;». Regardless of the nature of ICl, dose-normalized
plasma exposure was inversely correlated with both baseline
CRP and albumin levels (Supplementary Fig. 4). In multivariate
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Best objective response according to trough concentrations of nivolumab and ipilimumab in the Nivo monotherapy group and the

Ipi/Nivo group. Panel a shows nivolumab trough concentrations in the monotherapy group. Panels b and ¢ show nivolumab and ipilimumab
trough concentrations, respectively, in the combination group. CR complete response, PR partial response, SD stable disease, PD progressive

disease.
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Fig.2 Kaplan-Meier curves for progression-free survival (PFS) according to trough concentrations (C,;,) of nivolumab and ipilimumab in
the Nivo monotherapy group and the Ipi/Nivo group. Panel a shows PFS according to nivolumab C;, in the monotherapy group. Panels b
and ¢ show PFS according to nivolumab and ipilimumab C;,, respectively, in the combination group.

analyses, albuminemia and NIVO-ADA status were identified as
independent determinants of nivolumab C,;,, in the Ipi/Nivo group
while no independent determinant of ipilimumab C.;, was
identified (Supplementary Table 2). In the Nivo monotherapy group,
albuminemia was confirmed as an independent determinant of
nivolumab G, (data not shown).

Exposure-efficacy relationship

In the studied cohort (n = 110), the ORR was 54% (95% Cl, 41-65)
in the Nivo/Ipi group (n =38/71) versus 38% (95% Cl, 23 to 55) in
the Nivo monotherapy group (n=15/39), with complete
responses in 9 patients (13%) versus 4 patients (10%). The DCR
was 82% (95% Cl, 71 to 90) in the Nivo/lpi group (n=58/71)
versus 67% (95% Cl, 50 to 81) in the Nivo monotherapy group
(n=26/39). At week 6, the median nivolumab C.;, was
significantly different among RECIST response groups (PD, SD,
PR and CR) in the Nivo monotherapy group (p = 0.03) (Fig. 1a). In
contrast, neither nivolumab C.;, nor ipilimumab C.;, was
statistically different according to RECIST response groups in the
Ipi/Nivo group (Fig. 1b, c). Similarly, patients with an objective
response had higher median nivolumab C,;, compared to others
(59.3 [IQR 49.2-64.1] vs 43.6 [IQR 30.0-59.2] pug/mL, respectively;
p = 0.023) in the Nivo monotherapy group, as well as in those with
disease control (58.4 [IQR 46.7-62.9] vs 35.9 [IQR 26.1-45.9] ug/mL,
respectively; p=0.0044) (Supplementary Fig. 5). Conversely,

neither nivolumab nor ipilimumab C.;, was statistically different
according to ORR (p=0.76 and p =0.75, respectively) and DCR
(p=091 and p=0.66, respectively) in the Ipi/Nivo group
(Supplementary Fig. 5).

The median PFS was 7.8 [95% Cl, 49 to 18.5] months and 11.1
[95% Cl, 9.9 to 21.8] months in the Nivo monotherapy and Ipi/Nivo
groups, respectively. In the Nivo monotherapy group, median PFS
was statistically shorter in patients with a nivolumab C.;, below the
median (i.e. <56.5 pg/mL) versus those with C,;, above the median
(25 [95% Cl, 2.3 to 9.3] vs 185 [95% Cl, 8.0 to not reached, NR
months, respectively; log rank-test p =0.003), while no difference
was observed with the median cut of 30.7 ug/mL in the Ipi/Nivo
group (104 [95% Cl, 7.7 to 25.2] vs 12.3 [95% Cl, 8.8 to 31.9] months,
respectively; log rank-test p = 0.83) (Fig. 2a, b). Interestingly, patients
with an ipilimumab C.,;, below the median (i.e. <4.9 ug/mL) had
shorter median PFS than those with C., above the median (10.4
[95% Cl, 7.7 to 12.6] vs 21.8 [95% Cl, 8.8 to NR] months, respectively;
log rank-test p=0.034) (Fig. 2c). The median PFS was not
significantly associated with NIVO-ADA status in the Nivo mono-
therapy group (2.3 [95% Cl, 2.2 to NR] vs 7.8 [95% Cl, 4.9 to 18.5]
months in patients with NIVO-ADA vs others, respectively; log rank-
test p=0.80) (Supplementary Fig. 6A), and in the Ipi/Nivo group
(21.3 [95% Cl, 9.9 to NR] vs 10.9 [95% Cl, 7.8 to 21.8] months in
patients with NIVO-ADA vs others, respectively; log rank-test
p = 0.15) (Supplementary Fig. 6B). No statistical difference in median
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Table 2.

