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Summary
Background Overactivation of human epidermal growth factor receptor 3 (HER3) triggers multiple intracellular pathways 
resulting in tumor cell survival. This Phase 1 study assessed the safety, efficacy, and pharmacokinetics (PK) of seribantumab, 
a fully human anti-HER3 monoclonal antibody. Methods Adult patients with advanced or refractory solid tumors were treated 
in six dose cohorts of seribantumab: 3.2, 6, 10, 15, or 20 mg/kg weekly, or 40 mg/kg loading dose followed by 20 mg/kg 
weekly maintenance dose (40/20 mg/kg) using a modified 3 + 3 dose escalation strategy with cohort expansion. Primary 
objectives were identification of a recommended Phase 2 dose (RP2D) and determination of objective response rate. Second-
ary objectives were assessment of safety, dose-limiting toxicities, and PK. Results Forty-four patients (26 dose escalation; 18 
dose expansion) were enrolled. Seribantumab monotherapy was well tolerated with most adverse events being transient and 
mild to moderate (grade 1 or 2) in severity; maximum tolerated dose was not reached. The highest dose, 40/20 mg/kg, was 
identified as RP2D. Best response was stable disease, reported in 24% and 39% of patients during the dose escalation and 
expansion portions of the study, respectively. Seribantumab terminal half-life was ≈100 h; steady state concentrations were 
reached after 3–4 weekly doses. Conclusions Seribantumab monotherapy was well tolerated across all dose levels. Safety 
and PK data from this study support further seribantumab investigations in genomically defined populations.
Clinical trial registration NCT00734305. August 12, 2008.
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Introduction

The human epidermal growth factor receptor (HER; ERBB) 
family includes four transmembrane receptor tyrosine kinases: 
epidermal growth factor receptor (ERBB1), HER2 (ERBB2), 
HER3 (ERBB3), and HER4 (ERBB4) [1]. Homo- or heter-
odimerization between members of the ERBB family leads to 
activation of downstream signaling pathways mediating tumor 

growth, survival, and differentiation [2, 3]. The most potent 
dimerization occurs between HER2 and HER3, which results 
in enhanced signal transduction compared with other ERBB 
family dimers [4]. Elevated expression of HER3 is seen in many 
solid tumors, including lung, colorectal, breast, and ovarian can- 
cers, and is typically associated with poor prognosis [4–7].

Seribantumab (formerly MM-121; SAR256212), a fully 
human immunoglobulin (Ig) G2 anti-HER3 monoclonal 
antibody, was initially developed for the treatment of solid 
tumors in which HER3 signaling is active [8]. In recent 
in vitro studies, seribantumab has been shown to block 
ligand-dependent activation of HER3, HER2-HER3 dimeri-
zation, and, to a lesser extent, dimerization with other ERBB 
family members [9]. Of note, in tumor models harboring 
NRG1 fusions, seribantumab leads to reduced phosphoryla-
tion across the ERBB family and subsequent inhibition of 
downstream signaling pathways, including the phospho-
inositide 3-kinase protein kinase B and mitogen-activated 
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protein kinase pathways, resulting in the inhibition of cancer 
cell survival [9].

Here we present the safety, efficacy, and pharmacoki-
netic (PK) outcomes from a Phase 1 study of seribantumab 
monotherapy in patients with solid tumors (NCT00734305), 
which provide a foundation for subsequent seribantumab 
studies.

Methods

Study design and treatment

This was an open-label, Phase 1, dose escalation and dose 
expansion study of seribantumab in adult patients with 
advanced or refractory solid tumors. The study was active 
from July 2008 (first patient enrolled) to April 2012 (last 
patient completed).

The study used a modified 3 + 3 dose escalation design, 
with three to four patients in each cohort. Cohorts were 
expanded to six patients if at least one patient experienced 
a dose limiting toxicity (DLT). Seribantumab was admin-
istered weekly in 4-week cycles with no pre-medications. 
A total of six dose cohorts were explored: 3.2, 6, 10, 15, 
and 20 mg/kg weekly, and a 40 mg/kg loading dose fol-
lowed by 20 mg/kg weekly maintenance dose (40/20 mg/kg).  
In each cohort, the first dose was administered over  
090 min, with subsequent doses administered over 60 min 
if no infusion reactions were observed after the first dose. 
DLTs were defined as drug-related grade 3 or 4 hematologic 
or non-hematologic toxicities, including grade 3 or 4 infu-
sion reactions, occurring during the first 4 weeks of treat-
ment. Patients continued treatment until disease progres-
sion (assessed at Week 4 of alternate cycles) or intolerable 
toxicity. Patients enrolled in the dose expansion portion of 
the study received a dose selected based on safety and toler-
ability in the dose escalation portion of the study, to confirm 
the recommended Phase 2 dose (RP2D).

