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ABSTRACT

As we look forward to the bright future of immune
checkpoint blockade (ICB) therapy, there is still lacking a
pharmacokinetic marker to understand the inter-individual
differences in ICB response. ICB therapy is based on lgG
antibodies that share the same homeostatic pathway

with serum albumin. Therefore, serum albumin level
could reflect IgG catabolic rate that directly impacts

the clearance of therapeutic IgG antibodies. Through
interrogating a large, clinically representative pan-cancer
cohort of 1,479 ICB-treated patients, this study found

that higher baseline albumin levels were significantly
associated with stepwise improvements in overall survival
(0S), progression-free survival (PFS), and objective
response rate (ORR) (p<0.001), with the variability and
reproducibility confirmed in 1,000 bootstrap-resampled
cohorts. Furthermore, these findings were also confirmed
in most subgroups defined by patient demographics,
baseline characteristics, treatments, and cancer types,
even in those with low ICB-responsive cancer types and
low tumor mutation burden (TMB) (TMB<10 mut/Mb) that
most of which have not been approved by the US Food and
Drug Administration (FDA) for ICB therapy. In summary,
this study highlights the importance of pretreatment
pharmacokinetic modeling for predicting ICB treatment
outcomes. Based on serum albumin—an inexpensive,
non-invasive, and easily accessible biomarker of IgG
pharmacokinetics, we could take a step further towards
optimizing ICB therapy.

INTRODUCTION

In the course of tumor progression, tumors
harness the immune checkpoint pathways
to escape immunosurveillance and suppress
antitumor immunity. With growing efforts to
block immune checkpoints to reinvigorate
antitumor immunity, immune checkpoint
blockade (ICB) therapies are now approved
by the US Food and Drug Administration
(FDA) in a broad range of cancers, with
approval likely for more cancer types in the
foreseeable future.! ICB-based immuno-
therapy could induce durable disease remis-
sion and prolonged patient survival,” > but
such superior efficacy was only achieved in

a minority of patients with cancer.* To solve
this critical issue, many precision medicine
markers have been developed to predict
ICB response.” However, as we look forward
to the future of expanding ICB therapy to
more patients with cancer, there is still a lack
of data using a pharmacokinetic marker to
understand the interindividual differences in
ICB response.

Current ICB therapy is based on IgG anti-
body drugs targeting CTLA-4, PD-1, and
PD-LI. As for any therapeutic drug, the treat-
ment efficacy is directly affected by drug
pharmacokinetics. The interindividual vari-
ability in the pharmacokinetics of ICB anti-
bodies has previously been characterized at
the population level, and one of the most
important factors for predicting IgG phar-
macokinetics is the baseline serum albumin
level.” ® It has been reported that serum
albumin is associated with the pharmaco-
kinetics of several FDA-approved antibody
drugs, including inﬂiximab,7 bevacizumab,8
ustekinumab,9 and pertuzumab.10 Moreover,
a higher baseline level of serum albumin is
directly correlated with an increasing trough
level of therapeutic IgG antibodies in vivo.”

Albumin and IgG are the first and second
most abundant serum proteins in plasma,
because both of their uniquely long half-
lives depend on the same homeostatic
regulation pathway by neonatal Fc receptor
(FcRn). FcRn receptor salvages albumin
and IgG from intracellular degradation
and recycles them into extracellular fluid.""
Since albumin and IgG share the same FcRn
salvaging pathway, serum albumin level
could reflect the IgG catabolic rate that
directly impacts the clearance of IgG anti-
bodies." Indeed, it is well acknowledged
that the clearance of IgG antibodies is
faster in patients with lower serum albumin
levels."” '* Therefore, there is a strong
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rationale for using serum albumin as a mechanism-
based biomarker to present the pharmacokinetics
of therapeutic IgG antibodies. This study sought to
propose serum albumin as a potential pharmacokinetic
marker in ICB therapy, while conducting an in-depth
investigation of the dose-dependent relationship of
serum-albumin-based pharmacokinetics with patient
survival, disease progression, and treatment response
under the therapeutic context of ICB drugs.

METHODS

Patients with cancer

This study obtained the complete clinical and labora-
tory data of 1,479 patients with cancer who were diag-
nosed from 2015 to 2018 at Memorial Sloan Kettering
Cancer Center (MSKCC).'® These patients received ICB
therapy by targeting PD-1/PD-L1 and CTLA-4 without
neoadjuvant and adjuvant settings. Treatment response
was categorized according to the Response Evaluation
Criteria in Solid Tumors (RECIST) V.1.1'® or best radio-
graphic response.'” The ICB-treated patients who under-
went serum albumin assessment were used for analyzing
overall survival (OS), progression-free survival (PFS), and
objective response rate (ORR). Tumor mutation burden
(TMB) was measured by next-generation sequencing
(NGS), defined as the total number of somatic tumor
non-synonymous mutations normalized to the exonic
coverage of MSK-IMPACT panel in mutations/megabase
(mut/Mb)."”

