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Figure 3 Patients with lower serum trough levels of ipilimumab had worse OS. Curves for OS obtained by applying a median
value of ipilimumab trough levels as cut points for week 7 (A) and week 12 (B). The survival curves are significantly different by
the log-rank test (A, p=0.0021; B, p=0.0177). ipi, ipilimumab; OS, overall survival.

<median=248.5days, >median=676.0 days; log-rank test:
p=0.0156) (figure 3B).

In a previous study, we identified several pretreatment
serum biomarkers for clinical outcome including CXCL11
and sCD25.” High pretreatment CXCLI1 levels were

associated with poor OS in patients with metastatic mela-
noma treated with ipilimumab but not in patients treated
with a ‘control’ gpl00 vaccine, while high pretreatment
sCD25 levels were associated with poor OS in ipilimumab-
treated and gpl00 vaccine-treated patients. Based on these

Figure 4 Relationship between trough levels of ipilimumab and biomarkers of clinical outcomes and inflammation. The
relationship between pre-treatment levels of CXCL11 (A), sCD25 (B), or LDH (C) and the trough levels of ipilimumab at week
seven was shown. The relationship between levels of CRP (D) or IL-6 (E) at week seven and the trough levels of ipilimumab at
week seven are shown. CRP, C reactive protein; ipi, ipilimumab; IL, interleukin; pre-tx, pre-treatment; sCD25, soluble CD25.
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findings, we concluded that the pretreatment serum level
of CXCLI11 is a predictive (disease-specific and treatment-
specific) biomarker and the pretreatment serum level of
sCD25 is a prognostic (disease-specific but not treatment-
specific) biomarker.®® * We confirmed that pretreatment
serum levels of CXCL11 and sCD25 were significantly higher
in patients with PD than those without, but they did not differ
between patients who developed irAEs and those who did not
(online supplemental figure S3). To understand potential
host factors that could influence the trough levels of ipilim-
umab, we asked whether there was any association between
the trough ipilimumab levels and various biomarkers. We
found that trough levels of ipilimumab were inversely asso-
ciated with pretreatment serum levels of CXCLI11 (p=0.0009,
R?=0.2891) (figure 4A) and pretreatment serum levels of
sCD25 (p=0.0038, R?=0.2210) (figure 4B) but not with
pretreatment serum levels of LDH (p=0.217, R*=0.0043)
(figure 4C) and other previously described biomarkers such
as absolute lymphocyte counts, VEGF, sMICA, and soluble
MHC class I polypeptide-related chain B (sMICB) (data not
shown). Our previous work with a preclinical model of trans-
plantation demonstrated that inflammation caused rapid
clearance of mAb.* Thus, we examined a potential relation-
ship between the degree of inflammation and trough levels of
ipilimumab. We found that week 7 levels of CRP, but not IL-6,
were higher in patients with PD (online supplemental figure
S4A,B). The levels of CPR and IL-6 at week 7 were lower in
patients who developed irAEs than those who did not (online
supplemental figure S4C,D). In addition, we observed that
patients with higher week 7 CRP or IL-6 levels had better
OS (online supplemental figure S4EF). Trough levels of
ipilimumab at week 7 were also inversely associated with
CRP (p<0.0001, R*=0.4098) (figure 4D) or IL-6 (p=0.0001,
R?=0.3464) (figure 4E) levels at week 7, suggesting that
inflammation may regulate the trough levels of ipilimumab.
Pretreatment CXCL11 levels were only weakly associated with
CRP or IL-6 levels at week 7, while CPR and IL-6 levels at week
7 were strongly associated (online supplemental figure S5).
Together, trough levels of ipilimumab seemed to be regu-
lated by multiple factors such as pre-existing baseline factors
and on treatment response-driven factors.