Nivo monotherapy group (n = 39)

Variable Hazard ratio (95% Cl)
Univariate analysis

Age (per 1 year increase) 0.96 (0.93-1.00)
Sex

Male vs female 0.87 (0.39-1.91)
Nephrectomy
Yes vs No
IMDC

Intermediate vs Favourable

0.54 (0.26-1.11)

0.57 (0.24-1.35)
Poor vs Favourable 1.52 (0.62-3.71)
Number of metastasis
Tvs 22

ADA nivolumab at week 6

0.42 (0.19-0.97)
Yes vs No 0.87 (0.30-2.56)
ADA iplimumab at week 6
Yes vs No

Corticosteroids intake

Yes vs No 0.83 (0.38-1.79)
Albumin

235 vs <359/L

CRP (per mg/L increase)

210 vs < 10 mg/L

Nivolumab C,i, at week 6 (median)?

0.48 (0.19-1.19)
1.44 (0.72-2.87)
Low vs high 2.80 (1.38-5.68)
Ipilimumab C;, at week 6 (median)
<4.9 vs > 49 pyg/mL
Multivariate analysis
IMDC
Intermediate/poor vs favourable 0.60 (0.25-1.44)
Albumin
235vs < 35¢g/L
Number of metastasis

Tvs 22

0.50 (0.18-1.38)

0.44 (0.17-1.13)
Age (per 1 year increase)
Nivolumab C,i», (median)
<56.5 vs = 56.5 ug/mL
Ipilimumab Cin (median)
<4.9 vs 2 4.9 ug/mL

2.03 (0.93-4.44)

Univariate and multivariate Cox proportional hazard analysis of risk factors for progression in the two treatment groups.

Ipi/Nivo group (n=71)

p-value Hazard ratio (95% Cl) p-value
0.053 0.96 (0.94-0.99) 0.013
0.73 0.76 (0.37-1.56) 0.46
0.09 0.68 (0.37-1.25) 0.21
0.20 0.78 (0.43-1.42) 0.42
0.36 1.28 (0.64-2.56) 0.49
0.043 0.84 (0.45-1.57) 0.59
0.80 0.54 (0.23-1.26) 0.15

1.33 (0.41-4.28) 0.64
0.80 1.43 (0.84-2.42) 0.19
0.11 0.78 (0.35-1.74) 0.55
0.30 0.69 (0.38-1.22) 0.22
0.0044 1.06 (0.63-1.79) 0.83

1.77 (1.04-3.03) 0.036
0.25 0.93 (0.54-1.62) 0.81
0.61
0.087

0.97 (0.94-0.99) 0.016
0.076

1.77 (1.03-3.05) 0.040

95% Cl 95% confidence interval; ADA antidrug antibody, C;, trough concentration; CRP C-reactive protein, ECOG Eastern Cooperative Oncology Group, IMDC

International Metastatic Renal Cell Carcinoma Database Consortium.

“Median value corresponds to 56.5 pg/ml and 30.7 pg/mL in the Nivo and Ipi/Nivo groups, respectively.