Eligibility criteria

Adult patients (aged ≥ 18 years) with advanced, refractory 
solid tumors, Eastern Cooperative Oncology Group perfor-
mance status of 0‒2 and adequate end organ function were 
eligible to enroll in the dose escalation portion of the study. 
For the dose expansion cohort, additional eligibility criteria 
were advanced or metastatic triple-negative breast cancer, 
advanced or metastatic hormone receptor-positive HER2-
negative breast cancer, or advanced or metastatic epithe-
lial ovarian, fallopian tube, or primary peritoneal cancer. 
Patients with other tumor types, including metastatic colo-
rectal cancer and non-small cell lung cancer, were evalu-
ated for eligibility on a per-patient basis. Patients for whom 

potentially curative antineoplastic therapy was available, 
patients who had received standard chemotherapy or radia-
tion within 14 days or investigational therapy within 30 days 
of study entry, and patients with untreated or symptomatic 
primary or metastatic central nervous system tumors were 
excluded from the study.

Study objectives

The primary objectives of the study were definition of the 
RP2D and determination of objective response rate per 
Response Evaluation Criteria in Solid Tumours version 1.0 
(RECIST v1.0), including clinical benefit rate. Objective 
response rate was defined as the proportion of patients with 
best overall response of complete response (CR) or partial 
response (PR). Response (CR or PR) was confirmed if two 
separate consecutive disease assessments showed tumor 
response. Clinical benefit rate was defined as proportion of 
patients who achieved overall response of confirmed CR, 
PR, or stable disease (SD) for at least 16 weeks from the 
date of tumor assessment up to and including the end of the 
study. Duration of response was defined as the time from 
first documented response until subsequently documented 
progressive disease or death. Secondary objectives included 
assessment of safety, incidence of DLTs, PK parameters, and 
progression-free survival.

Treatment-emergent adverse events (TEAEs) were cat-
egorized by System Organ Class and Preferred Term using 
Medical Dictionary for Regulatory Activities version 13.0. 
Common Terminology Criteria for Adverse Events version 
4.0 was used to categorize the severity of adverse events 
(AEs) as grade 1 to 5. All analyses were produced using 
Statistical Analysis System (SAS) version 9.2 or higher.

Pharmacokinetic analysis

Blood samples for PK analysis were collected prior to treat-
ment for each cycle, at the end of Cycles 1 and 2, and then 
2, 4, 8, 24, 48, and 72 h after the start of the first and second 
cycle of seribantumab infusion. Patient serum samples were 
analyzed at Charles River Laboratories Preclinical Services, 
Senneville, QC, Canada, using a validated enzyme-linked 
immunosorbent assay.

Statistical methods

Safety and efficacy analyses were completed on the safety 
population, defined as all patients who received at least one 
seribantumab infusion. The total number of patients enrolled 
in the dose escalation portion was dependent on the number 
of cohorts required to identify the maximum tolerated dose 
(MTD). When a DLT was experienced at a given dose, the 
cohort was expanded to six patients. The dose escalation 
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plan provided a 91% probability that dose escalation could 
proceed with doses associated with a DLT probability 
of < 10%. In the dose expansion portion, a sample size of 
30 patients allowed identification of cumulative toxicity at 
the MTD or RP2D.

Results

Patients

A total of 44 patients were enrolled in the study, 26 patients 
in the dose escalation portion and 18 patients in the dose 
expansion portion. One patient in the dose escalation por-
tion did not receive seribantumab and was excluded from 
the analysis (Table 1). Among the 43 patients who received 
at least one dose of seribantumab (safety population), 63% 
were female and the most common diagnoses (> 10% of 
patients) were colorectal (30%), breast (21%), and ovar-
ian (12%) cancer (Table 2). Median age was 62.0 (range: 
29–81) years in the dose escalation portion and 57.0 (range: 
47–71) years in the dose expansion portion. All patients 
had received at least one prior systemic therapy related to 
their cancer diagnosis; 91% (39/43) reported at least three 
and 59% (24/43) reported at least six prior lines of systemic 
therapy. The rate of treatment discontinuation due to TEAEs 
was 8% (2/25) in the dose escalation portion, whereas no 
patients in the dose expansion portion discontinued due to 
TEAEs. Overall, 18% (8/43) patients died during the study, 
with the most common cause being disease progression. No 
deaths were considered related to seribantumab.

Safety

Dose escalation

In the dose escalation portion of the study, median duration 
of exposure to seribantumab was 6 (range, 1‒23) weeks. 

