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ABSTRACT
◥

Purpose: To assess the safety and tolerability of BMS-986148, a
mesothelin-directed antibody–drug conjugate (ADC)�nivolumab,
in patients with selected tumors.

Patients and Methods: In an international phase I/IIa study
[NCT02341625 (CA008-002)], patients received BMS-986148
monotherapy (0.1–1.6 mg/kg intravenously (i.v.) every 3 weeks or
0.4 or 0.6 mg/kg i.v. once weekly; n¼ 96) or BMS-986148 0.8mg/kg
þ nivolumab 360 mg i.v. every 3 weeks (n ¼ 30). The primary
endpoint was safety and tolerability.

Results: In CA008-002, the most common (≥ 10%) treatment-
related adverse events (TRAEs) included increased aspartate
aminotransferase, alanine aminotransferase, and alkaline phos-
phatase. Grade 3/4 TRAEs occurred in 42 patients (49%) re-
ceiving BMS-986148 every 3 weeks monotherapy, three (25%)
receiving BMS-986148 once-weekly monotherapy, and 10 (33%)

receiving BMS-986148þ nivolumab every 3 weeks. Overall, 17 of
126 patients (13%) discontinued because of a TRAE. The MTD of
BMS-986148 was 1.2 mg/kg i.v. every 3 weeks. The safety profile
of BMS-986148 þ nivolumab was similar to that of BMS-986148
monotherapy (0.8 mg/kg). Active ADC exposures increased in a
dose-proportional manner with both dosing regimens (every
3 weeks and once weekly). Preliminary clinical activity was observ-
ed with BMS-986148 � nivolumab. No association between
mesothelin expression and response was detected.

Conclusions: BMS-986148 � nivolumab demonstrated a clin-
ically manageable safety profile and preliminary evidence of
clinical activity, supporting additional studies combining direct-
ed cytotoxic therapies with checkpoint inhibitors as potential
multimodal therapeutic strategies in patients with advanced solid
tumors.

Introduction
Mesothelin is a glycosylphosphatidylinositol-anchored cell surface

protein potentially involved in adhesion (1, 2). Although mesothelin
expression is restricted in normal tissues to mesothelial cells of the

pleura, including the pericardium, peritoneum, cornea, and conjunc-
tiva (1, 3), mesothelin overexpression occurs in approximately 30% of
all cancers (4). Particular tumors, including ovarian, pancreatic,
gastric, and non–small cell lung cancers (NSCLCs) andmesothelioma,
demonstrate high levels of mesothelin overexpression (1, 5). Increased
mesothelin expression has also been correlated with poor overall
survival in patients with lung and breast cancers (5–7), possibly
because aberrant mesothelin expression in cancers plays an important
role in promoting implantation and metastasis (4, 8).

Several mesothelin-directed antibody–drug conjugates (ADCs) are
under clinical development (9–11). ADC therapies target a particular
molecule (e.g., mesothelin) to selectively deliver a potent cytotoxic
compound to antigen-expressing cells, thereby reducing systemic
toxicity and improving the therapeutic index of chemotherapeutic
agents (12, 13). At least nine ADCs have been approved by the FDA for
the treatment of hematologic and solid tumors, demonstrating that
ADCs are a feasible anticancer approach (14–22). BMS-986148 is a
mesothelin-directed ADC that contains a fully human IgG1 anti-
mesothelin mAb conjugated to tubulysin [a cytotoxic compound that
disrupts microtubule assembly, leading to impaired proliferation
and subsequent apoptosis (23)] via a valine-citrulline linker (24).
BMS-986148 has an average drug-to-antibody ratio of 3 (data on file).

Combining checkpoint inhibition, such as anti-programmed death
(PD)-1, with directed cytotoxic therapies like mesothelin-directed
ADCs could promote immunogenic cell death and T-cell activation
and enhance antitumor response in selected solid tumors (25). PD-1
expression can inhibit T-cell activation and expansion of previously
activated cells; therefore, blockade of the PD-1 pathway by nivolumab
(anti–PD-1) can restore and enhance antitumor T-cell function
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and increase cytokine production, leading to improved clinical out-
comes in advanced cancers (26, 27). Tubulin-binding ADCs using
divergent chemistries but similar payloads as BMS-986148 (9, 11) have
been shown to increase counts of tumor-infiltrating lymphocytes,
including CD4- and CD8-positive cells (28). On the basis of the
mechanisms of action for BMS-986148 and nivolumab, this combi-
nation could potentially enhance antitumor effects by simultaneously
disrupting microtubules to induce apoptosis in mesothelin-positive
cancer cells, increasing tumor-infiltrating lymphocyte influx, and
reducing the immunosuppressive effects of the tumor microenviron-
ment (23, 27, 29, 30). Therefore, BMS-986148 and nivolumab may
have complementary mechanisms of action and could potentially
provide a multimodal approach to extend clinical benefits observed
with single-agent immuno-oncology therapies.

We present results from a global, phase I/IIa trial assessing
safety, tolerability, and preliminary efficacy of BMS-986148 � nivo-
lumab in patients with mesothelin-expressing tumors (CA008-002,
NCT02341625). Supporting results from a phase I, open-label study
in Japanese patients with selected advanced tumors (n ¼ 7) treated
with BMS-986148 0.8 mg/kg i.v. monotherapy every 3 weeks (CA008-
008, NCT02884726) are described in the Supplementary Data.