E-R relationship observed during ipilimumab treatment is
likely baseline-driven rather than a cause of varying 0S

The association of ipilimumab trough levels with biomarkers
suggests that ipilimumab trough levels might be a novel
biomarker for clinical outcome following ipilimumab treat-
ment for patients with advanced melanoma. Thus, we asked
whether the trough levels of ipilimumab as a categorical
variable and/or continuous variable were associated with
OS using univariate analysis. When the trough level of ipilim-
umab was treated as the categorical variable, univariate anal-
ysis revealed a significant association with OS at weeks 7 and
12 (ipiweek 7: HR 0.33, 95% CI 0.16 to 0.68, p=0.003; ipi week
12: HR 0.40, 95% CI 0.19 to 0.88, p=0.023; table 1). However,
when the trough level of ipilimumab was treated as a contin-
uous variable, univariate analysis detected a significant associ-
ation with the OS at week 7 but not at week 12 (log,  ipi week

Table 1 Univariate overall survival analysis for ipilimumab
levels as a categorical or continuous variable

Univariate analysis

Lower Upper P
HR 95%Cl 95%Cl value

ipi week 7

<16.30 (ug/mL) Reference

>16.30 0.33 0.16 0.68 0.003
ipi week 12

<24.17 (ug/mL) Reference

>24.17 0.40 0.19 0.88 0.023
Log_10 ipi week 7 0.20 0.05 0.78 0.020
Log_10ipi week 12 0.56 0.20 1.55 0.264

ipi, ipilimumab.

7: HR 0.20, 95% CI 0.05 to 0.78, p=0.020; log,, ipi week 12:
HR 0.56, 95% CI 0.20 to 1.55, p=0.264; table 1). Based on this
finding, we analyzed whether the trough levels of ipilimumab
at week 7 as a categorical variable and/or continuous vari-
able showed an association with OS after controlling other
demographic factors using multivariate analysis. We found
a significant association for the trough levels of ipilimumab
at week 7 as a categorical, but not continuous, variable with
OS (ipi week 7: HR 0.31, 95% CI 0.11 to 0.84, p=0.022; log
ipi week 7: HR 0.26, 95%CI 0.04 to 1.6, p=0.148; table 2).
We did not find a statistically significant association with OS
for the trough levels of ipilimumab at week 12 as a categor-
ical or continuous variable (table 3). Together, these results
suggested that although the serum trough level of ipilim-
umab is a useful biomarker of OS for patients with advanced
melanoma, the E-R relationship is likely a secondary product
of pretreatment conditions rather than a cause of varying OS
among patients receiving ipilimumab treatment.

DISCUSSION/GONGLUSION
In this study, we established an assay to detect directly
ipilimumab in serum using the mass spectrometry-based
nSMOL approach and demonstrated the potential use
of the trough levels of ipilimumab as a post-treatment
biomarker for predicting the long-term outcome of
patients with advanced melanoma. One of the limitations
in this study is that we did not have a validation cohort.
It was not feasible to collect additional samples as it is no
longer common practice to treat patients with advanced
melanoma with ipilimumab monotherapy. As many
patients with advanced melanoma are currently treated
with combination therapy of ipilimumab plus nivolumab,
we are currently assessing the potential utility of ipilim-
umab and nivolumab drug monitoring as biomarkers for
clinical outcome in that setting.

The E-R relationship has been reported for ICB and
has been established for anti-PD-1.'*"7 %3 We have also
observed the E-R relationship following pembrolizumab
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Table 2 Multivariate overall survival analysis on subgroup
patients with ipilimumab week 7

Table 3 Multivariate overall survival analysis on subgroup
patients with ipilimumab week 12

Lower Upper P
HR 95%Cl 95%CI value

Lower Upper P
HR 95%Cl 95%CI value

(A) Ipilimumab levels as a continuous variable
Multivariable analysis 1 (n=36, events=30)