All patients experienced at least one TEAE and the rate 
of grade ≥ 3 TEAEs was 48% (12/25). All-cause TEAEs 
reported in ≥ 10% of patients are summarized in Table 3. 
At least one TEAE related to seribantumab occurred in 
84% (21/25) of patients. The most common TEAEs related 
to seribantumab were nausea (44%), diarrhea (36%), fatigue 

Table 1   Patient disposition

40/20 40 mg/kg loading dose followed by 20 mg/kg maintenance dose, AE adverse event, PD progressive disease

Dose, mg/kg n Reason for withdrawal

Dose escalation (n = 26) Not dosed 1 Other (patient enrolled but not included in the safety population)
3.2 6 PD (n = 2), AE (n = 2), symptomatic deterioration (n = 2)
6 3 PD (n = 2), death (n = 1)
10 4 PD (n = 3), symptomatic deterioration (n = 1)
15 3 PD (n = 2), withdrew consent (n = 1)
20 5 PD (n = 2), withdrew consent (n = 1), symptomatic deterioration (n = 2)
40/20 4 PD (n = 3), symptomatic deterioration (n = 1)

Dose expansion (n = 18) 40/20 18 PD (n = 14), investigator decision (n = 1), symptomatic deterioration (n = 3)

Table 2   Demographics and baseline characteristics in the safety population

a n = 24
b Colorectal cancer includes colon, colorectal, rectal, and cecum can-
cers
c Ovarian cancer includes ovarian, fallopian tube, and peritoneal can-
cers
d Left hip (n = 1), site not specified (n = 1)
e Primary site not specified

Characteristic Dose escalation
(n = 25)

Dose expansion
(n = 18)

Median age, years (range) 62 (29‒81) 57 (47‒71)
Median body weight, kg (range) 75 (44‒119)a 71 (55‒140)
Sex, n (%)
 Female 12 (48) 15 (83)

Tumor type, n (%)
 Colorectal cancerb 10 (40) 3 (17)
 Breast cancer 1 (4) 8 (44)
 Ovarian cancerc 1 (4) 4 (22)
 Lung cancer 3 (12) 1 (6)
 Bladder cancer 0 1 (6)
 Melanoma 2 (8) 0
 Squamous cell carcinomad 2 (8) 0
 Pancreatic cancer 1 (4) 0
 Esophageal cancer 1 (4) 0
 Mucoepidermoid carcinomae 1 (4) 0
 Peritoneal cancer 1 (4) 0
 Prostate cancer 1 (4) 0
 Thymic carcinoma 1 (4) 0
 Urethra carcinoma 0 1 (6)
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Table 3   All-cause TEAEs 
occurring in ≥ 10% of patients 
in the safety population in either 
study portion

AST aspartate aminotransferase, TEAE treatment-emergent adverse event
a Includes grouped terms: anemia, hemoglobin decreased

TEAE, n (%) Dose escalation (n = 25) Dose expansion (n = 18)

All grades Grade ≥ 3 All grades Grade ≥ 3

At least one TEAE 25 (100) 12 (48) 18 (100) 9 (50)
 Nausea 12 (48) 0 8 (44) 1 (6)
 Diarrhea 10 (40) 0 6 (33) 2 (11)
 Fatigue 10 (40) 3 (12) 11 (61) 2 (11)
 Anemiaa 9 (36) 1 (4) 6 (33) 0
 Rash 8 (32) 0 2 (11) 0
 Decreased appetite 7 (28) 0 5 (28) 0
 Hyperglycemia 7 (28) 0 3 (17) 0
 Vomiting 6 (24) 0 6 (33) 1 (6)
 Hypokalemia 6 (24) 1 (4) 5 (28) 1 (6)
 Hypoalbuminemia 6 (24) 0 2 (11) 0
 Hypomagnesemia 6 (24) 0 1 (6) 0
 Back pain 6 (24) 0 0 0
 Hypocalcemia 5 (20) 0 1 (6) 0
 Increased alkaline phosphatase 5 (20) 0 0 0
 Abdominal pain 4 (16) 1 (4) 3 (17) 0
 Dehydration 4 (16) 1 (4) 3 (17) 1 (6)
 Dyspepsia 4 (16) 0 1 (6) 0
 Increased AST 4 (16) 0 0 0
 Decreased weight 3 (12) 0 6 (33) 0
 Dyspnea 3 (12) 1 (4) 4 (22) 2 (11)
 Dysuria 3 (12) 0 2 (11) 0
 Hyponatremia 3 (12) 1 (4) 1 (6) 0
 Constipation 3 (12) 0 1 (6) 0
 Stomatitis 3 (12) 0 1 (6) 0
 Disease progression 3 (12) 3 (12) 1 (6) 1 (6)
 Edema peripheral 3 (12) 1 (4) 1 (6) 1 (6)
 Dizziness 3 (12) 0 1 (6) 1 (6)
 Pain in extremities 3 (12) 1 (4) 0 0
 Hypotension 3 (12) 1 (4) 0 0
 Headache 2 (8) 0 2 (11) 0
 Muscle spasms 2 (8) 0 2 (11) 0
 Musculoskeletal pain 1 (4) 0 3 (17) 0
 Prolonged activated partial  

thromboplastin time
1 (4) 1 (4) 2 (11) 1 (6)