Patients and Methods
Study design and treatment

CA008-002 is an open-label phase I/IIa trial investigating the safety,
pharmacokinetics, pharmacodynamics, and antitumor activity of
BMS-986148 alone or in combination with nivolumab in patients
with advanced (metastatic, recurrent, refractory, and/or unresectable)
solid tumors with selected histologies [pleural or peritoneal mesothe-
lioma (except sarcomatoid mesothelioma), ovarian cancer (except
mucinous carcinoma), pancreatic cancer, gastric cancer, or NSCLC
(adenocarcinoma only)]. These indications were chosen based on the
prevalence of mesothelin positivity in solid tumors (5). This study is
being conducted at 17 sites in Australia, Belgium, Canada, Italy, the
Netherlands, the United Kingdom, and the United States. This multi-
cohort study comprises dose-escalation, dose-exploration, and dose-

expansion phases that evaluate BMS-986148 alone or in combination
with nivolumab.

In the dose-escalation phase, patients with the previously men-
tioned histologies received BMS-986148 0.1, 0.2, 0.4, 0.8, 1.2, or
1.6 mg/kg i.v. every 3 weeks (part 1A); 0.4 or 0.6 mg/kg i.v. once
weekly for 3 weeks followed by 1 week off (part 1B); or 0.8 mg/kg i.v.
every 3weeksþ nivolumab 360mg i.v. every 3weeks (part 3A). During
the dose-expansion phase, patients with mesothelioma, NSCLC, pan-
creatic, ovarian, or gastric cancer and tumor mesothelin expression as
assessed by a central laboratory (Mosaic Laboratories) received BMS-
986148 1.2 mg/kg i.v. every 3 weeks (part 2) or BMS-986148 0.8mg/kg
i.v. every 3 weeks þ nivolumab 360 mg i.v. every 3 weeks (part 3B).

Patient eligibility
Eligible patients were ≥ 18 years old and had histologically con-

firmed selected advanced solid tumors,≥ 1 lesion ofmeasurable disease
per RECIST v1.1 (or modified RECIST for malignant pleural meso-
thelioma), and an Eastern Cooperative Oncology Group performance
status of 0 or 1. Patients must have progressed on or been intolerant
of ≥ 1 standard treatment regimen; prior anticancer treatments (e.g.,
chemotherapy, radiotherapy, hormonal therapy, immunotherapy)
were permitted. Patients with NSCLC must have received prior
immunotherapy, if available. In the dose-expansion phase, patients
were required to have an H-score (31) of ≥ 100 for tumor-cell
mesothelin expression, as described below.

Key exclusion criteria included active metastases in the central
nervous system or, if the central nervous system was the only site of
disease, prior exposure to BMS-986148 or other mesothelin-directed
mAbs or ADCs, prior malignancy (except nonmelanoma skin cancers
and in situ cancers), a history of uncontrolled or significant cardio-
vascular disease, or chronic hepatitis.

All patients signed consent forms for study entry and tumor
biopsies. The protocol, amendments, and patient informed consent
formswere reviewed and approved by an Institutional ReviewBoard or
independent ethics committee before study initiation. The study was
conducted in compliance with the protocol and in accordance with
International Conference on Harmonization E6 Guidelines for Good
Clinical Practice. Compliance with this standard assures that the
rights, safety, and well-being of the enrolled patients are protected,
consistent with the principles that have their origin in the Declaration
of Helsinki, and that the clinical trial data are credible (32).

Study objectives and assessments
The primary objectives were to determine the safety, tolerability,

dose-limiting toxicities (DLTs), MTD, and recommended phase II
dose of BMS-986148 alone or in combination with nivolumab in
patients with selected advanced solid tumors. Adverse events (AEs)
were assessed according to the NCI Common Terminology Criteria
for Adverse Events (CTCAEs) version 4.03 during treatment and for
≥ 100 days after the last dose of study treatment. DLTs were deter-
mined based on the incidence, intensity, and duration of treatment-
related AEs (TRAEs) reported during the first cycle of study therapy
for patients in the dose-escalation phase (21 days for parts 1A and 3A,
and 28 days for part 1B). Doses were selected using a modified
Fibonacci dose-escalation design, whereas enrollment in dose escala-
tion and MTD determination used a modified toxicity probability
interval (mTPI) design. Key secondary objectives include pharmaco-
kinetics, pharmacodynamics, and preliminary antitumor activity.
Assessment of tumor response was observed through CT and/or MRI
at baseline, every 2 cycles (6 weeks for treatments every 3 weeks,
8 weeks for treatments once weekly; � 1 week) during the treatment

Translational Relevance

Mesothelin is a glycosylphosphatidylinositol-anchored cell-
surface glycoprotein potentially involved in adhesion and metas-
tasis. Although mesothelin is overexpressed in approximately 30%
of cancers, including mesothelioma, ovarian, pancreatic, gastric,
and non–small cell lung tumors, its expression is restricted in
normal tissues. Hence, selectively targeting mesothelin-expressing
cells with antibody-based therapies could potentially increase
efficacy and minimize systemic toxicity to extend treatment
options for patients with mesothelin-expressing tumors. BMS-
986148 is amesothelin-directed antibody–drug conjugate targeting
mesothelin-expressing cells for cytotoxic payload delivery. Pre-
clinical studies demonstrated combining BMS-986148 with the
anti-programmed death-1 mAb nivolumab could enhance antitu-
mor effects. The clinical studies presented here (NCT02341625 and
NCT02884726) demonstrate that BMS-986148� nivolumab has a
manageable safety profile in patients with selected advanced solid
tumors, with durable responses seen in a subset of patients. These
findings support continuing evaluation of mesothelin as a thera-
peutic target in advanced cancers.
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phase, followed by every 12 weeks during the response follow-up
phases by RECIST v1.1 (or modified RECIST for malignant pleural
mesothelioma). Partial response (PR) or complete response (CR) was
confirmed by consecutive assessment ≥ 4 weeks later. Patients receiv-
ing BMS-986148þ nivolumab who experienced investigator-assessed
clinical benefit, tolerance of study drug, or stable performance status
were permitted to continue treatment beyond initial RECIST v1.1–
defined progressive disease, as assessed by the investigator as long as
treatment beyond progression would not delay an imminent inter-
vention to prevent serious complications of disease progression.
Patients were to provide additional written informed consent prior
to receiving continued combination study treatment.