Log_10 CXCL11 3.44 1.02 11.57 0.046
pretreatment
Sex

Female Reference

Male 0.8 0.37 1.78 0.574
Age 0.99 0.95 1.02 0.483
ECOG

0 Reference

1-2 1.56 0.63 3.89 0.335
Prior Immunotherapy

No Reference

Yes 0.66 0.29 1.48 0.314
Log_10 ipi week 7 0.26 0.04 1.6 0.148

Multivariable analysis 2 (n=36, events=30)

Sex

Male

o
\I
w
o
w
w

1.61 0.438

ECOG

1-2 1.29

o
a
N

3.17 0.583

No Reference

ipi week 7 (median cut-off)

>16.30 0.31 0.11 0.84 0.022

(A) Ipilimumab levels as a continuous variable
Multivariable analysis 1 (n=31, events=25)

Log_10 CXCL11 7.38 1.76 30.9 0.006
pretreatment
Sex

Female Reference

Male 1.37 0.55 3.42 0.495
Age 0.98 0.94 1.02 0.271
ECOG

0 Reference

1-2 0.94 0.32 2.74 0.908
Prior immunotherapy

No Reference

Yes 0.53 0.21 1.35 0.186
Log_10 ipi week 12 0.78 0.21 2.8 0.697

Multivariable analysis 2 (n=36, events=30)

Sex

Male

-
AN
o
o
(o]

3.69 0.394

ECOG

1-2 0.98

o
w
w

2.85 0.964

No Reference

ipi week 12 (median cut-off)

>24.17 0.48 0.18 1.29 0.145

ipi, ipilimumab.

treatment for patients with melanoma.”® The presence
of the E-R relationship seems to suggest that the adjust-
ment of dosing may improve the therapeutic efficacy of
ICB with the goal of increasing the trough level in some
patients, although this has not been investigated. The E-R
relationship for mAbs for inflammatory disease prompted
the dose adjustment based on TDM, and TDM has been
attempted to be incorporated into the clinical practice
due to the successful dose adjustment despite practical
challenges in its implementation.”® ** In contrast, Turner
et al showed that the E-R relationship seen for pembroli-
zumab at the 2mg/kg dose was also observed at 10mg/

ipi, ipilimumab.

kg dose in patients with melanoma and non-small-cell
lung cancer even though patients treated with 10mg/kg
regimen achieved higher trough levels.'” A similar obser-
vation was made for nivolumab treatment.'® These results
raised a question regarding the effectiveness of the dose
adjustment approach to anti-PD-1 therapy. Closer exam-
inations revealed that confounding factors such as base-
line disease characteristics and PD can cause a spurious,
rather than true, E-R relationship.13 % In fact, cachexia
was suspected as a baseline disease characteristic associ-
ated with the E-R relationship by increased catabolism of
ICB,'" 1936 although we did not observe cachexia in our

(-]
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patient cohort according to body mass index (online
supplemental table S1). Time-varying clearance, likely
due to the change in tumor mass in response to therapy,
was also reported to cause spurious E-R relationships for
some types of ICB.'* %!

Similar to anti-PD-1, ipilimumab was reported to have
an E-R relationship likely due to baseline disease char-
acteristics such as lactate dehydrogenase (LDH) levels
and ECOG status.” Indeed, while the trough level of
ipilimumab was clearly associated with clinical response,
patients treated with 10mg/kg of ipilimumab showed
only slightly better survival benefit than those treated with
0.3mg/kg or 3mg/kg of ipilimumab. The E-R analysis of
ipilimumab was conducted by including all three dose
levels and higher trough levels were predominantly from
patients treated with 10 mg/kg of ipilimumab. Therefore,
it was unclear whether the trough level of ipilimumab
was associated with clinical outcome of patients treated
with the approved dose of 3mg/kg of ipilimumab. In this
study, we showed that the E-R relationship exists for 3mg/
kg of ipilimumab treatment not with clinical response
but with OS, which extends the previous findings. It was
puzzling to observe the inconsistency in the relationship
of trough levels of ipilimumab with two related clin-
ical outcome measurements, namely, the presence or
absence of PD (vs SD/PR/CR) and OS. The lack of statis-
tical difference in trough levels of ipilimumab between
patients who progressed and those who did not may be
due to the unique challenges associated with the assess-
ment of response to ipilimumab treatment, such as radio-
graphical pseudo-progression and delayed response.”’
In fact, several patients with PD had a mixed response in
our cohort. When we regrouped the patient groups by
including mixed responses (mixed), indicating that some
lesions regressed while others grew and/or there were
one or more new lesions, to the SD/PR/CR group and
compared with the rest of the PD group, we found statis-
tically higher levels of ipilimumab in the mixed/SD/PR/
CR group. Therefore, we envision that slower growing
tumors in progressors and/or lesser disease affecting
clearance of ipilimumab in some of progressors likely
contributed to the aforementioned discrepancy.