PFS was observed between patients with IPI-ADA and those without
(11.8 [95% CI, 7.8 to NR] vs 10.9 [95% CI, 8.8 to 21.8] months,
respectively; log rank-test p=0.64) (Supplementary Fig. 6C). In
univariate Cox regression analyses, number of metastasis (p = 0.043)
and nivolumab C,i, below the median (i.e. <56.5 pg/mL, p = 0.0044)
were significantly associated with shorter PFS in the Nivo
monotherapy group, as well as age (p=0.013) and ipilimumab
Cmin below the median (i.e. <4.9 ug/mL, p=0.036) in the Ipi/Nivo
group (Table 2). In the multivariate analyses, nivolumab C,;, below
the median (i.e. <56.5 ug/mL) was not identified as an independent
progression risk factor in the Nivo monotherapy group (HR 2.03,
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95% Cl [0.93 to 4.44], p=0.076). Interestingly, ipilimumab C,
below the median (i.e. <4.9 ug/mL) was independently associated
with a worse PFS in the Ipi/Nivo group (HR 1.77, 95% Cl [1.03 to
3.05]; p = 0.040) (Table 2).

The median OS was 44.5 [95% Cl, 33.7 to NR] months and not
reached [95% Cl, 47.1 months to NR] in the Nivo monotherapy and
Ipi/Nivo groups, respectively. Patients with a nivolumab Cg,
below the median (i.e. <56.5 pug/mL) had a worse median OS than
those with a high nivolumab C.., (26.9 [95% Cl, 15.8 to NR] vs NR
[95% Cl, 37.4 to NR] months, respectively; log rank-test p = 0.014)
in the Nivo monotherapy group (Fig. 3a). This association was not
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a Nivo group b Ipi/Nivo group C Ipi/Nivo group
100 100 100
2 80 2 80 £ 80
E E E
H 60 H 60 s 60
3 3 3
2 40 2 40 = 40
s — Nivo C,;,, > median s — Nivo C,;, > median s — Ipi C,;, > median
3 20 17— Nivo C,;, <median 3 291 — Nivo C,;, <median 3 20 1 —IpiC,, <median
o, Lograr‘1k p= 9.014 ‘ ‘ ‘ o, Lograr‘1k p= 9.30 ‘ ‘ ‘ o, Lograr?k p= 9.16 ‘ ‘ ‘
0 12 24 36 48 60 0 24 36 48 60 0 12 24 36 48 60
Time from treatment initiation (months) Time from treatment initiation (months) Time from treatment initiation (months)
No. At risk No. At risk No. At risk

Nivo G, > median 19 19 19 13 5 0
Nivo C_ ., < median 20 14 10 7 3 0

Nivo G, > median 35
Nivo G, < median 36

31 25 11 1
29 23 10 0

Ipi C,,,>median 35 32 30 26 13 1
Ipi C,,<median 3 34 30 22 8 0

Fig. 3 Kaplan-Meier curves for overall survival (0OS) according to trough concentrations (C,i,) of nivolumab and ipilimumab in the Nivo
monotherapy group and the Ipi/Nivo group. Panel a shows OS according to nivolumab C,;, in the monotherapy group. Panels b and ¢ show
OS according to nivolumab and ipilimumab C,;,, respectively, in the combination group.

observed in the Ipi/Nivo group when using a median cutoff of
30.7 pg/mL (NR [95% Cl, 36.6 to NR] vs NR [95% Cl, 52.6 to NR],
respectively; log rank-test p =0.30) (Fig. 3b). The median OS was
not significantly shorter in patients with ipilimumab C.;, below
the median (i.e. <4.9 ug/mL) than in those with C.,, above the
median in the Ipi/Nivo group (NR [95% Cl, 36.6 to NR] vs NR [95%
Cl, 52.6 to NR, respectively; log rank-test p=0.16) (Fig. 3c). No
statistical difference in median OS was observed between patients
with positive and negative ADA status, regardless of the ICI and
the treatment group (Supplementary Fig. 6D-F). In the multi-
variate Cox regression analyses, only albuminemia =35 g/L was
identified as an independent protector factor of death in the Nivo
monotherapy group (HR 0.29, 95% CI [0.10 to 0.87]; p=0.027)
(Table 3).