Serum samples for pharmacokinetic assessments were collected
from all patients receiving BMS-986148� nivolumab. Plasma samples
were collected at specified timepoints to evaluate concentrations of
conjugated and unconjugated tubulysin. Pharmacokinetic parameters
included maximum concentration and AUC determined from serum
and plasma concentration versus time data.

Mesothelin expression
Because BMS-986148 exploits mesothelin-directed targeting of the

cytotoxic payload, distribution of baseline tumor-cell levels of
mesothelin expression at the plasma membrane was assessed by IHC
on formalin-fixed, paraffin-embedded (FFPE) tumor samples, as
described below.

IHC samples from patients in the dose-escalation phases (parts 1A,
1B, and 3A) were analyzed retrospectively using archived tumor
samples. IHC samples from patients in the dose-expansion phases
(parts 2 and 3B) were assessed prospectively during the screening
period to select patients with tumor mesothelin expression with H-
score ≥ 100 for inclusion in that part of the study. This H-score cutoff
was based on the distribution of plasma membrane mesothelin
expression observed in commercially obtained tumor samples from
patients with the selected tumor types (data on file).

Histology and IHC staining and evaluation of mesothelin in FFPE
human NSCLC tissues was performed by Mosaic Laboratories. FFPE
blocks were sectioned at 4 to 5 mm onto positive charged glass slides
(Leica), dried, baked, deparaffinized, and rehydrated. Antibodies used
were mesothelin mouse monoclonal (clone 5B2) antibody (Leica) and
mouse IgG1 isotype control antibody (Abcam) and stored at �20�C.

For antigen retrieval, tissue sections were pretreated for 10 minutes
at 110�C using Envision FLEX TRS High pH 9.0 (Dako), cooled at
room temperature for 15minutes followed by a rinse in distilled water.
Endogenous peroxide was blocked using Dual Endogenous Enzyme
Blocking Reagent (catalog No. S2003, Dako). After incubation in
Serum-Free Protein Block (catalog No. X0909, Dako) for 20 minutes,
the primary antibody (Mesothelin, Leica) was applied, and the tissue
sections were incubated for 1 hour. After removal of the antibody
solution, the tissue sections were incubated with Post Primary
Block (Novolink HRP Polymer Detection Kit, catalog No. RE7150-
CE, Leica) for 30 minutes, incubated in Polymer (Novolink HRP
Polymer Detection Kit, catalog No. RE7150-CE, Leica) for 30minutes,
followed by diaminobenzidine chromogen (Novolink HRP Polymer
Detection Kit, catalog No. RE7150-CE, Leica) for 5 minutes, and
counterstained with hematoxylin (Dako), blued in ammonia water,
dehydrated through graded alcohols, cleared in xylene, and
coverslipped.

Staining intensity and percentage of tumor cells staining within the
membrane and cytoplasm were scored separately. The mesothelin
(mouse clone 5B2) assay was evaluated on a semiquantitative scale,
and the percentage of cancer cells staining at each of the following four

levels was recorded: 0 (unstained), 1þ (weak staining), 2þ (moderate
staining), and 3þ (strong staining). An H-score was calculated on the
basis of the summation of the product of percentage of cells stained
at each intensity using the following equation: (3 � % cells staining
at 3þ) þ (2� % cells staining at 2þ) þ (1� % cells staining at 1þ).
Cytoplasmic globules were also scored on the basis of staining
frequency and average staining intensity. The staining pattern was
also recorded as the following: (i) primarily apical; (ii) primarily
circumferential/basolateral; or (iii) mixed.

Statistical considerations
In the monotherapy dose-escalation parts of study CA008-002

(parts 1A and 1B), approximately 30 and 24 evaluable patients,
respectively, were expected to be treated, depending on the observed
DLT rate and guided by an mTPI, with a target DLT rate of 27%
(25%–29%) based on Bayesian modeling and posterior inference.
Between two and 13 DLT-evaluable patients were to be enrolled to a
given monotherapy cohort in part 1A. In the combination dose-
escalation part (part 3A), approximately 12 evaluable patients were
expected to be treated across two dose levels, with the sample size
per dose level guided by an mTPI design, with target DLT rate of
29% (28%–31%). Intrapatient dose escalation of BMS-986148 was
not allowed.

During the expansion phase of the study, 25 to 26 patients in the
population of interest (e.g., high H-score or 3þ staining populations)
were expected to be treated in each tumor cohort. These numbers were
based on achieving reasonable precision of the objective response rate
(ORR) using a Simon two-stage design.

Efficacy results were evaluated by tumor type, dose, and regimen for
monotherapy and combination cohorts. Individual best overall
response, duration of response (DOR), and progression-free survival
(PFS) were evaluated using RECIST v1.1 (or modified RECIST for
malignant pleural mesothelioma). The duration of response and PFS
were estimated by Kaplan–Meier methodology.

All patients who received ≥ 1 dose of study drug were evaluated
for safety parameters. All recorded AEs were listed and tabulated
by system organ class, preferred term, and treatment and evaluated
according to NCI CTCAE v4.03. Safety assessments were based
on medical review of AE reports and the results of vital-sign
measurements.

Data sharing statement
BMS’ policy on data sharing may be found at https://www.bms.

com/researchers-and-partners/independent-research.html.

Results
Patients

Between May 2015 and April 2019, 126 patients with selected
advanced tumors predicted to express high levels of mesothelin were
treated with BMS-986148 monotherapy or in combination with
nivolumab. In the dose-escalation and dose-expansion parts of the
study combined, 96 patients received BMS-986148 monotherapy
(every 3 weeks, n ¼ 84; once weekly, n ¼ 12), and 30 received
BMS-986148þ nivolumab. Baseline characteristics and demographics
of patients in CA008-002 were consistent across treatment cohorts
(Table 1). Median mesothelin expression by H-score in the plasma
membrane was 195 in patients with mesothelioma and 192 in patients
with ovarian cancer (Fig. 1).