Prognostic association analysis

The survival analysis was performed by the survival
R package  (https://CRAN.R-project.org/package=
survival). The OS and PFS were analyzed by Cox propor-
tional hazards regression analysis. The multivariate
Cox regression analysis was performed with covariates
including cancer type, sex, age, prior chemotherapy
history, ICB drug class, tumor stage, cancer type, and
TMB.

The non-linear model of hazard ratio (HR) by spline-based
smoothing method

To model the dose-dependent relationship of serum
albumin with OS and PFS, the non-linear model of HR
was introduced into Cox proportional hazards regression
analysis using the spline-based smoothing method.'® '’ By
taking the median value of serum albumin (3.9g/dL) as
a reference, HRs were estimated across the continuous
spectrum of serum albumin levels. A statistical method
known as smoothHR* was applied to construct the
natural cubic regression spline curve of HR with 95%
confidence intervals (CIs), as previously reported.”’ The
log-HR curve with 95% CIs presented a straightforward
interpretation that the 95% Cls above or below 0 is equiv-
alent to a significance of two-sided p<0.05.

Bootstrap-resampled cohorts

The bootstrap resampling method® * was applied to
generate 1,000 randomly resampled cohorts with replace-
ment from the original cohort. Next, corresponding
statistical estimates, including the mean and 95% CIs,
were calculated using 1,000 bootstrap-resampled cohorts.
The bootstrap resampling analysis was conducted using
the sample function of the base package in R (The R
Foundation for Statistical Computing, Vienna, Austria,
http://www.r-project.org).

Statistical analysis

All statistical analyses were performed by R V.3.6.1.
Survival analysis was conducted by the survival R package.
The X2 test was performed using 1,000 Monte Carlo simu-
lations.?* All statistical tests used 0.05 as the significance
level, p>0.05 was considered not significant (ns), and
$<0.05 was considered a statistically significant difference,
indicated with asterisks (*p<0.05, **p<0.01, *#*p<0.001,
and **¥*$p<0.0001).

RESULT

Baseline serum albumin level is associated with the clinical
response to ICB therapy in a dose-dependent manner

Using the baseline serum albumin as a consistent surro-
gate of pharmacokinetics for ICB drugs, this study inves-
tigated the relationship between baseline serum albumin
levels and clinical responses to ICB therapy in patients
with cancer. Through interrogating a pan-cancer cohort
of 1,479 patients (online supplemental figure S1), this
study analyzed the dynamics of OS and PFS following
ICB therapy across the continuous spectrum of serum
albumin levels. As previously reported, the non-linear
HR was modeled by taking the median albumin level
as a reference and plotted as log-HR curve.” Based on
Cox proportional hazards regression model, multivariate
analysis was conducted using the covariates of cancer
type, sex, age, prior chemotherapy history, ICB drug
class, tumor stage, cancer type, and TMB. The non-linear
HR analysis showed the dose-dependent relationships of
serum albumin levels with OS and PFS (figure 1A).

In the wide spectrum of serum albumin levels ranging
from 1.6 to 4.9g/dL, patients were divided into hypoalbu-
minemia (<3.4g/dL) and normal albumin (=3.4g/dL),
and patients were further stratified into eight subgroups
by albumin cutoffs ranging from 2.8 to 4.6 g/dL in incre-
ments of 0.3g/dL. Next, Kaplan-Meier analyses showed
that higher albumin levels were significantly associated
with stepwise improvements in OS and PFS (p<0.0001;
figure 1B-E). In addition, similar trends of OS and PFS
improvement could be observed in patients with hypo-
albuminemia and normal albuminemia (online supple-
mental figure S2A-B). Moreover, the multivariate analysis
also showed a significant impact of increasing albumin
levels on OS and PFS following ICB therapy, indicating
serum albumin as an independent prognostic factor
(figure 1 F-G).
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Figure 1 (Continued)
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Figure 1