Exposure-safety relationship

Grade = 3 TRAEs occurred in 7/39 (18%) and 30/71 (42%) of patients
in the Nivo monotherapy and Ipi/Nivo groups, respectively. The
median nivolumab C.,;, was not statistically different between
patients with and without grade > 3 TRAEs in the Nivo monotherapy
group (475 [IQR 44.9-592] vs 566 [IQR 382-62.0] ug/mL,
respectively; p=0.9) and in the Ipi/Nivo group (32.0 [IQR
233-37.9] vs 285 [IQR 20.2-35.4] pg/mL, respectively; p=0.32),
nor did ipilimumab G, (5.73 [IQR 2.88-6.76] vs 4.79 [IQR 2.80-6.90]
pg/mL, respectively; p=0.71) (Supplementary Fig. 7). In the
univariate analysis including all patients (n=110), concomitant
administration of ipilimumab was identified as the single risk factor
of grade >3 TRAEs (HR 3.34, 95% Cl [1.30 to 8.59]; p=0.012)
(Supplementary Table 3). Finally, the Supplementary Fig. 8 shows
the frequency of immune-related adverse events (irAE) according to
severity and quartile exposure for each ICI.

DISCUSSION
The ipilimumab/nivolumab combination is one of the recom-
mended frontline treatments for IMDC intermediate/poor risk
m-ccRCC patients. However, the identification of biomarkers to
predict efficacy and immune-related toxicity in this population
remains a challenge. Among the potential biomarkers, plasma
exposure to these ICIs may be a candidate. To the best of our
knowledge, the present study is the first to characterise the E-R
relationship (including ADA status) in m-ccRCC patients treated in
frontline with either single-agent nivolumab or nivolumab/
ipilimumab combination within a prospective randomised trial.
Different PK studies have shown that cancer patients with
advanced cachexia exhibit increased ICI clearance, resulting in
reduced plasma exposure to nivolumab and ipilimumab
[9, 11, 15, 27]. In our study, low baseline albumin (<35 g/L) and
ADA positivity were associated with reduced nivolumab plasma

exposure, indicating increased clearance. This effect was not
observed with ipilimumab. After adjusting for biological and
clinical variables including albumin level, a nivolumab G, < 56.5
pug/mL at week 6 was not an independent predictor of progression
in the Nivo monotherapy group. These findings align with the
NIVOREN study, where Cpi, > 48 ug/mL at week 6 did not predict
PFS in mRCC patients treated with single-agent nivolumab [12].
Notably, both studies found shorter OS in patients with low
nivolumab G, (<median), but this association lost significance
after adjusting for cachexia, a known poor prognostic factor in
m-ccRCC [28]. Prior PK/PD studies suggest that increased
nivolumab clearance reflects underlying disease severity rather
than reduced drug efficacy [9, 12, 13, 15]. Moreover, a phase |l trial
in m-ccRCC showed no dose-response relationship across a broad
dosing range (0.3-10 mg/kg) [6], reinforcing that the worse survival
of patients with Cnin, < 56.5 pg/mL in the Nivo monotherapy group
was due to the worse prognostic status of the patients rather than
a direct PK-related impact of nivolumab in our study. Taken
together, these results suggest that low nivolumab C,, is more
likely a reflection of disease biology rather than a modifiable
determinant, and therefore does not support pharmacokinetically-
guided dose adjustments of nivolumab during the early phase of
treatment. Nevertheless, several studies reported prognostic value
of early nivolumab clearance in identifying patients at higher risk
of death [12, 29]. If such strategy is applied, PK sampling could help
to identify patients with high clearance. Different clinical studies,
such as the MOIO phase 3 trial (a non-inferiority study of PFS for
patients responding to 6 months of ICl-based treatment) [30] are
ongoing to assess the efficacy of extended dosing intervals versus
the standard administration of anti-PD1/PDL1 agents. In this
setting, the use of therapeutic drug monitoring could be helpful to
individualise the dosing interval of nivolumab in an era of precision
medicine [31, 32]. If the nivolumab de-escalation strategy is
successful, it could be used in daily clinical practice, with particular
relevance in resource-limited settings. Finally, although the
pharmacokinetic data of nivolumab from our study cannot be
extrapolated to ICI-TKI combinations such as
cabozantinib—nivolumab, a dose and/or dosing frequency de-
escalation strategy should be considered in patients concomitantly
treated with cabozantinib.

