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CLINICAL CANCER RESEARCH | CLINICAL TRIALS: IMMUNOTHERAPY

Exposure-Response Analyses of Tremelimumab
Monotherapy or in Combination with Durvalumab in
Patients with Unresectable Hepatocellular Carcinoma
Xuyang Song1, Robin Kate Kelley2, Anis A. Khan1, Nathan Standifer3, Diansong Zhou4, KyoungSoo Lim1,
Rajesh Krishna5, Lu Liu6, Kun Wang6, Patricia McCoon7, Alejandra Negro8, Philip He9, Megan Gibbs1,
John F. Kurland10, and Ghassan K. Abou-Alfa11,12

ABSTRACT
◥

Purpose: A novel single-dose regimen of 300 mg tremelimumab
in combination with durvalumab [Single Tremelimumab Regular
Interval Durvalumab (STRIDE)] has demonstrated a favorable
benefit-risk profile in the phase I/II Study 22 (NCT02519348)
and phase III HIMALAYA study (NCT03298451). This study
evaluated the pharmacokinetics, exposure–response, and exposure–
pharmacodynamics relationships of tremelimumab in patients with
unresectable hepatocellular carcinoma (uHCC).

Patients and Methods: A previous tremelimumab population
pharmacokinetic model was validated using data from parts 2 and 3
of Study 22. Exposure–response analyses explored relationships of
tremelimumab exposure with efficacy and safety. Pharmacokinetics
and pharmacodynamics relationships were evaluated using linear
and nonlinear regression models.

Results: The observed pharmacokinetics of tremelimumab in
uHCC were consistent with predictions; no significant covariates

were identified. Tremelimumab exposure was not significantly
associated with adverse events, objective response rate, or progres-
sion-free survival. Overall survival (OS) was longer for patients
with tremelimumab exposure, minimum serum drug concentration
(Cmin1) ≥ median versus Cmin1 < median (18.99 months vs.
10.97 months), but this exposure-survival analysis might be
confounded with baseline characteristics of albumin level and
neutrophil to lymphocyte ratio, which had a significant impact on
OS (P ¼ 0.0004 and 0.0001, respectively). The predicted Cmin1 of
tremelimumab inSTRIDE regimen (12.9mg/mL)was greater than the
estimated concentration of tremelimumab eliciting half-maximal
increases (EC50 ¼ 5.24 mg/mL) in CD8þKi67þ T-cell counts.

Conclusions: Our findings support novel insights into
tremelimumab pharmacokinetics and exposure–response relation-
ships in HCC and support the clinical utility of the STRIDE
regimen in patients with uHCC.

Introduction
Liver cancer is the sixth most common cancer and third leading

cause of cancer-related death worldwide (1, 2). Hepatocellular carci-
noma (HCC) is the most common type of liver cancer. In the United
States, 45%of patients withHCCpresentwith cancer that has spread to

regional lymph nodes, or with cancer that has metastasized (3, 4).
Treatment options for unresectable HCC (uHCC) include emboliza-
tion for intermediate stage disease, and systemic therapy for advanced
disease, including the tyrosine kinase inhibitors, sorafenib and lenva-
tinib (5, 6). The 5-year survival rates in 2012 to 2018 for treatment of
uHCC were low at 12.8% for cancer that had spread to regional lymph
nodes and 3.1% for cancer that had metastasized (4). However,
immunotherapies have been approved as a treatment option for
uHCC (6), giving hope for improved 5-year survival rates.

Upregulation of immune checkpoint molecules is known to con-
tribute to the immunosuppressive environment of HCC and enable
escape from the antitumor immune response. Immune checkpoint
inhibitors (ICI), including cytotoxic T-lymphocyte-associated antigen
4 (CTLA-4), programmed cell death-1 (PD-1), and programmed cell
death ligand-1 (PD-L1), have therefore been a key area of investigation
for novel treatment strategies in HCC (7). Pembrolizumab, an anti-
PD-1 antibody, was granted accelerated approval by the US FDA
in 2018 for the treatment of patients with HCC who have been
previously treated with sorafenib based on the results of the phase
II KEYNOTE-224 study (8–10). Similarly, nivolumab, another PD-1
inhibitor, in combination with ipilimumab, a CTLA-4 inhibitor, was
also granted accelerated approval by the FDA in 2020 for patients with
uHCC who have previously been treated with sorafenib (9, 11, 12). In
2020, the combination of atezolizumab, an anti-PD-L1 antibody, and
bevacizumab, a VEGF inhibitor, was approved by the FDA for the
treatment of patients with unresectable or metastatic HCC who have
not received prior systemic therapy (9, 13).