We also found higher trough levels of ipilimumab in
patients who developed irAE, suggesting an exposure—irAE
relationship even when treated at the Food and Drug Admin-
istration (FDA)-approved dose of 3mg/kg of ipilimumab.
This is compatible with findings by Feng ¢t al** where they
showed a clear exposure—irAE relationship in patients with
advanced melanoma as patients treated with 10mg/kg of
ipilimumab had both higher exposure and higher irAE
rates compared with lower doses. Although the relationship
between clinical outcomes and an occurrence of irAEs is still
controversial,”™ we found that patients who developed irAEs
had longer OS. Our results may suggest that lymphocytes
in patients without irAE did not respond to ipilimumab at
all due to the limited exposure to ipilimumab. However, it
was shown that ipilimumab treatment elicited proliferation
of CD4" and CD8' T cells almost unanimously regardless of

irAE status.” We have also confirmed that memory CD4* T
cells increased ICOS expression on ipilimumab treatment
regardless of irAE status (Koguchi Y et al, 2014, unpublished
observation). Instead, broadening of the T-cell Receptor
(TCR) repertoire seemed responsible for the irAE.* Since
increasing ipilimumab dosing from 3 mg/kg to 10mg/kg
greatly increased the incidence of irAEs but slightly improved
clinical outcome,” we envision that lower exposure might
result in CD4" T-cell activation but fail to broaden the T-ell
repertoire, and that exposure of ipilimumab above the
threshold might induce T-cell repertoire broadening along
with irAEs. We also hypothesize that the clinical response
was associated with successful emergence and infiltration of
tumorreactive T cells into a less restrictive immune suppres-
sive environment (eg, lower expression of other checkpoint
molecules such as PD-1/PD-L1 and LAG-3/LAG-3 ligands)
on ipilimumab monotherapy.

Although we and others have shown the potential use of
trough levels of ICBs as biomarkers of clinical outcome,'*'” 2
the mechanism that regulates clearance of ICBs remained to
be elucidated. For this reason, we conducted univariate and
multivariate analyses to assess how confounding factors influ-
ence association of trough levels of ipilimumab with clinical
outcome. Our results from univariate analysis showed that
week 7 samples had a better association with OS than those
from week 12. This is likely due to the fact that a subset of
patients died between weeks 7 and 12, which resulted in the
loss of the statistical power to detect differences. Multivariate
analyses showed that trough levels of ipilimumab and baseline
CXCLI1 levels are confounding each other, suggesting that
a baseline disease characteristic related to CXCLI11 secretion
caused the E-R relationship. While we found an inverse asso-
ciation between pretreatment CXCL11 levels and the trough
levels of ipilimumab at week 7, we also noticed that pretreat-
ment levels of sCD25 were inversely associated with trough
levels of ipilimumab at week 7. As sCD25 is a prognostic
biomarker for advanced melanoma,7 our results further
support the notion that the E-R relationship we observed
might be, at least in part, driven by baseline characteristics
of the tumor. We also discovered an inverse relationship
between levels of inflammatory markers (CRP and IL-6) and
trough levels of ipilimumab at week 7. Both pretreatment and
on-treatment CRP and IL-6 were reported to be biomarkers
for clinical outcome of ICB including ipilimumab treatment
for patients with advanced melanoma.*’ Therefore, our find-
ings suggest that baseline-driven (CXCLI11-rich TME) and
response-driven (inflammatory TME) E-R relationship might
play a role in determining trough levels of ipilimumab. We
envision that a deeper characterization of the CXCLrich
and/or inflammatory TME will further inform the mecha-
nism by which trough levels of ipilimumab are regulated.