Across all CA008-002 cohorts, the median age ranged from 62.5 to
63.5 years, and 53% of patients were male. Most patients had received
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prior systemic therapy; 41% of patients had received ≥ 3 prior
therapies. The most common tumor types were mesothelioma
and ovarian cancer. At the time of database lock (April 1, 2019),
the mean duration of BMS-986148 treatment was 15.3 weeks (range,
2.4–115.4 weeks).

The main reason for treatment discontinuation was disease
progression (BMS-986148 monotherapy every-3-weeks cohort,

67%; BMS-986148 monotherapy once-weekly cohort, 75%; combi-
nation cohort, 67%; Supplementary Table S1). Dose reductions and
treatment discontinuations were observed more frequently in the
1.2 mg/kg every 3 weeks monotherapy group (19/59, 32%) versus
the 0.8 mg/kg every 3 weeks monotherapy group (1/8, 13%).
Overall, 13% of treated patients discontinued treatment due to
TRAEs, 32% had ≥ 1 dose delay for an AE, 7% had ≥ 1 dose

Table 1. Baseline characteristics in CA008-002.a

BMS-986148
monotherapy every 3 weeks

BMS-986148
monotherapy once weeklyb

BMS-986148 þ
nivolumab every 3 weeks Total

(n ¼ 84) (n ¼ 12) (n ¼ 30) (N ¼ 126)

Median age (range), years 62.5 (30–81) 63.5 (54–78) 62.5 (46–84) 63.0 (30–84)
Sex, n (%)

Male 42 (50) 7 (58) 18 (60) 67 (53)
Female 42 (50) 5 (42) 12 (40) 59 (47)

Ethnicity, n (%)
White 75 (89) 11 (92) 30 (100) 116 (92)
Other 9 (11) 1 (8) 0 10 (8)

ECOG PS, %
0 28 (33) 5 (42) 13 (43) 46 (37)
1 56 (67) 7 (58) 17 (57) 80 (63)

No. of prior systemic therapies, n (%)
1 25 (30) 4 (33) 12 (40) 41 (33)
2 17 (20) 4 (33) 7 (23) 28 (22)
3 13 (15) 4 (33) 5 (17) 22 (17)
≥ 4 26 (31) 0 4 (13) 30 (24)

Tumor, n (%)
Mesothelioma 42 (50) 2 (17) 16 (53) 60 (48)
Ovarian cancer 26 (31) 1 (8) 2 (7) 29 (23)
Pancreatic cancer 9 (11) 9 (75) 9 (30) 27 (21)
Gastric cancer 3 (4) 0 1 (3) 4 (3)
NSCLC 4 (5) 0 2 (7) 6 (5)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; NSCLC, non–small cell lung cancer.
aData include escalation and expansion cohorts.
bOnce weekly for 3 weeks followed by 1 week off.

Figure 1.

Association between mesothelin expression level at the plasma membrane and response to BMS-986148 in mesothelioma and ovarian cancer. Response was
evaluated using RECIST 1.1 or modified RECIST for malignant pleural mesothelioma; these data include all patients enrolled across dose levels and treatment cohorts
in study CA008-002.
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omission, 6% had ≥ 1 infusion interruption, and 3% had ≥ 1
infusion rate reduction (Supplementary Table S1). Mean (SD) dose
intensity per patient was 0.35 (0.11) mg/kg/week in the BMS-
986148 monotherapy every-3-weeks cohort, 0.35 (0.09) mg/kg/
week in the BMS-986148 monotherapy once-weekly cohort, and
0.23 (0.05) mg/kg/week in the combination cohort.

Monotherapy dose escalation and expansion
In part 1A (dose escalation), six dose levels of BMS-986148 every 3

weeks (21-day cycle)were evaluated in 33patients as follows: 0.1mg/kg
(n ¼ 2), 0.2 mg/kg (n ¼ 2), 0.4 mg/kg (n ¼ 3), 0.8 mg/kg (n ¼ 8),
1.2mg/kg (n¼ 8), and 1.6mg/kg (n¼ 10). In part 1B (dose escalation),
12 patients were administered BMS-986148 0.4 mg/kg (n ¼ 8) or
0.6mg/kg (n¼ 4) in a 28-day cycle onceweekly for 3weekswith 1week
off. Part 2 (dose expansion) comprised 51 patients who had ovarian
cancer (n ¼ 22), mesothelioma (n¼ 25), or NSCLC (n ¼ 4) and were
treated with BMS-986148 1.2 mg/kg every 3 weeks.

Combination therapy dose escalation and expansion
In part 3A (dose escalation) and part 3B (dose expansion),

patients received BMS-986148 0.8 mg/kg þ nivolumab 360 mg
every 3 weeks. Part 3A comprised 11 patients who had mesothe-
lioma (n ¼ 3), ovarian cancer (n ¼ 2), NSCLC (n ¼ 2), pancreatic
cancer (n ¼ 3), or gastric cancer (n ¼ 1). Part 3B included patients
with mesothelioma (n ¼ 13) or pancreatic cancer (n ¼ 6).