Tremelimumab, an anti-CTLA-4 antibody, and durvalumab, an
anti-PD-L1 antibody, are novel immunotherapies under investigation
for the treatment of HCC and have shown efficacy and tolerable safety
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profiles as monotherapies in HCC (14, 15). As CTLA-4 and PD-L1
function independently of each other to promote immunosuppression
in HCC (7), there is strong rationale to combine these therapies to
produce improved antitumor efficacy. This combination strategy is
under investigation in multiple tumor types, including non–small cell
lung cancer (NSCLC; refs. 16–18), and bladder cancer (19, 20). Despite
their promising efficacy in multiple tumor types, ICIs are frequently
associated with immune-mediated adverse events which appear to be
more commonwith anti-CTLA-4 therapy thanwith anti-PD-1/PD-L1
therapy (21). In addition, combination strategies are associated
with greater toxicity, compared with single-agent ICIs (21). Establish-
ing combination dosing regimens that aim to limit toxicity while
delivering antitumor efficacy greater than the efficacy of monothe-
rapy is supported by an understanding of the pharmacokinetics (PK),
pharmacodynamics (PD), and exposure–response relationships of
these agents.

Study 22 is a multipart phase I/II study of tremelimumab and
durvalumab as monotherapy or in combination in immunotherapy-
na€�ve patients with uHCC who had progressed on, were intolerant to,
or refused, sorafenib (NCT02519348; ref. 22). Part 1 of the study
involved a safety run-in and efficacy gating of tremelimumab 75 mg
plus durvalumab 1,500 mg once every 4 weeks for a total of 4 doses,
followed by durvalumabmonotherapy every 4weeks (T75þD). In part
2 of the study, patients were randomized to receive either durvalumab
1,500 mg every 4 weeks (durvalumab monotherapy); tremelimumab
750 mg every 4 weeks for a total of 7 doses then once every 12 weeks
(tremelimumabmonotherapy); the T75þD regimen; or a safety run-in
of a novel combination regimen: a single dose of tremelimumab
300 mg with durvalumab 1,500 mg, followed by durvalumab 1,500 mg
every 4 weeks [Single Tremelimumab Regular Interval Durvalumab
(STRIDE) or T300þD]. In part 3 of the study, patients were random-
ized to receive either durvalumab monotherapy, tremelimumab
monotherapy, the T75þD regimen, or the STRIDE combination
regimen. Results from parts 2 and 3 of the study showed that the
STRIDE regimen had the highest objective response rate (ORR; 24.0%)
compared with durvalumab (10.6%) or tremelimumab (7.2%) mono-
therapies, or T75þD (9.5%). STRIDE also demonstrated the longest
median overall survival (OS; 18.7 months) compared with durvalu-

mab (13.6 months) or tremelimumab (15.1 months) monothera-
pies, or T75þD (11.3 months; ref. 22). The frequency of Grade ≥ 3
treatment-related adverse events (TRAE) was highest with treme-
limumab monotherapy (43.5%) and second highest with STRIDE
(37.8%). Treatment-related deaths occurred in 3 patients who
received durvalumab monotherapy, 1 patient who received T75þD,
and 1 patient who received STRIDE (22). These results suggest that
the novel STRIDE regimen provides the most favorable benefit-risk
profile compared with either monotherapy or T75þD. On the basis
of the findings of Study 22, the STRIDE regimen was further
evaluated in the phase III HIMALAYA study (NCT03298451)
in patients with uHCC who had not been previously treated
with systemic therapy (23). The recently reported results of the
HIMALAYA study demonstrated that the STRIDE regimen signi-
ficantly improved OS versus sorafenib [HR, 0.78; 96% confidence
interval (CI), 0.65–0.92; P ¼ 0.0035], and durvalumab mono-
therapy was noninferior to sorafenib for OS (HR, 0.86; 96% CI,
0.73–1.03; ref. 23).

The objective of the analysis reported here was to evaluate the
PK of tremelimumab and the relationships between tremelimumab
PK exposure and safety, efficacy, and PD in patients treated with
tremelimumab monotherapy, the T75þD regimen, or the STRIDE
regimen in parts 2 and 3 of Study 22.

Patients and Methods
Patient population and study design

Patients included in these analyses were immune checkpoint
therapy-na€�ve patients aged ≥18 years (≥20 years in Japan) with
histologically confirmed uHCC who had progressed on, were
intolerant to, or refused, sorafenib (22). In Study 22, patients were
randomized in part 2a to receive durvalumab monotherapy, tre-
melimumab monotherapy, or the T75þD regimen; were allocated
in part 2b to receive the STRIDE regimen; or were randomized in
part 3 across the four treatment arms. Enrollment to the T75þD
arm was closed following a protocol amendment (22). Data obtained
from all tremelimumab-containing arms of Study 22 were used to
assess the PK of tremelimumab and analyze tremelimumab exposure–
response relationships, including efficacy, safety, and PD.