In comparison with the Nivo monotherapy group, the associa-
tion between nivolumab C,;, below median (i.e. <30.7 ug/mL) and
worse PFS was not confirmed in univariate analysis in the Ipi/Nivo
group. However, comparing exposure-efficacy between two
groups remains exploratory, as BIONIKK trial was not designed
for this purpose. The difference in sampling occasion (Cp,;, after 3
doses in the Nivo monotherapy group versus 2 doses in the Ipi/
Nivo group) limits the interpretation and cross-arm comparison of
our nivolumab pharmacokinetic results. Indeed, the difference in
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Table 3. Univariate and multivariate Cox proportional hazard analysis of risk factors for death in the two treatment groups.
Nivo monotherapy group (n = 39) Ipi/Nivo group (n=71)

Variable Hazard ratio (95% Cl) p-value Hazard ratio (95% Cl) p-value
Univariate analysis

Age (per 1 year increase) 0.98 (0.93-1.02) 0.34 0.99 (0.95-1.03) 0.57
Sex

Male vs female 0.99 (0.38-2.56) 0.99 0.60 (0.24-1.48) 0.27
Nephrectomy

Yes vs No 1.07 (0.41-2.76) 0.90 0.60 (0.26-1.37) 0.23
IMDC

Intermediate vs favourable 2.08 (0.57-7.56) 0.27 1.52 (0.63-3.66) 0.36
Poor vs favourable 3.36 (0.89-12.76) 0.08 2.41 (0.87-6.68) 0.09
Number of metastasis

1 vs 22 0.42 (0.14-1.26) 0.12 0.44 (0.15-1.27) 0.13
ADA nivolumab at week 6

Yes vs No 1.79 (0.52-6.12) 0.35 0.66 (0.20-2.18) 0.49
ADA iplimumab at week 6

Yes vs No 2.70 (0.81-8.97) 0.11
Corticosteroids intake

Yes vs No 1.22 (0.49-3.02) 0.67 1.22 (0.49-3.02) 0.67
Albumin

>35 vs <35g/L 0.22 (0.08-0.60) 0.003 0.32 (0.12-0.89) 0.03
CRP (per mg/L increase)

210 vs <10 mg/L 2.28 (0.96-5.45) 0.06 0.73 (0.31-1.74) 0.48
Nivolumab C,,i, at week 6 (median)? 2.98 (1.20-7.42) 0.019

Low vs high 1.48 (0.70-3.13) 0.31
Ipilimumab C;, at week 6 (median)

<49 vs 2 4.9 pg/mL 1.72 (0.80-3.68) 0.16
Multivariate analysis

IMDC

Intermediate/poor vs favourable 1.35 (0.33-5.46) 0.68 1.65 (0.68-3.99) 0.27
Albumin

235 vs < 359/L 0.29 (0.10-0.87) 0.027 0.37 (0.13-1.02) 0.055
Nivolumab C,i, (median)

<56.5 vs = 56.5 ug/mL 2.45 (0.93-6.44) 0.07

95% Cl 95% confidence interval; ADA antidrug antibody, Ci, trough concentration, CRP C-reactive protein; ECOG Eastern Cooperative Oncology Group; IMDC

International Metastatic Renal Cell Carcinoma Database Consortium.