Safety
For the purpose of guiding dose escalation, the DLT assessment

period occurred in the dose-escalation parts of the study (parts 1A, 1B,
and 3A) during the first cycle of treatment. All patients treated in dose
escalation were DLT evaluable. In part 1A, BMS-986148 was admin-
istered every 3 weeks in a 21-day cycle. Five of the 10 patients treated
at the 1.6 mg/kg dose level every 3 weeks reported DLTs, including
four patients with grade 3 elevations of serum transaminases lasting
> 5 days and one patient with grade 3 pleuritic pain. In part 1B, in
which BMS-986148 was administered once weekly for 3 weeks with

1 week off at 0.4 mg/kg (n ¼ 8) or 0.6 mg/kg (n ¼ 4), 1 DLT was
observed in the 0.4 mg/kg group, and 2 DLTs were observed in the
0.6 mg/kg group; the dose level of 0.6 mg/kg once weekly was
considered above the MTD. The 1.2 mg/kg every 3 weeks dose level
was determined to be theMTDand the recommended dose for the part
2 monotherapy expansion. In part 3A, 1 DLTwas observed among the
11 patients treated with BMS-986148 0.8 mg/kgþ nivolumab 360 mg
every 3weeks (Supplementary Table S2), and this dosewas used for the
combination expansion cohort. All DLTs resolved to grade 1 or
baseline levels upon treatment interruption or discontinuation.

The majority of patients experienced TRAEs: 86%, 92%, and 90%
of patients in the BMS-986148 monotherapy every 3 weeks, BMS-
986148 monotherapy once weekly, and combination cohorts, respec-
tively. The majority of TRAEs were grade 1 or 2. Among the most
common TRAEs with BMS-986148 treatment were increased aspar-
tate aminotransferase (AST), alanine aminotransferase (ALT), and
blood alkaline phosphatase (ALP) levels (Table 2). Safety in the
BMS-986148 combination with nivolumab cohort was comparable
to that in the BMS-986148 monotherapy cohort at the same dose level
(0.8 mg/kg), suggesting no additive toxicity profile with the combi-
nation (Supplementary Table S3).

Hepatic TRAEs occurred across all treatment cohorts in
CA008-002. Three patients experienced grade 4 treatment-related
liver abnormality events, including gamma-glutamyltransferase
(GGT) increased, ALT increased, and jaundice. Higher doses of
BMS-986148 were associated with an increased frequency of hepatic
TRAEs and abnormal liver function tests (LFT; Table 3; Supplemen-
tary Table S3). Similar to the experience in the dose-escalation cohort,
the majority of grade ≥ 3 hepatic TRAEs in the dose-expansion cohort
resolved with dose interruption, dose reduction, or treatment discon-
tinuation. Overall, the safety experience was similar across the BMS-
986148 monotherapy once-weekly and every-3-week cohorts and in
combination with nivolumab.

Serious TRAEs were reported in 15 patients (18%) in the BMS-
986148 monotherapy every-3-weeks cohort, two patients (17%) in the
BMS-986148 monotherapy once-weekly cohort, and seven patients

Table 2. TRAEs with BMS-986148 � nivolumab (CA008-002).

BMS-986148
monotherapy every 3 weeksa,b

BMS-986148
monotherapy once weeklyb,c

BMS-986148 þ
nivolumab every 3 weeks

(n ¼ 84) (n ¼ 12) (n ¼ 30)
Any grade Grade 3/4 Any grade Grade 3/4 Any grade Grade 3/4

Any TRAE, n (%) 72 (86) 42 (49) 11 (92) 3 (25) 27 (90) 10 (33)
TRAEs in ≥ 10% of all patients, n (%)

AST increased 41 (49) 20 (24) 4 (33) 1 (8) 9 (30) 1 (3)
ALT increased 39 (46) 17 (20) 5 (42) 2 (17) 8 (27) 1 (3)
Fatigue 34 (40) 6 (7) 5 (42) 0 8 (27) 0
Nausea 27 (32) 0 2 (17) 0 7 (23) 0
Decreased appetite 22 (26) 1 (1) 2 (17) 0 4 (13) 0
Blood ALP increased 20 (24) 5 (6) 1 (8) 0 2 (7) 0
Vomiting 15 (18) 0 0 0 2 (7) 0
Diarrhea 14 (17) 2 (2) 2 (17) 0 2 (7) 0
Abdominal pain 11 (13) 1 (1) 2 (17) 0 2 (7) 0
Dyspnea 10 (12) 2 (2) 2 (17) 0 0 0
Pleuritic pain 9 (11) 2 (4) 2 (17) 1 (8) 3 (10) 1 (3)
Dysgeusia 6 (7) 0 3 (25) 0 3 (10) 0

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
aData sorted by monotherapy every 3 weeks any grade column.
bAll dose levels combined.
cOnce weekly for 3 weeks followed by 1 week off.
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(23%) in the combination cohort. Grade ≥ 3 serious TRAEs included
abdominal pain, anemia, diarrhea, drug-induced liver injury, hepatitis,
jaundice, noncardiac chest pain, pericarditis, pleurisy, pneumonitis,
pericardial effusion, pleuritic pain, and transaminases increased.
Most of the serious TRAEs resolved with dose delay or reduction of
BMS-986148 (Supplementary Table S4). Death due to disease pro-
gression occurred in 61% of patients in the BMS-986148monotherapy
every-3-weeks cohort, 92% of patients in the BMS-986148 mono-
therapy once-weekly cohort, and 60% of patients in the combination
cohort. One treatment-related death due to pneumonitis occurred in a
patient with ovarian cancer and no pre-existing pulmonary disease in
the BMS-986148 monotherapy every-3-weeks cohort (1.2 mg/kg) on
study day 130. The patient had dyspnea for approximately 1 week
before being hospitalized on study day 123, approximately 4 months
after initiating treatment. CT scans showed bilateral reticular infiltrate,
with no evidence of cardiac pathology or definite evidence of infection.
The investigator assessed that the pneumonitis was unlikely related to
progressive disease infiltrating the lung. Death on study day 130 was
therefore attributed to treatment-related pneumonitis.