Detailed study design and patient eligibility criteria for Study 22
were published previously (22). The primary objective of Study 22
was to assess safety, the secondary objective was to assess efficacy, and
PK/PD evaluations were exploratory objectives. Study 22 was con-
ducted in accordance with the Declaration of Helsinki and was
consistentwith International Conference onHarmonisation andGood
Clinical Practice guidelines, and applicable regulatory requirements.
Written informed consent from participants was obtained before
performing any protocol-related procedures.

PK assessments
Measurement of tremelimumab concentration in serum samples

was performed using validated immunoassays. For PK analysis, blood
samples were obtained from patients’ pre-dose and 10 minutes after
end of infusion (EOI) at week 1 day 1 andweek 13 day 1 (�3 days), pre-
dose at week 5 day 1 (� 3 days), and week 25 day 1 (�3 days) of the
study treatment period. Blood samples collected at the week 25 visit
served as the 90-day post-last dose tremelimumab sample for all
subjects assigned to the T75þD regimen who completed the full
four-cycle course of tremelimumab. Blood samples were obtained
from patients receiving the STRIDE regimen for tremelimumab PK at
pre-dose and 10 minutes after EOI at week 1 day 1, anytime at week
5 day 1, and anytime at week 13 day 1, which also served as the 90-day

Translational Relevance

A novel single-dose regimen of 300 mg tremelimumab in
combination with durvalumab (STRIDE) demonstrated a favor-
able benefit-risk profile in patients with unresectable hepatocellular
carcinoma (uHCC) in the phase I/II Study 22, whichwas confirmed
by the results of the phase III HIMALAYA study of uHCC. This
analysis of Study 22 is the first to evaluate the pharmacokinetics,
exposure–response, and exposure–pharmacodynamics relation-
ships of tremelimumab in patients with uHCC. Tremelimumab
exposure was not significantly associated with adverse events,
objective response rate, or progression-free survival. The predicted
minimum serum tremelimumab concentration in STRIDE was
greater than the estimated concentration of tremelimumab, elicit-
ing half-maximal increases in CD8þKi67þ T cells, which supports
the hypothesis that the STRIDE regimen induces a substantial and
relevant immune response in patients with uHCC. These data
present key insights into tremelimumab pharmacokinetics and
exposure–response relationships in patients with uHCC and sup-
port the clinical utility of the STRIDE regimen.
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post-last dose tremelimumab sample. In addition, blood samples were
also obtained from Japanese patients receiving the STRIDE regimen in
part 2b for tremelimumab PK at pre-dose and 10 minutes after EOI at
week 2 day 1 (�1 day), week 3 day 1, and week 4 day 1 (�1 day).

The data from patients receiving tremelimumab asmonotherapy or
in combination with durvalumab in Study 22 were used to validate a
previous tremelimumab population PK model based on multiple
tumor types (24). A post hoc analysis was performed to assess the
impact of existing covariates in the model, as well as additional
covariates of interest, on individual PK parameters to evaluate
fixed-dose regimens for tremelimumab, either as monotherapy or in
combination with durvalumab. Predicted tremelimumab concentra-
tions for validation subjects were obtained by fixing the parameters in
the structural and variance model to the parameter estimates in the
final model using post hoc Bayesian forecasting with NONMEM 7
(version 7.4.3; ICON, Ellicott City,Maryland, USA), with the run set at
MAXEVEL ¼ 0. Tremelimumab serum concentration–time profiles
were simulated using the Bayesian post hoc individual PK parameters
following first tremelimumab dose. The model-predicted Cmin1 and
steady-state AUCss,Cmax,ss, andCmin,ss were computed for each patient
in Study 22. Cmin1 is the minimum tremelimumab concentration at
day 28. AUCss is the AUC versus time curve from day 84 to day 112,
calculated using the linear up/log down variant of the trapezoidal rule.
Cmax,ss is the maximum tremelimumab concentration from day 84
to 112 and Cmin,ss is the minimum tremelimumab concentration at
day 112. Because the STRIDE regimen includes only a single dose of
tremelimumab, AUCss, Cmax,ss, and Cmin,ss steady-state parameters for
tremelimumab could not be computed for the STRIDE regimen thus
only the model-predicted Cmin1 was computed for the STRIDE regimen.