Lower trough levels of ICB may reflect certain TME charac-
teristics that coincide with enhanced clearance of antibodies
and resistance to ICB. The clearance of IgG was increased in
patients with chronic inflammatory conditions.* Our earlier
work showed that acute and systemic inflammation led to the
accelerated clearance of antibody therapeutics.” Fc recep-
tors play a major role in the homeostasis of antibodies.** The
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neonatal Fereceptor promotes antibody recycling® ** and is
downregulated by IFN-y.” In contrast, Fc receptor gamma
(FcyR) enhances clearance of antibodies™ *” and is upregu-
lated by IFN-1.*® These results suggest that inflammation can
alter the rate of antibody clearance by changing Fc receptor
expressions (and functions). The TME is often characterized
with preferential enrichment of myeloid cells that express
a high level of FcyR.* Recent studies also demonstrated
that FcyR engagement abrogated the effect of anti-PD-1 by
reprogramming macrophages into the protumor phenotype
or removal of anti-PD-1 from T cells by macrophages in the
TME.”* The treatment effect of ipilimumab was reported
to be Fc receptor dependent.” These notions are compatible
with our finding of an inverse relationship between inflam-
matory mediators (CRP and IL-6) and trough levels of ipili-
mumab as FcR triggering by the immune complex is known
to induce secretion of proinflammatory cytokines including
I1-6.* Together, we hypothesized that trough ICB levels
reflect the nature of TME. In the case of anti-PD-1, it is worth
investigating the relationship between tumor PD-L1 expres-
sion, tumor mutation burden, and the presence of myeloid
cells with trough ICB levels to see if anti-PD-1 failure in the
presence of high tumor PD-L1 expression and high muta-
tion burden is accompanied with low trough ICB levels and
a myeloid cell-rich TME. If this is the case, such patients may
benefit from a combination therapy of anti-PD-1/PD-L1 plus
myeloid cell-targeted therapy such as anti-CSF-1 receptor.”
Mass spectrometry-based direct quantification provides
more accurate measurement of mAb therapeutics with a
wider dynamic range than indirect methods, such as ELISA.
Currently, there are several ICBs approved by the US FDA:
anti-CTLA-4 (ipilimumab), anti-PD-1 (nivolumab, pembroli-
zumab, and cemiplimab), and ant-PD-L1 (avelumab,
durvalumab, and atezolizumab), and this number will likely
increase over the next several years. While ELISA is a simple
assay, it requires a different capture antibody and extensive
assay optimization for each mAb. The mass spectrometry-
based assay, on the other hand, allows the use of the same
reagents with straightforward determination of the LC/MS
settings. Thus, the mass spectrometry-based PK assay provides
a practical solution when implementing in a research or clin-
ical laboratory for potential use of trough concentration
of ICB as a biomarker. Although the process of antibody
digestion by trypsin to obtain a signature peptide is firmly
established, it requires protein denaturing, reduction, and
alkylation followed by a solid-phase extraction, which is time-
consuming and is a potential source of assay variability for
quantification. Our nSMOL assay mitigated such cumber-
some processes®* and thereby enabled reliable detection of
ICB.” Prospective study of nNSMOL in conjunction with other
markers of immune activity may allow us to predict antitumor
response and potentially elucidate mechanism(s) of primary
treatment resistance that hinder the efficacy of ICB.
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