Reported ophthalmic AEs, a potential class effect of ADCs, were
mostly mild and manageable with topical treatments when indicated.
Depending on the type of event, these treatments varied from standard
saline solution eye drops (e.g., for dry eyes) to dexamethasone eye
drops (e.g., for microcystic epitheliopathy), to cataract surgery. Two
patients in the BMS-986148 monotherapy every-3-weeks cohort
(1.2 mg/kg) experienced grade 3 ophthalmic AEs: 1 patient exhibited
grade 3 keratopathy and grade 3 reduced visual acuity, neither of which
were reported as resolved, and one patient had grade 3 cataracts (both
eyes) that resolved following dose delay and surgery.

Pharmacokinetics
Total antibody and active ADC exposures increased in a dose-

proportional manner when administered every 3weeks or once weekly
(Table 4). Active ADC accumulation was not detected after multiple
doses of BMS-986148 (0.4–1.6 mg/kg). Clearance of the total antibody
and the active ADC appeared linear across doses and dosing regimens.
The volumes of distribution for the total antibody and the active
ADCwere similar to that of total human serumvolume, approximately
2 to 3 L. Unconjugated tubulysin concentrations were measurable
beginning at 0.4 mg/kg and appeared as early as 24 hours after the end
of the BMS-986148 infusion, consistent with formation-rate limited
kinetics. Unconjugated tubulysin concentrations increased with dose
in the dose-ranging BMS-986148 monotherapy cohorts and were
generally low (0.11–0.93 ng/mL) and sustained over the dosing
interval. Unconjugated tubulysin concentrations for BMS-986148 at
0.8 mg/kg given in combination with nivolumab were similar to those
in the monotherapy cohort and ranged from 0.10 to 0.49 ng/mL.

Clinical activity
Preliminary clinical activity following treatment with BMS-986148

monotherapy or in combination with nivolumab in CA008-002 was
observed in 10 of 126 patients across the escalation and expansion
cohorts (Table 5). Of 51 patients who received BMS-986148 mono-
therapy in the dose-expansion cohort, three (6%) had a confirmed PR
[one with mesothelioma (DOR, 10.35 months) and two with ovarian
cancer (DOR, 19.91 and 3.02 months)]. In addition, six of 30 patients
(20%) treatedwith BMS-986148 in combinationwith nivolumab had a
confirmed PR [four with pleural mesothelioma (DOR, 5.09, 8.97, 9.69,
and 10.47 months); one with nonpleural mesothelioma (DOR,
5.29 months); and one with pancreatic cancer (DOR, 4.96 months)]
(Supplementary Fig. S1A). Two patient cases (one patient with meso-
thelioma; one patient with ovarian cancer) are described in Supple-
mentary Fig. S2.

The disease-control rate [DCR; defined as CR, PR, or stable
disease (SD)] was 56% and 59% in patients with mesothelioma and
ovarian cancer, respectively, in the BMS-986148 monotherapy
expansion cohorts; patients with mesothelioma treated with the
combination had a DCR of 85%. The percentage changes in tumor
burden in patients with mesothelioma (Supplementary Fig. S1B)
and ovarian cancer (Supplementary Fig. S1C) are shown in the
Supplementary Data.

The distribution of baseline median H-score (mesothelin expres-
sion) at the tumor cell membrane was evaluated by tumor type and
response. Preliminary analysis revealed no significant association
between mesothelin expression level and response to BMS-986148
� nivolumab in patients with mesothelioma or ovarian carcinoma
(Fig. 1).

Discussion
On the basis of the preclinical safety profile, the potential primary

normal tissues that could be affected by BMS-986168 were eye,
serosal, gastrointestinal, liver, lymphoid, and bone marrow tissues.
Overall, the most common TRAEs were nausea, fatigue, decreased
appetite, increased AST/ALT/ALP levels, diarrhea, vomiting, dys-
pnea, abdominal pain, and pleuritic pain. One case of pneumonitis
related to treatment was observed in a patient with ovarian cancer
with para-aortic lymph node involvement (treated with BMS-
986148 monotherapy 1.2 mg/kg i.v. every 3 weeks) who died. This
was the first case of pneumonitis related to BMS-986148 and is not
explainable by any of the known mechanisms of action of BMS-
986148. The final diagnosis was drug-related pneumonitis in a
patient with no obvious clinical risk factors.

Overall, in CA008-002, the safety profile of BMS-986148 was
manageable, with the most common TRAEs being low grade and the

Table 4. Geometric mean (CV%) [n] of active ADC exposures with BMS-986148 � nivolumab (CA008-002).

BMS-986148
monotherapy every 3 weeks

BMS-986148 þ
nivolumab
every 3 weeks

BMS-986148
monotherapy once weekly

Cyclea 0.4 mg/kg 0.8 mg/kg 1.2 mg/kg 1.6 mg/kg 0.8 mg/kg 0.4 mg/kg 0.6 mg/kg

Cmax, mg/mL
(CV%) [n]

1 2.6 (76.1) [3] 15.8 (46.6) [8] 27.6 (21.6) [56] 40.0 (26.3) [10] 16.8 (26.3) [28] 8.8 (20.3) [8] 13.6 (31.0) [4]
4 — 16.1 (72.2) [3] 25.3 (24.6) [15] 24.7 (10.5) [3] 16 (15.3) [7] 6.74 (20.4) [2] —

AUCt, mg�hour/mL
(CV%) [n]

1 372 [1] 1093 (67.5) [8] 2304 (37.5) [54] 3238 (36.7) [10] 1320 (40.8) [27] 5.66 (30.1) [8] 1028 (33.4) [3]
4 — 1283 (104) [3] 2377 (47.6) [14] 1851 (20.6) [3] 1671 (26.2) [6] 680 [1] —

Abbreviations: ADC, antibody–drug conjugate; AUCt, area under the curve over the dosing interval; Cmax, maximum concentration; CV, coefficient of variation.
aCycle 1 is predose through 504 hours postdose.
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majority of serious TRAEs resolving with dose delay or reduction.
The frequency and intensity of TRAEs increased with higher doses of
BMS-986148. Upon data review of the safety and pharmacokinetic
profiles from the every 3 weeks and once-weekly dose-escalation
cohorts and to align with the nivolumab dosing schedule, the BMS-
986148 1.2 mg/kg every 3 weeks dose level was determined to be the
MTD and the recommended phase II dose for monotherapy dose
expansion. The clinical experience with BMS-986148 monotherapy in
Japanese patients treated in CA008-008 (see Supplementary Tables S5
and S6) was consistent with the findings from the larger international
CA008-002 study; no new safety signals were observed with BMS-
986148 monotherapy in these patients.