Baseline serum albumin level is associated with the clinical response to immune checkpoint blockade (ICB) therapy

in a dose-dependent manner. (A) The smoothing estimate of HR with 95% Cls across the continuous spectrum of serum
albumin levels. The log-HR curves (solid line) with 95% Cls (shading) show the impact of serum albumin increase on the overall
survival (OS) and progression-free survival (PFS) of ICB-treated patients with cancer. The HRs were fitted by univariate and
multivariate analyses based on Cox proportional hazards regression model. Multivariate analysis was performed using the
covariates of cancer type, sex, age, prior chemotherapy history, ICB drug class, tumor stage, cancer type, and tumor mutation
burden (TMB). The x-axis shows the serum albumin level (g/dL), and the y-axis shows the log2-HR taking the median albumin
level as a reference. The 95% Cls above or below 0 is equivalent to a significance of two-sided p<0.05. Background colors
indicate the serum albumin level within or outside its normal range: 3.4-5.4 g/dL. The arrow and dot show the median value

of 3.9g/dL. (B-E) The Kaplan-Meier curves show the OS (B-C) and PFS (D-E) in ICB-treated patients. Patients were divided
into hypoalbuminemia (< 3.4 g/dL) and normal albumin (=3.4 g/dL). Next, patients were stratified by the albumin cutoffs ranging
from 2.8 to 4.6 g/dL in increments of 0.3 g/dL. The significance was analyzed by the log-rank test. The bottom panel shows

the number of patients at risk every oneyear. (F-G) The forest plots show the association of serum albumin with OS (F) and

PFS (G) following ICB therapy. HRs and 95% Cls were calculated by Cox proportional hazards regression analysis, taking the
subgroup with an albumin level of <2.7 g/dL as the reference. Multivariate analysis was performed using the covariates of cancer
type, sex, age, prior chemotherapy history, ICB drug class, tumor stage, cancer type, and TMB. (H-I) Serum albumin and ICB
treatment response. (H) The stacked bar plot shows the percentage of ICB responses (responder vs non-responder) in patients
with different serum albumin levels, with color coding according to different ICB responses. The results were considered
statistically significant when p<0.05 and insignificant when p>0.05 using the x2 test with 1,000 Monte Carlo simulations. The
black dashed line indicates a 20% objective response rate (ORR). (I) The relative changes in ORR with increasing serum albumin
levels, using the subgroup with the lowest serum albumin level (< 2.7 g/dL) as a reference. NR, not reached.

Next, the efficacy of ICB therapy was assessed by ORR—
the percentage of patients who experienced a complete
response (CR) or partial response (PR). Among total
patients, only 27.7% of patients were responders with CR
and PR, while the remaining 72.3% of patients were non-
responders of stable disease (SD) and progressive disease
(PD). With increasing albumin levels, the ORR showed
significantly stepwise improvements ($<0.001; figure 1H).
Compared with low-albumin patients (< 2.7g/dL) with
an ORR of 12.2%, patients with high albumin levels of
>4.6¢g/dL had an ORR of 39.5%, achieving a maximum
relative change of 223.7% increase (figure 1I).

Variability and reproducibility of the remarkably improved
clinical benefits associated with increasing serum albumin
levels for ICB therapy

Next, this study confirmed the variability and reproduc-
ibility of serum albumin for predicting the clinical benefit
of ICB therapy. The variability and reproducibility were
estimated by 1,000 randomly resampled cohorts, which
were generated by the bootstrap method as previously
reported.” * The clinical benefits were measured by the
median survival times of OS and PFS, and the ORR. In
general, increasing serum albumin levels had a cumu-
lative impact on improved clinical benefits of OS, PFS,
and ORR (figure 2A-F). According to increasing serum
albumin levels, the median survival times ranged from
0.10 to 2.51 years for OS (figure 2A) and 0.07 to 0.46 years
for PFS (figure 2C), and the ORR ranged from 10.85% to
39.80% (figure 2E).

Moreover, the relative changes in clinical benefits were
calculated in each bootstrap-resampled cohort to esti-
mate the variability and reproducibility. Compared with
low-albumin patients (< 2.7g/dL), patients with high
albumin levels of >4.6g/dL could achieve maximum
relative changes of 2679.92% increase in OS (95% CI:
2633.97% to 2725.86%; figure 2B), 561.38% increase
in PFS (95% CIL: 545.22% to 577.54%; figure 2D), and

309.73% increase in ORR (95% CI: 288.33% to 331.13%;
figure 2F).