Exposure–response assessments
Safety endpoints used in the exposure–response analysis were

Grade 3/4 TRAEs, Grade 3/4 drug-related AEs of special interest
(AESI), and AEs leading to treatment discontinuation. AESIs include,
but are not limited to, events with a potential inflammatory or
immune-mediated mechanism and which may require more frequent
monitoring and/or interventions such as steroids, immunosuppres-
sants, and/or hormone replacement therapy.

Efficacy endpoints used in the exposure–response analysis were OS,
progression-free survival (PFS), and ORR. Tremelimumab serum
concentration–time profiles for each patient in Study 22 were simu-
lated using the Bayesian post hoc individual PK parameters following
actual tremelimumab dose. The model-predicted Cmin1 (as described
above)were computed and exploredwith the corresponding efficacy or
safety data for exposure–response analysis.

The exposure–response relationships for the time-to-event vari-
ables of OS and PFS were explored by Kaplan–Meier (KM) estimates
and were analyzed by Cox proportional hazardmodels if an exposure–
response trend was observed:

hi tð Þ ¼ h0 tð Þ � exp �X � Xi þ �� � �i � �medð Þ þ �PK � PKi
� �

where hi(t) is the hazard function for subject i at time t, h0(t) is the
baseline hazard function, uX is the coefficient for a binary covariate Xi,
uf is the coefficient for a continuous covariate fi, centered at the
median covariate value fmed, and uPK is the coefficient for the exposure
value PKi. Continuous covariates and exposure metrics could be used
as their original values or transformed values (e.g., log-transformed) if
deemed appropriate depending on their distribution.

The confounding effects of baseline characteristics, including East-
ern Cooperative Oncology Group performance status, baseline lactate

dehydrogenase, baseline tumor size per investigator (sum of the
longest diameters of target lesions, measured with CT or MRI),
baseline alpha-fetoprotein, liver disease type (hepatitis B virus, hep-
atitis C virus, uninfected, or unknown), baseline serum albumin level,
baseline neutrophil-to-lymphocyte ratio (NLR), combination therapy,
and treatment arm, on exposure-response relationships were further
investigated, if necessary, via covariate testing in the Cox proportional
hazard model (25). Cox proportional hazard modeling is an effective
approach to assess confounding factors in exposure–response analy-
ses (26), and has been used in previous studies of the antibody–drug
conjugate, trastuzumab emtansine to identify baseline factors impact-
ing apparent exposure–OS relationships (27). Covariates were selected
using a forward addition and backward elimination method based on
the significance level of P < 0.05.

The exposure–response relationships for ORR and safety endpoints
were evaluated as binary outcomes (yes/no), where objective respon-
ders are those patients whose best overall response was either con-
firmed complete response or confirmed partial response, otherwise,
patients are classified as non-objective responders. Boxplots of expo-
sures stratified by response outcomes were generated. The probability
of events was calculated and plotted across exposure quantiles in
tremelimumab-treated patients. If an apparent relationship was evi-
dent based on the exploratory analysis, the binary outcome would be
further analyzed with linear logistic regression models:

logit Prið Þ ¼ �X � Xj þ �� � �i � �medð Þ þ �PK � PKi

where logit is the logit transformandPri is the probability of response for
patient i. uX is the coefficient for a binary covariateXi, uf is the coefficient
for a continuous covariate fi, centered at the median covariate value
fmed, and uPK is the coefficient for the exposure value PKi.

PD assessments
The data from patients receiving tremelimumab asmonotherapy or

in combination with durvalumab in Study 22 was used to explore PD
relationships with durvalumab monotherapy as a control. Flow cyto-
metry-based immunophenotyping assays were used to quantify cir-
culating lymphocyte subsets as reported in Kelley and colleagues (22).
PD analyses focused on CD8þKi67þ T cells as (i) this population is
known to be a pharmacodynamic and/or a predictive biomarker in
patients treated with PD-(L)1 inhibitors and anti-CTLA-4 therapies
alone or in combination (28–30) and (ii) while multiple populations
were statistically associated with radiographic response (complete
response or partial response) in Study 22, all were populations in
which CD8þKi67þ T cells are highly prevalent (Supplementary
Table S1). PD was assessed as change from baseline (%CFB) on day
15 of proliferating CD8þKi67þ T cells, and PD relationships were
explored through linear and nonlinear regression models.