#Median value corresponds to 56.5 ug/ml and 30.7 ug/mL in the Nivo and Ipi/Nivo groups, respectively.

nivolumab E-R relationship may be related to differences in the
dynamics of clearance changes between patients treated with
nivolumab monotherapy and those receiving the combination
with ipilimumab. Nivolumab clearance is known to decrease with
improving disease dynamics over time in RCC patients [9].
Furthermore, Zhang et al. reported that the mean time to half
of the maximal change in CL over time is 70 days in patients
treated with nivolumab monotherapy and 109 days in those
treated in combination with ipilimumab [33]. This suggests that
the timing of the sampling occasion for assaying nivolumab
concentration is a critical factor in the analysis of the E-R
relationship. PK sample at week 6 (42 days) might be therefore
a better marker of clearance change over time in the Nivo
monotherapy group than in the Ipi/Nivo group. In this context, the
lack of a later PK sampling time point represents a limitation of our
analysis.
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The main finding of our study is the identification of a low
ipilimumab C,;y, (i.e. <4.9 pg/mL) at week 6 as an independent risk
factor for progression in the Ipi/Nivo group. Furthermore, OS in
patients with Cyin <4.9 ug/mL tended to be poorer but without
reaching the statistical significance. Consistent with our findings,
several studies have reported an exposure-survival relationship for
ipilimumab in patients treated in monotherapy for advanced
melanoma or in combination with nivolumab for advanced HCC
[20-22]. In the present study, although adjusted for confounders
like aloumin and CRP, it is unclear whether the E-R relationship for
PFS is genuine or influenced by hidden factors. Large randomized
studies with multiple dose levels can help clarify the true
exposure—efficacy relationship, because dose-response analyses
are less affected by prognostic confounders [34]. In 217 patients
with advanced melanoma, a randomised, phase 2, dose-ranging
study of ipilimumab at 0.3, 3 and 10 mg/kg as monotherapy
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reported a dose-dependent effect on efficacy, with an improve-
ment in best overall response with an increased dose [4].
Subsequently, a randomised, double, blind, phase 3 post-
marketing trial including 727 patients with advanced melanoma
showed a longer median OS in patients treated in monotherapy
with the 10-mg/kg dose compared to those treated with the 3-
mg/kg dose (HR 0.84, p = 0.04) [5]. In patients with advanced HCC
treated with ipilimumab (1 or 3 mg/kg) plus nivolumab (3 or 1 mg/
kg), Sangro et al. observed a significant dose-effect of ipilimumab
with respect to OS [20]. These results show an improved efficacy
with increased ipilimumab doses, which supports an E-R relation-
ship for efficacy in these two tumour types. However, Hammers
et al. reported a similar 2-year OS in m-ccRCC patients treated with
ipilimumab 1 or 3 mg/kg in combination with nivolumab (67.3%
vs 69.6%, respectively) [7], which precludes the conclusion on a
clear E-R relationship of ipilimumab. In this context, our 4.9 pg/mL
threshold must be validated in larger prospective cohorts or phase
3 trials before clinical implementation. If validated, early drug
monitoring of ipilimumab could be integrated in routine practice,
leading to different therapeutic strategies, such as dose escalation
for subsequent infusions or extended induction at a dose of 1 mg/
kg, for patients with low plasma exposure (<4.9 ug/mL) and a
good safety profile. Finally, this efficacy threshold cannot be
generalised to other tumours, such as advanced non-small-cell
lung cancer and microsatellite-instability—high metastatic color-
ectal cancer, when 1 mg/kg of ipilimumab is used in combination
with nivolumab.