Landscape of clinical benefits associated with increasing
serum albumin levels for ICB therapy across patient
demographics, baseline characteristics, treatment, and cancer
type

To further confirm the impact of increasing serum
albumin levels on ICB therapy, this study extensively
analyzed patients of different subgroups defined by
demographics, baseline characteristics, treatment, and
cancer type. For each subgroup, bootstrap was applied to
generate 1,000 randomly resampled cohorts as described
above. Patients were separated by the median albumin
level, and the clinical benefits were measured by OS, PFS,
and ORR (high vslowalbumin). An overall trend of signifi-
cantly improved clinical benefits was observed in patients
with higher serum albumin levels (figure 3A-B). Insig-
nificant associations were only observed in less-advanced
tumors, sarcoma, and pancreatic cancer. Tumors with
less advanced stages (stages I, II, and III) showed insig-
nificant but slightly positive associations (figure 3A).
Improved clinical benefits were observed in OS and PFS
rather than ORR in patients with sarcoma and pancreatic
cancer (figure 3B). In summary, this study presented the
landscape of clinical benefits associated with increasing
serum albumin levels for ICB therapy, strongly suggesting
its excellent reproducibility across patient demographics,
baseline characteristics, treatment, and cancer type.

In addition, it is worth noting that the improved clin-
ical benefits associated with increasing serum albumin
levels were also observed in low-TMB tumors (<10 muta-
tions/megabase [mut/Mb]). Low-TMB tumors are
expected to have a statistically lower tumor immunoge-
nicity, and are thus largely refractory to ICB therapy.”*?’
As shown in figure 3A, the magnitude of association
in low-TMB tumors was comparable to those with
high-TMB (>10 mut/Mb). Therefore, the above finding
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Figure 2 Improved clinical benefit of immune checkpoint blockade (ICB) therapy with increasing serum albumin levels. (A, C,
E) Changes in the median survival times of overall survival (OS) (A) and progression-free survival (PFS) (C), and the objective
response rate (ORR) (E) across different serum albumin levels. (B, D, F) Relative changes in the median survival times of OS (B)
and PFS (D), and the ORR (F) across different serum albumin levels, compared with the reference group of the lowest serum
albumin level (< 2.7 g/dL). Bootstrap was applied to generate 1,000 randomly resampled cohorts. The dot-line plots show the

changes across increasing serum albumin levels, with error bars representing the mean+95% ClI calculated by 1,000 bootstrap-
resampled cohorts.
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" represents insignificant results. (B) Relative changes in the clinical benefits associated with increasing serum

albumin levels for ICB therapy in different cancer types (high vs low albumin). FDR, false discovery rate.

suggests the possibility that low-TMB tumors, harboring
lower tumor immunogenicity and reduced ICB respon-
siveness, could also achieve improved clinical benefits
of ICB therapy.

Impact of increasing serum albumin levels on ICB therapy
in pooled patients with cancer types categorized by ICB
responsiveness
Different cancer types showed a significant differ-
ence in ICB response, and the ORR could range from
2.86% in pancreatic cancer to 46.23% in melanoma
(p<0.001; figure 4A). In this study, cancer types with
>20% ORR were defined as high ICB-responsive cancer
types, including melanoma, renal, esophageal, endo-
metrial, gastric, non-small cell lung cancer (NSCLC),
colorectal, small-cell lung carcinoma (SCLC), and head
and neck cancer, while the rest were defined as low ICB-
responsive cancer types.

Next, this study analyzed the impact of increasing
serum albumin levels on ICB therapy in pooled patients

with cancer types categorized by ICB responsiveness.
High albumin level was still associated with improved
clinical benefits of ICB therapy in the analyses of
pooled patients (figure 4B). It is worth noting that the
albumin-related OS improvement was significant but
relatively limited in patients with cancer types of low
ICB responsiveness. In contrast, the albumin-related
improvements in PFS and ORR were comparable across
cancer-type-specific ICB responsiveness (figure 4B).

DISCUSSION

This retrospective study, based on the MSKCC database
of a large, clinically representative cohort of ICB-treated
patients across 16 cancer types,”” presented interesting
findings particularly relevant for clinical practice. First,
increasing serum albumin level was dose-dependently
associated with better clinical benefits of ICB therapy,
leading to increased patient survival, delayed disease
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Impact of increasing serum albumin levels on immune checkpoint blockade (ICB) therapy in pooled patients with

cancer types categorized by ICB responsiveness. (A) ICB response in different cancer types. The stacked bar plot shows

the percentage of ICB responses (responder vs non-responder) in different cancer types, with color coding according to ICB
response. The result was considered statistically significant when p<0.05 and insignificant when p>0.05 using the 2 test
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progression, and improved treatment response. Second,
the dose-dependent relationship between serum albumin
and ICB response was validated among those patients
presenting serum albumin within or outside the normal
range. Third, the positive correlation between serum
albumin and ICB response could be confirmed in most
subgroups of various demographics, baseline charac-
teristics, treatments, and cancer types, even in low ICB-
responsive cancer types and low-TMB (< 10 mut/Mb)
tumors, most of which have not been FDA-approved for
ICB therapy.®® The above findings may help translate
the progress and success of currently available immuno-
therapy to additional cancer types and patients. More-
over, as a widely-used routine hematology test, serum
albumin has the clear advantage of being inexpensive,
non-invasive, and easily accessible in clinical practice.
The association between serum albumin and ICB treat-
ment outcome has been previously reported in lung
cancer,”™* ovarian cancer,” gastric cancer,”® and hepa-
tocellular cancer.” Previous studies used different cutoffs