Data availability
Data from the Study 22 clinical trial are available at: https://www.

clinicaltrials.gov/ct2/show/results/NCT02519348.
Data underlying the findings described in this manuscript may

be obtained in accordance with AstraZeneca’s data sharing policy
described at https://astrazenecagrouptrials.pharmacm.com/ST/
Submission/Disclosure. Anonymized datasets may be available on
request. Data for studies directly listed on Vivli can be requested
through Vivli at https://search.vivli.org/; data for studies not listed
on Vivli may be requested through Vivli at https://vivli.org/members/
enquiries-about-studies-not-listed-on-the-vivli-platform/. The request
will undergo an internal review process, and if approved, data will be
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prepared and shared with specified accessors named on the request
form for 12 months via Vivli Secure Research Environment.

Results
Patient characteristics

Of the 228 patients who were enrolled in Study 22 and received
tremelimumab, either as monotherapy or in combination with
durvalumab, 220 were included in the PK analysis (66/69 in the
tremelimumab monotherapy arm, 80/84 in the T75þD arm, and
74/75 in the STRIDE arm), 216 were included in the exposure–
response analysis (65/69 in the tremelimumab monotherapy arm,
79/84 in the T75þD arm, and 72/75 in the STRIDE arm), and 165
were included in the PD analysis (23/69 in the tremelimumab mono-
therapy arm, 51/104 in the durvalumab monotherapy arm, 31/84 in the
T75þD arm, and 60/75 in the STRIDE arm; Supplementary Fig. S1).
Baseline characteristics for all patients enrolled in parts 2 and 3 of
Study 22 have been previously reported by Kelley and colleagues
(22) and were generally consistent across the three tremelimumab-
containing treatment arms. In the exposure–response analysis popula-
tion, median baseline tumor size (range) was 67 (13–270) mm, 63
(11–324)mm, and 75 (12–288)mm in the tremelimumabmonotherapy
arm, T75þD arm, and the STRIDE arm, respectively. Median baseline
NLR (range) was 3.2 (0.6–13.2), 3.0 (1.1–12.7), and 3.5 (1.2–253.3),
in the tremelimumab monotherapy arm (n ¼ 53/65), T75þD arm
(n ¼ 65/79), and the STRIDE arm (n ¼ 52/72), respectively. Median
baseline albumin level (g/L; range) was 38 (28–48), 37 (27–50), and
37 (26–48) in the tremelimumabmonotherapyarm(n¼ 65/65), T75þD
arm (n ¼ 79/79), and the STRIDE arm (n ¼ 72/72), respectively.

Tremelimumab PK
Observed versus predicted tremelimumab exposure is shown

in Fig. 1. The observed tremelimumab PK data in patients with uHCC
were generally consistent with predictions from a historical population
PK model based on other solid tumor types (24). A post hoc covariate
analysis indicated that the existing covariate–parameter relation-
ships in the model, including body weight on clearance and central
volume, baseline albumin on clearance, and combination therapy
on time-varying clearance, described well the Study 22 data. For the
tremelimumab exposure metric Cmin1, the difference in geometric
mean of the model-predicted value from the population geometric
mean estimate at the top 10th percentile and the bottom 10th per-
centile of the covariate distribution, or across covariate categories,
was up to 28.9%, 25.9%, and 3.44% relative change in exposure
compared with the reference value for body weight, baseline albumin
level, and combination therapy, respectively (Supplementary Fig. S2).
Additional covariates evaluated in the post hoc covariate analysis,
including race, region of enrollment, country of enrollment, renal
function, and antidrug antibody (ADA) to tremelimumab status, did
not show a statistically significant impact on the PK of tremelimumab.
Moreover, ADA status did not have a significant impact on clearance
(P ¼ 0.148, ANOVA).

Tremelimumab exposure–response relationships
For the exposure-safety analysis that included 216 patients in Study

22, the exposure ranges appeared to be similar in patients who expe-
rienced AEs relative to those who did not. The probability of AE plots
and logistic regression models showed no evident exposure–response
relationships between tremelimumab Cmin1 and the probability of
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Figure 1.

Observed versus predicted tremelimumab exposure of (A) tremelimumab 750 mg at steady state after 4 doses, (B) tremelimumab 75 mg at steady state after
four doses, and (C) tremelimumab 300 mg after first dose (PK analysis population). N ¼ 216. Symbols are the observed tremelimumab concentrations. Line
and shaded area are the model-predicted median and 95% CI. AUCss, area under the concentration vs. time curve from day 84 to day 112 following actual
tremelimumab dose in Study 22 and calculated using the linear up/log down variant of the trapezoidal rule; CI, confidence interval; Cmax1, maximum
tremelimumab concentration after first dose; Cmax,ss, maximum tremelimumab concentration from day 84 to 112; Cmin1, minimum tremelimumab concentration
at day 28; Cmin,ss, minimum tremelimumab concentration at day 112; N, number of patients included in the analysis; N/A, not applicable; STRIDE (single dose of
tremelimumab 300 mg with durvalumab 1,500 mg, followed by durvalumab 1,500 mg once every 4 weeks); T, tremelimumab monotherapy (tremelimumab
750 mg every 4 weeks for a total of 7 doses then once every 12 weeks); T75þD, tremelimumab 75 mg plus durvalumab 1,500 mg once every 4 weeks for a total
of 4 doses, followed by durvalumab monotherapy once every 4 weeks.
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Grade 3/4 TRAEs (P ¼ 0.797), or AEs leading to treatment discontin-
uation (P ¼ 0.885; Fig. 2A and C). The probability of Grade 3/4 AESIs
trends to be significant with higher tremelimumab exposure in the
pooled tremelimumab cohort, as measured by Cmin1 (P ¼ 0.037;
Fig. 2B).