Identifying the risk factors for the development of grade >3
TRAEs is a challenge in preventing treatment discontinuation of
ICls in m-ccRCC patients. As expected, we identified concomitant
administration of ipilimumab as an independent risk factor for
grade > 3 TRAE, but no association between increased ipilimumab
Cmin and the occurrence of grade >3 TRAEs. A meta-analysis
showed that the incidence of grade >3 TRAEs in metastatic
melanoma patients is dependent on ipilimumab dose, with a 27%
reduced risk with lower doses (3 vs 10 mg/kg) [35]. Besides, Feng
et al. found an exposure-safety relationship in melanoma patients
treated with single-agent ipilimumab at doses of 0.3 to 10 mg/kg
[22]. According to their modelling, the probability of experiencing
grade > 3 irAE would be ~10% and 30% for steady-state C,;n of 10
and 50 pg/mL, respectively. In melanoma patients treated with
single-agent ipilimumab (3 mg/kg), Kogushi et al. reported higher
ipilimumab C,, at week 7 in patients who developed irAEs than
in those who did not [21]. In their cohort, the median ipilimumab
Cmin Was 16.3 (IQR 11.4-20.9) pg/mL. Among patients with HCC
treated in combination with nivolumab, a higher incidence of
grade >3 immune-mediated adverse events has been observed in
those receiving ipilimumab at 3 mg/kg (mean average concentra-
tion during cycle 1 :16.7 pg/mL) compared to 1 mg/kg (5.1 pg/mL)
[20]. Collectively, these findings indicate that ipilimumab-related
toxicity is dose-dependent. In our cohort, the median ipilimumab
Cmin at week 6 was 4.9 (IQR 2.8-6.8) ug/mL, consistent with the
low 1 mg/kg dose, and suggesting that plasma exposure may
remain below the threshold associated with the occurrence of
grade >3 TRAEs. Overall, these results suggest that the high
incidence of grade = 3 TRAEs in the Ipi/Nivo group was mainly due
to the immunological synergy between nivolumab and ipilimu-
mab. Regarding nivolumab, the present study also shows a lack of
E-R for safety in agreement with a recent study conducted in
m-ccRCC patients [12]. Furthermore, Motzer et al. reported no
significant effect of doses of 0.3 to 10 mg/kg on grade >3 TRAEs
incidence in m-ccRCC patients treated in monotherapy [6]. Plasma
exposure in patients treated with 10 mg/kg was more than three
times higher than that observed in our cohort, which supports our
findings. Finally, several PK/PD studies in other tumour types have
reported a lack of exposure-response for safety in patients treated
with nivolumab monotherapy (3 mg/kg, 240 mg every 2 weeks or
20 mg every 3 weeks) [13, 14, 16, 18, 36, 37], confirming the flat

exposure-response over the range of exposures achieved in our
patients.