BMS-986148 in combination with nivolumab demonstrated a
similar safety profile to that of BMS-986148 monotherapy at the same
dose level (0.8 mg/kg). Preliminary evidence of clinically meaningful
antitumor activity with durable responses was observed in a limited
number of patients withmesothelioma and ovarian cancer treatedwith
BMS-986148 � nivolumab, with possibly greater response rates
observed with the combination than with monotherapy.

Hepatic TRAEs were among the most common and dose limiting
TRAEs observed with BMS-986148 monotherapy as well as in com-
bination with nivolumab. The observation of LFT abnormalities
following treatment with BMS-986148 was consistent with the known
adverse event profile of the cytotoxic payload, tubulysin, an antimitotic
agent targeting tubulin (33–35). Furthermore, preclinical studies of
both tubulysin andBMS-986148 detected increased serumAST and/or
ALT levels with skeletal muscle cell degeneration and single-cell
necrosis of hepatocytes (data on file).Most hepatic TRAEs were grades
1 to 3; however, three patients enrolled in CA008-002 experienced
grade 4 hepatic events. The frequency of LFT-related TRAEs andDLTs
increased with higher doses of BMS-986148, with the majority resolv-

ing with dose delay, reduction, or discontinuation. A possible antigen-
independent mechanism was hypothesized, whereby the payload
inhibits microtubule polymerization in Kupffer cells, macrophages,
epithelial cells, and endothelial cells, resulting in hepatic inju-
ry (23, 36, 37). Further investigation is needed to uncover why off-
target hepatotoxicity occurs in a subset of patients treated with BMS-
986148.

Patients with an abnormal hepatic laboratory panel (ALT, AST,
total bilirubin, and ALP) who met potential drug-induced liver injury
criteria were candidates for study drug discontinuation. In addition,
depending on the grade and duration of the LFT increase, treatment
with BMS-986148 was delayed, dose reduced, or discontinued. In
addition, hepatic TRAEs were evaluated and managed per approved
toxicitymanagement algorithmswhen BMS-986168 was administered
in combination with nivolumab, with dose reductions of BMS-986168
permitted (38).

As a class, ADCs are often associated with ophthalmic AEs, perhaps
because of the robust blood supply, rapidly dividing cell populations,
and abundant and variable receptors present in the eye (39). Corneal
changes, such as microcystic epithelial alterations and keratopathy
leading to blurred vision, have been documented with ADC treat-
ments (40). OphthalmicAEswere reported in< 10%of patients treated
with BMS-986148 in CA008-002, and the majority were low grade,
suggesting that targeting mesothelin or using tubulysin as a payload
may result in less ophthalmic toxicity than with other ADCmolecules.
Indeed, these types of events havemost often been reported in patients
treated with ADCs containing maytansinoid DM4 or monomethyl
auristatin-F, with blurred vision and keratopathy observed in 40% and
30% of patients, respectively (40). Treatment with anetumab, a
mesothelin-directed ADC under clinical development with a may-
tansinoid tubulin inhibitor DM4 and hindered disulfide linker (9), has

Table 5. Best overall response with BMS-986148 � nivolumab (CA008-002).

BMS-986148 monotherapy BMS-986148 þ nivolumab
All
escalation

All
expansion

Mesothelioma
expansion

Ovarian
expansion All Mesothelioma

(n ¼ 45) (n ¼ 51) (n ¼ 25) (n ¼ 22) (n ¼ 30)a (n ¼ 13)b

ORR, n (%) 1 (2)c 3 (6)d 1 (4) 2 (9) 6 (20) 3 (23)e

[95% CI] [1–12] [1–16] [0–20] [1–29] [8–39] [5–54]
Best overall response, n (%)

CR 0 0 0 0 0 0
PR 1 (2) 3 (6) 1 (4) 2 (9) 6 (20) 3 (23)
SD 10 (22) 25 (49) 13 (52) 11 (50) 14 (47) 8 (62)
PD 28 (62) 16 (31) 7 (28) 7 (32) 6 (20) 1 (8)
Not evaluable 6 (13) 0 0 0 0 0
Not reported 0 7 (14) 4 (16) 2 (9) 4 (13) 1 (8)

DCR, n (%)f 11 (24) 28 (55) 14 (56) 13 (59) 20 (67) 11 (85)
PFS, median, mo (range) NAh 2.8 (0.0, 26.5þ) 3.8 (0.0þ, 26.5þ) 2.8 (0.0þ, 24.0þ) NAh 6.5 (0.6, 19.4þ)
[95% CI]g [1.5–4.2] [1.4–9.5] [1.3–4.2] [2.6–12.1]