In the exposure–ORR analysis, the median values of Cmin1 were
similar between responders and nonresponders based on 208 patients
in Study 22. The probability of response plots for ORR indicated that
none of the tremelimumab exposure metrics had a statistically
significant exposure–ORR relationship. As shown in Fig. 3, the
probability of ORR peaks in the intermediate quantile of the Cmin1

tremelimumab exposure metric. In addition, the proportion of
patients achieving complete response or partial responsewas greatest
in the STRIDE arm [26.5% (yes/no: 18/50)] compared with the
tremelimumab monotherapy arm [7.94% (yes/no: 5/58)] or the
T75þD arm [10.4% (yes/no: 8/69)].

Median PFS (95%CI)was numerically longerwith tremelimumab
exposure where Cmin1 ≥ median compared with Cmin1 < median
[3.35 (95%CI, 2.04–5.29) vs. 1.91 (95%CI, 1.81–3.48)months] in the
KM plot, suggesting there is no clear association between tremeli-
mumab exposure and PFS (Fig. 4A). In addition, the Cox propor-
tional hazard model showed no statistically significant relationship
between PFS and any of the tremelimumab exposure metrics.

Median OS (95% CI) was longer for patients with tremelimu-
mab exposureCmin1 ≥median compared withCmin1 <median [18.99
(95% CI, 14.88–29.14) vs. 10.97 (95% CI, 8.38–16.33) months;
Fig. 4B]. As tremelimumab exposure appeared to impact OS of
patients with uHCC, baseline characteristics were assessed for their
impact on OS to determine if the increase in median OS was directly
attributed to tremelimumab exposure or other confounding factors.
The Cox proportional hazard model analysis showed that baseline
serum albumin level and NLR had a significant impact on OS in
tremelimumab-treated patients in Study 22. Median OS was signif-
icantly longer in patients with higher baseline albumin (≥ 37.0 g/L,
cut-off) compared with lower baseline albumin [<37.0 g/L; 18.99
(95% CI, 16.16–29.14) vs. 9.66 (95% CI, 7.13–13.77) months; P ¼
0.0004]. Median OS was significantly longer in patients with a lower
baseline NLR (<3.22, cut-off) compared with a higher baseline NLR
[≥3.22; 17.58 (95% CI, 13.77–31.18) vs. 8.25 (95% CI, 6.14–14.00)

months; P ¼ 0.0001; Fig. 5]. The Cox proportional hazard model
analysis showed that after accounting for confounding baseline char-
acteristics of baseline albumin level, and NLR, tremelimumab Cmin1

was not a significant factor for OS hazard. Therefore, the observed
trend of longer median OS with higher tremelimumab exposure
might be confounded with baseline characteristics of higher albu-
min level and a lower NLR. However, higher median NLRs at baseline
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discontinuation (exposure–response analysis population); N¼ 216. Open blue circles are the observed events. Filled black circles are the observed probability of events
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were observed for both the Tmonotherapy and STRIDE arms compared
with the T75þD arm. Within treatment arm comparisons adjusting
for these baseline variables could not be further explored due to small
sample size.

Tremelimumab PD
A saturable PD relationship was observed between tremelimumab

exposure and %CFB in CD8þKi67þ T-cell count (Fig. 6). Analysis of

%CFB in CD8þKi67þ T-cell count on day 15 suggested an Emax model
best described the relationship with tremelimumab exposure (Cmin1),
where durvalumab monotherapy was used as a control. The Emax