of serum albumin to assess its clinical relevance, making
it difficult to analyze these fragmented studies systemat-
ically. In addition, previous studies did not analyze the
cumulative impact of increasing serum albumin levels.
Comparatively, this study has several strengths relative to
prior reports. Different from previous efforts, this study
analyzed the data of serum albumin collected and harmo-
nized across different types of cancer, while analyzing
the cumulative impact on ICB therapy. To the best of my
knowledge, this is the first adequately powered post-hoc
analysis revealing the dose-dependent serum-albumin-
related improvements of ICB response in 16 types of
cancer. These cancer types include breast, lung, and
colorectal cancers that account for the leading causes of
cancer incidence and death. Furthermore, their repre-
sentative sampling of the general cancer population was
reasonably estimated. Here, according to the cancer statis-
tics of the USA in 2022,* the cancer types analyzed in this
study contribute to approximately 1.2million new cancer
cases and 0.4million new cancer deaths, accounting for
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therapy is associated with a given high level of serum albumin (> 4.0g/dL), which accounts for only a minority of patients
(22.1%). Therefore, filling the gap in pharmacokinetics might further optimize the efficacy of ICB therapy.

about two-thirds of total cancer cases and deaths (online
supplemental figure S3A-B).

It should be noted that the sample size in this study
is relatively small for the subgroup analyses, such as the
subgroups of less-advanced stage (stage 1/11/III), breast
and ovarian cancers (online supplemental figure S1). To
solve this problem, the bootstrap resampling method—a
well-recognized approach for small sample size research—
has been applied to evaluate the reproducibility of major
findings in the subgroup analyses. Nevertheless, further
studies in larger cohorts of specific populations might be
required to confirm this study and to finally determine
whether a serum albumin threshold needs to be reached
to achieve a beneficial therapeutic effect of ICB therapy.

Understanding drug pharmacokinetics is essential for
the prediction of drug efficacy and the adjustment of
drug dose. ICB therapy is based on IgG-antibody drugs.
The catabolism and recycling of IgG antibodies are regu-
lated by the FcRn-mediated mechanism—the same as for
albumin."" IgG and albumin can bind to FcRn simultane-
ously via distinct, non-cooperative, and non-competitive
binding sites.”” In addition, FcRn interacts with IgG
rather than other immunoglobulin isotypes.?’8 Therefore,
the serum albumin level, reflecting the abundance and
efficiency of FcRn, could be a simplified surrogate of the
general catabolic rate of therapeutic IgG antibodies,'
which ultimately contributes to the inter-individual vari-
ability of treatment efficacy and clinical outcome.
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This study proposed serum albumin as a mechanism-
based pharmacokinetic marker for ICB therapy, while
discovering the cumulative impact of drug pharmaco-
kinetics on treatment outcomes (figure bA). However,
optimizing treatment outcomes were only achieved in
a minority of patients with a given high serum albumin
level of >4.0g/dL (22.1%), whereas a majority of patients
(77.9%) still had a huge gap towards satisfactory treat-
ment outcomes (figure 5B). Therefore, it is reasonable to
assume that filling the gap in IgG pharmacokinetics could
further optimize the efficacy of ICB therapy. Currently,
several approaches have been developed to manipulate
IgG pharmacokinetics. For example, antibody engi-
neering of the IgG Fcregion has been conducted to
extend the therapeutic IgG halflives by optimizing the
IgG-FcRn interaction.”*™*" The prolonged persistence
of therapeutic IgG antibodies is expected to increase
the chance of targeting specific tissues/cells, leading to
improved therapeutic efficacy.

In summary, this study discovered that the serum
albumin level—an inexpensive, non-invasive, and easily-
accessible biomarker of IgG pharmacokinetics—has a
remarkable clinical value for ICB therapy. These findings
shed light on the importance of pretreatment pharma-
cokinetic modeling for predicting treatment outcomes,
providing a novel insight that understanding IgG pharma-
cokinetics might help us take a step further towards opti-
mizing ICB therapy. Moreover, since IgG antibodies have
been used for treating diverse human diseases, including
chronic inflammation, infections, autoimmune diseases,
and cancers,” ** this study also has universal implications
for a broad range of IgG-antibody-based treatments.
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