Abbreviations: þ, censored; CR, complete response; DCR, disease control rate; NA, not available; ORR, overall response rate; PD, progressive disease; PFS,
progression-free survival; PR, partial response; SD, stable disease.
aIncludes patients from dose-escalation and dose-expansion cohorts.
bIncludes only patients from the expansion cohort. An additional three patients with mesothelioma were treated in the escalation cohort, with two reporting
confirmed PRs lasting 9.69 and 10.41 months.
cOne patient with mesothelioma assigned to 0.8 mg/kg every 3 weeks had a confirmed PR lasting 10.22 months.
dOf four patients with NSCLC treated with monotherapy, none had a best overall response of CR or PR.
eThe mean ORR was 31% with the combination in the escalation and expansion cohorts with mesothelioma (n ¼ 16).
fDCR was defined as CR, PR, or SD.
gBy Kaplan-Meier method.
hAggregate escalation PFS data are unavailable because of the confounding variables of different dose levels in different tumor types.
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been associated with TRAEs requiring dose reduction in approxi-
mately half of patients, including keratitis (21%), blurred vision (11%),
and peripheral neuropathy (13%; ref. 41). LFT increases were reported
in 30% of patients at the MTD of anetumab (9, 41). Among the most
common toxicities observed with DMOT4039A, another mesothelin-
directed ADC composed of a monomethyl auristatin E with a valine
citrulline linker, were peripheral neuropathy (29%) and gastrointes-
tinal toxicities (11). Thus, the cytotoxic payload incorporated in the
ADCmay contribute to the frequency and nature of treatment-related
AEs, and the differences observed in the safety profiles across these
mesothelin-directed ADCs could be due to the cytotoxic payloads or
divergent conjugation chemistries (11, 40, 42).

Preclinical studies with BMS-986148 suggested the potential for
antigen-dependent ophthalmic toxicity, whereby the ADC molecule
might bind to mesothelin on corneal and conjunctival epithelial
cells, resulting in necrosis and inflammation (data on file). On the
basis of these observations, proactive monitoring and mitigation
strategies for ophthalmic AEs were carried out, which may have
enabled earlier detection and management, resulting in a less
clinically significant profile.

Assessment and mitigation strategies for possible ophthalmic AEs
included an 8-point examination at baseline (visual acuity, pupils,
extraocular motility and alignment, tonometry, visual field, external
examination, slit lamp examination, and fundoscopy) and focused
examinations (visual acuity, slit lamp, others as indicated) at predose
cycle 2, every other cycle thereafter, and end of treatment. For
symptoms of ocular toxicity at any time during treatment with
BMS-986148, dose interruption and potential dose reduction or
discontinuation were recommended followed by promptmanagement
with an ophthalmologist. However, the toxicity observed in this study
was not as prominent as that reported in other studies (40, 41). Further
assessment is needed to determine how specifically targeting mesothe-
lin affects the safety profile of BMS-986148 or other mesothelin-
directed ADCs.

Mesothelin is a promising target for anticancer therapies because it
is differentially expressed in a subset of normal tissues (1), with
overexpression occurring in particular tumors (4). On the basis of
this differential expression, patients with tumors that have higher
levels of mesothelin expression could be more likely to respond to
mesothelin-directed ADCs. Preclinical studies of BMS-986148
detected an association between mesothelin expression and response
(data on file) similar to preclinical findings for anetumab (9). Phase I
studies of anetumab monotherapy (41) and DMOT4039A monother-
apy also detected antitumor responses (11). Although most respond-
ing patients in these studies had evidence of mesothelin expression, no
significant correlation could be established, consistent with the results
from CA008-002 (11, 41).

In CA008-002, mesothelin expression was assessed retrospectively
in the escalation phase and prospectively for patient selection in the
expansion phase, whichwas limited to patients with tumors expressing
mesothelin. However, because patient numbers and responses were
limited, our preliminary analyses were not able to assess whether
mesothelin expression levels at the plasma membrane were associated
with response. Therefore, analyses in a larger patient population are
required to determinewhether the level ofmesothelin expression at the
plasma membrane, in the cytoplasm, or in patient serum is correlated
with response to BMS-986148 and whether this information could be
applied to help prospectively identify patients who may respond to
BMS-986148 treatment.

In patients with malignant pleural mesothelioma, median overall
survival has been reported as 16 months and, for patients with

extensive disease, as only 5 months with standard-of-care chemo-
therapy, surgery, and radiation (43, 44). Therefore, extending
treatment options for patients with mesothelioma is critical because
poor response outcomes occur with standard medical treatment or
surgery alone (45). Preliminary clinical activity was detected in a
subset of patients with tumors treated with BMS-986148 mono-
therapy or in combination with nivolumab, particularly in patients
with mesothelioma treated with the combination. One limitation of
CA008-002 is the absence of a comparator arm to enable increased
understanding of the contribution of BMS-986148 to the combi-
natorial clinical activity with nivolumab. Studies in patients with
mesothelioma treated with nivolumab monotherapy have reported
response rates of 22%, 26%, and 29% (46–48). Furthermore, we
observed a median PFS of 6.5 months in patients with mesothe-
lioma treated with BMS-986148 in combination with nivolumab,
which is longer than the 2.5-month (46) to 2.6-month (47) median
PFS observed with anti–PD-1 monotherapy but similar to the 6.1-
month mPFS reported by Okada and colleagues (48). Therefore,
additional data are required to understand the contribution of
components to this multimodal approach combining an anti-
mesothelin ADC and an anti–PD-1 checkpoint inhibitor, but it
could represent a novel treatment strategy for patients with met-
astatic or refractory solid tumors, including mesothelioma, who
have experienced limited increases in overall survival despite recent
therapeutic advances (5, 49).

Together, these results showed that BMS-986148 monotherapy�
nivolumab exhibited a clinically manageable safety profile in
patients with advanced tumors. Promising durable antitumor activ-
ity was also observed in some patients with selected tumors.
However, additional optimization may be needed to increase the
therapeutic index of BMS-986148. Further exploration of patients
with extended duration of response to mesothelin-directed ADCs
could potentially identify biomarkers to help further identify
patients most likely to benefit from this therapeutic approach.
These preliminary data support additional studies to assess combi-
nations of directed cytotoxic therapies with immune checkpoint
therapies to generate multimodal treatments for patients with
advanced solid tumors.
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