model predicted a 250%CFB in CD8þKi67þ T-cell count for STRIDE
and 295%CFB in CD8þKi67þ T-cell count for tremelimumab 750 mg
monotherapy at median Cmin1 and median CD8þKi67þ T-cell count.
In the PDmodel, the EC50 of tremelimumab was 5.24 mg/mL (95% CI,
1.37–20.1) and the Emax was 341% (95% CI, 208%–474%). The
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predicted Cmin1 of tremelimumab in the T75þD arm (75 mg, multiple
doses) was below the estimated EC50, whereas the predicted median
Cmin1 in the STRIDE (300 mg, single dose) and tremelimumab
monotherapy (750 mg, multiple doses) arms were much higher than
theEC50, at 12.9 and28.5mg/mL, respectively (Fig. 6). In addition, across
all four treatment arms, the maximum effect of tremelimumab,
described by the %CFB in CD8þKi67þ T cells, was greater in patients
with lower baselineCD8þKi67þT-cell counts and lower inpatients with
higher baseline CD8þKi67þ T-cell counts (Supplementary Fig. S3).

Discussion
This is the first study to demonstrate the PK of tremelimumab in

a cohort of patients with uHCC treated with tremelimumab mono-
therapy or in combination with durvalumab. In this study, observed
tremelimumab PK concentrations in tremelimumab-treated patients
were consistent with previously predicted profiles, and no additional
statistically significant PK parameter–covariate relationships were
identified. These results are consistent with a previous analysis of
tremelimumab PK in patients with mesothelioma, in which no cov-
ariates were found to be clinically relevant in terms of effect on
tremelimumab exposure (31).

Tremelimumab has demonstrated a tolerable safety profile across
different tumor types, when administered alone or in combination
with durvalumab (28, 32). In Study 22, the three dosing regimens of
tremelimumab: tremelimumab monotherapy (750 mg), T75þD
(75 mg), and STRIDE (300 mg), all demonstrated manageable
toxicity in patients with uHCC, with a low rate of TRAEs leading
to discontinuation (22). Although a higher frequency of TRAEs,
serious TRAEs, and TRAEs requiring steroids was observed for
tremelimumab-containing arms compared with the durvalumab
monotherapy arm (22), exposure-safety analyses showed that there
was no evident clinically relevant exposure–response relationship
between tremelimumab and safety outcomes based on the selected
safety endpoints from Study 22. To our knowledge, tremelimumab
exposure-safety relationships have not been previously reported for
any tumor type. The lack of significant exposure–safety relation-
ships is generally consistent with the current understanding in the
field of exposure–safety relationships for ICIs, primarily supported
by data on PD-1 and PD-L1 inhibitors (33–37).

Exposure-efficacy analyses indicated no significant association
between tremelimumab exposure and ORR or PFS. Results of this
study suggested that a higher tremelimumab exposure may be asso-
ciated with longer OS compared with lower tremelimumab exposure.
However, when incorporating the impact of covariates, tremelimumab
exposure was no longer a significant factor for OS. Various factors,
including baseline patient characteristics and treatment response,
have been observed to confound exposure–response relationships of
several ICIs, including atezolizumab, nivolumab, pembrolizumab, and
tremelimumab (38, 39). Exposure–survival response relationship may
also be confounded by the use of subsequent therapies; however, this
was not assessed in the current analysis. Analysis of data from a phase
III study in which patients with advancedmelanoma were treated with
15 mg/kg tremelimumab every 90 days demonstrated an association
between slower tremelimumab clearance and longer OS (24). How-
ever, this finding was possibly confounded by the impact of covariates,
similar to the results of the current study. A recent analysis suggested
that higher tremelimumab exposure may be associated with longer
median OS in patients with advanced mesothelioma (31). However,
potential confounders of the relationship were assessed by evaluating
patient characteristics in the exposure quartiles and it was determined
that the observed exposure–OS relationship was likely attributed to
unbalanced prognostic factors in the patient population (31). Evalu-
ation of the impact of prognostic factors on apparent exposure–
response relationships is critical to avoid incorrect dosage of mAb
for the treatment of cancer (26, 38).