Our understanding of the impact of ADAs on plasma drug
concentrations and clinical outcomes in ICl-treated metastatic
cancer patients remains limited. Consistent with CHECKMATE trials
(1.1%-8.5% incidence) [38], we found low IPI-ADA incidence,
though Kneverland et al. reported higher rates (26%) [39], possibly
due to differences in ADA detection methods. In line with findings
in melanoma patients treated with ipilimumab single-agent [39],
we did not observe any impact of IPI-ADA positivity on IPl plasma
concentrations. In contrast, we could not confirm an association
between ADA positivity and worse OS, possibly due to differences
in tumour type or treatment regimen (monotherapy versus
combination). NIVO-ADA incidence ranged from 11.2% to 12.7%
in single-agent nivolumab patients, regardless of the tumour type
[38, 40], which is consistent with the percentage observed in our
study monotherapy group (13%). The FDA packaging insert notes
higher NIVO-ADA rates (21.9%) when combined with 3 mg/kg
ipilimumab versus 10.0% in monotherapy [41]. In our study,
coadministration of low-dose ipilimumab (1 mg/kg) did not
significantly increase NIVO-ADA incidence, suggesting a dose-
dependent effect on NIVO-ADA production. Using a population
approach, Agrawal et al. reported a 14% increase in nivolumab
clearance in NIVO-ADA-positive patients receiving single-agent
nivolumab [40]. In the Nivo monotherapy group, the median dose-
normalized nivolumab C,;, was 30% lower in patients with ADA
compared to that in patients without ADA but this difference was
not statistically significant. In contrast, it was approximately
twofold lower and statistically significant in NIVO-ADA positive
patients compared to those without NIVO-ADA in the Ipi/Nivo
group, and NIVO-ADA positivity was identified as an independent
determinant of nivolumab C,i,. The lack of statistical power in the
Nivo monotherapy group (n=39) could explain this result.
Furthermore, the greater ipilimumab-induced immune stimulation
could also result in a higher production of NIVO-ADA per patient
and therefore a more significant effect on nivolumab clearance.
However, our qualitative assay could not address this hypothesis.
Furthermore, the inability of our assay to distinguish between
neutralizing and non-neutralizing antibodies also introduces a bias
in the interpretation of our pharmacokinetic results. Our
exploratory results require confirmation through the use of more
robust and specific assays. Agrawal et al. showed no significant
effect of NIVO-ADA positivity on survival in 1,086 patients treated
for various types of metastatic cancer [40], which supports our
results. As far as we know, no association between worse survival
and neutralizing ADA positivity has been still described. As noted
earlier, a limitation of our study was our inability to differentiate
neutralizing from non-neutralizing ADAs for both ipilimumab and
nivolumab, though their positivity frequencies are low in the
literature (0-1.6% and 0-2.8%, respectively) [40, 41]. Future studies
should use more robust ADA assays able to differentiate
neutralizing from non-neutralizing antibodies to precisely evaluate
the clinical relevance of ADA types.

Our study has several limitations. The first limitation of our PK/
PD study is the relatively small sample size, with only 110 patients
with plasma samples available at week 6, representing 63% of the
cohort treated with ICls in the BIONIKK study. Compared to
industrial studies, academic studies such as BIONIKK use broader
inclusion criteria to better reflect real-world patients, but their less
stringent biological sample collection conditions lead to lower
patient enrolment. Missing samples were mainly attributed to
non-compliance with collection protocols at certain centres. A
second limitation is the unbalanced randomisation between
patients receiving single-agent nivolumab and those receiving
the combination with ipilimumab, potentially leading to differ-
ences in levels of immune cell infiltration and inflammation in the
tumour microenvironment. A third limitation is that, unlike ICI-
tyrosine kinase inhibitor combinations, nivolumab monotherapy is
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not a standard first-line treatment. These ICl-tyrosine kinase
inhibitor combinations were not represented in this study. Finally,
the timing of PK assessment at week 6 was not optimal since PK
metrics derived from the first dose would be more relevant to
explore the E-R relationship because of the time-varying clearance
of ICls [9]. The BIONIKK trial was not originally designed for PK/PD
analyses; however, ancillary studies were subsequently implemen-
ted to investigate early plasma biomarkers of treatment response.
Week 6 was selected to align with the dosing schedules of both
nivolumab (every 2 weeks) and the nivolumab-ipilimumab
combination (every 3 weeks), thereby maximising likelihood of
sample availability. Nevertheless, the present study has also
clinical and analytical strengths related to the clinical trial design:
two arms of treatment (nivolumab in monotherapy or in
combination with ipilimumab) with randomisation, the long
follow-up time, standardised collection of clinical data, uniform
collection and storage of samples and the use of rigorously
validated multiplex LC-MS/MS method [24].

CONCLUSION

The present study suggests an E-R relationship for efficacy of
ipilimumab in m-ccRCC patients treated in combination with
nivolumab. A lower ipilimumab C.,;, (i.e. <4.9 ug/mL) at week 6
may be associated with a shorter PFS. As our results are
exploratory, prospective validation of the efficacy threshold in
larger studies or phase 3 trials is essential before implementing a
pharmacokinetically guided strategy.
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