The present study identified a significant association betweenhigher
baseline albumin levels and longer OS, which impacted the apparent
relationship between tremelimumab exposure and OS. ICIs have been
found to show a reverse causal relationship between PK exposure and
clearance, a covariate for efficacy, that is, patients that achieve favor-
able efficacy outcomes show reduced drug clearance during the course
of treatment (26, 38, 39). Lower albumin levels have previously been
associated with higher clearance of ICIs, including ipilimumab (40),
durvalumab (41), and pembrolizumab (42), and therefore higher
albumin may be important to tremelimumab exposure parameters
in the present study. In addition, low serum albumin levels correlate
with increased parameters of HCC aggressiveness, such as larger
tumor diameters, increased tumor multifocality, and greater preva-
lence of portal vein thrombosis (43). Therefore, abnormally low levels
of albumin, a reflection of liver decompensation and dysfunction (43),
are a potential indicator of poor prognosis in patients with uHCC,
irrespective of tremelimumab exposure. Systemic inflammation has
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been found to be a prognostic factor in people with HCC (44, 45). Low
baseline NLR (a measure of systemic inflammation) was also signif-
icantly associated with longerOS in this study, which is consistent with
previous reports that low baseline NLR confers better prognosis
compared with high baseline NLR in patients with uHCC (46, 47).
LowbaselineNLRwas defined in this study as lower than themedian of
3.22, which is consistent with a previous report that an NLR of
approximately 3 to 4.5 is an appropriate cut-off for predicting survival
outcomes for patients with uHCC (46). Although albumin levels and
NLR were shown to have a significant impact on OS in the current
analysis, the highest median NLR was observed in the STRIDE arm,
which suggests other factors could have influenced these findings, and
further exploration may be warranted. Therefore, albumin levels or
NLR alone might not represent a clinically relevant indicator of
response in this patient population. However, given the association
of albumin levels with response in the current analysis, it would be
interesting to investigate ALBI grade, a strong and accurate prognostic
indicator for HCC (48, 49), as a clinical indicator of response to
tremelimumab treatment.

Although, data from Study 22 suggest that there is a potential for
higher concentrations of tremelimumab to drive a more durable
response, it is not feasible to adequately perform this analysis from
the Study 22 dataset due to the limited patient numbers per dose group
and potential cofounding factors.

Although tremelimumab exposure levels were observed to be
minimally associated with efficacy, there were observations of a
tremelimumab dose response in that the OS of the STRIDE arm was
elevated above that observed in the T75þD arm and the durvalu-
mab monotherapy arm. Thus, PK alone did not adequately describe
the relationship between tremelimumab and efficacy. It has been
postulated that the inherent variability in activities of immune-
modulating therapies in heterogenous patient populations makes
exposure metrics minimally informative (50). Instead, PD read-outs
may be more adequate to assess exposure–response relationships. In
addition, PD read-outs can confirm mechanistic hypotheses of
immune-modulating therapies and identify potential predictive
biomarkers of response.

Pharmacodynamic analysis may suggest a biological rationale
for the apparent dose-dependent response of tremelimumab.
Tremelimumab dose-dependent elevations in CD8þKi67þ T cells
were observed in patients with NSCLC, highlighting the import-
ance of this cell population as a pharmacodynamic biomarker
of tremelimumab (28). This study demonstrated a saturable rela-
tionship between tremelimumab exposure and expansion of
CD8þKi67þ T cells in patients with uHCC, in which the median
Cmin1 of STRIDE was found to be higher than that of T75þD,
and well above the EC50 estimate for tremelimumab. Higher
tremelimumab exposure levels resulted in no greater CD8þKi67þ

T-cell expansion levels and no increased survival benefit. In addi-
tion, themaximum effect of tremelimumabwas inversely associated
with baseline CD8þKi67þ T-cell counts of patients, suggesting
that the magnitude of tremelimumab-induced increase is likely
more important than an absolute count value. Thus, these findings
expand on previous analyses and may indicate that a critical thres-
hold of CD8þ T-cell expansion is required for positive clinical
response in uHCC. In addition, for uHCC, increased tremelimumab
dose may elicit more AEs and treatment disruptions (22). Taken
together, these findings support the hypothesis that the STRIDE
regimen induces a substantial and relevant immune response in
patients with uHCC that likely contributes to the improved pati-
ent outcomes observed with this regimen without the safety

issues typically observed with higher or more frequent doses of
tremelimumab (22, 23).

Although there is a minimal pharmacokinetic tremelimumab
exposure–response relationship, pharmacodynamic analysis of
tremelimumab with an Emax model shows a correlation with re-
sponse. On the basis of these findings, we hypothesize that for ICI
therapies, such as tremelimumab plus durvalumab, studying the
PK of these treatments may not be sufficient on its own, and it may
be critical to assess the PK/PD relationship of these treatments in
early phase clinical development.

Overall, the exposure-response and PK/PD analysis in Study 22
provide insights on the mode of action of tremelimumab and
supports the favorable benefit-risk profile of the STRIDE regimen,
as confirmed in the phase III HIMALAYA study (23). Additional
data from the phase III HIMALAYA study will provide further
insights regarding the exposure–response relationships. In Study
22, the STRIDE regimen resulted in a more favorable benefit-risk
ratio compared with T75þD and tremelimumab monotherapy, in
terms of efficacy and safety (22), and data from the phase III
HIMALAYA study support that the novel STRIDE regimen offers a
well-tolerated and effective treatment option for patients with
uHCC (23).
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