 Asthenia 1 (4) 0 2 (11) 0
 Cough 1 (4) 0 2 (11) 0
 Decreased ejection fraction 1 (4) 0 2 (11) 0
 Flank pain 1 (4) 0 2 (11) 1 (6)
 Exertional dyspnea 0 0 5 (28) 1 (6)
 Urinary tract infection 0 0 4 (22) 0
 Lymphopenia 0 0 2 (11) 0
 Pyrexia 0 0 2 (11) 0
 Thrombocytopenia 0 0 2 (11) 0
 Decreased potassium 0 0 2 (11) 0
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(28%), and skin rash (24%). No infusion-related reactions or 
dose-dependency were observed.

Serious adverse events (SAEs) occurred in 24% (6/25) 
of patients in the dose escalation portion. All-cause SAEs 
included disease progression (12% [3/25]), abdominal pain, 
acute pancreatitis, malignant neoplasm progression, tumor 
pain, confusional state, renal failure, and hypotension (4% 
[1/25] each). Of these, the grade 4 confusional state, occur-
ring in a patient receiving the lowest seribantumab dose, 
3.2 mg/kg, led to treatment discontinuation. The etiology of 
the AE was uncertain, and it was considered possibly related 
to seribantumab due to the time course and therefore scored 
as a DLT. In this patient, confusion was noticed on Day 13 
and on Day 15 the patient was admitted as an in-patient and 
seribantumab treatment was withheld. Confusion worsened 
over the following days, then resolved spontaneously on Day 
26 without sequelae. No other DLTs were reported in this 
or other dose cohorts, including the highest dose studied, 
40/20 mg/kg.

The MTD was not reached in the dose escalation portion, 
and the 40/20 mg/kg dose was considered well tolerated and 
chosen for the dose expansion portion of the study.

Dose expansion

In the dose expansion portion of the study, the median dura-
tion of exposure was 7 (range, 2‒47) weeks. All patients 
experienced at least one TEAE and the rate of grade ≥ 3 
TEAEs was 50% (9/18) (Table 3). A grade 2 infusion-
related reaction was seen in 6% (1/18) of patients. At least 
one TEAE related to seribantumab occurred in 78% (14/18) 
of patients. The most common TEAEs related to seriban-
tumab were diarrhea (33%), fatigue (33%), and decreased 
hemoglobin (28%). An occurrence of grade 3 fatigue related 
to seribantumab was reported in 6% (1/18) of patients 
(Table 3).

All-cause SAEs occurred in 44% (8/18) of patients in 
the dose expansion portion. These included lower abdomi-
nal pain, acute pancreatitis, vomiting, disease progression, 
pyrexia, exertional dyspnea, pleural effusion, arrythmia, 
dehydration, flank pain, malignant neoplasm progression, 
hydronephrosis, and ureteric obstruction (6% [1/18] each). 
None of these events were deemed related to seribantumab.

Safety with 40/20 mg/kg dose

All-cause TEAEs in 22 patients receiving the seribantumab 
40/20 mg/kg dose across the two study portions are sum-
marized in Online Resource 1. All patients experienced at 
least one TEAE and the rate of all-cause grade ≥ 3 TEAEs 
was 45% (10/22). At least one TEAE related to seribantumab 
occurred in 77% (17/22) of patients. A total of 41% (9/22) of 

patients reported SAEs; 5% (1/22) of patients had a grade ≥ 3 
TEAE related to seribantumab.

Pharmacokinetics of seribantumab

The PK of seribantumab following the first dose and sub-
sequent doses was analyzed in serum samples (Fig. 1). The 
area under the curve and serum concentration correlated 
with seribantumab dose. A dose-dependent increase in area 
under the curve (0–168 h) and maximum concentration were 
observed (Fig. 1A‒C). Some accumulation of seribantu-
mab was observed, with the area under the curve accumula-
tion ratio estimated at 1.38 (95% confidence interval [CI]: 
1.17‒1.64). Maximum concentration was reached approxi-
mately 2 h after the start of infusion and at the end of the 
infusion (Fig. 1D). The concentration of seribantumab in the 
blood declined over time with an apparent terminal half-life 
of 100 h. The half-life for the seribantumab 40/20 mg/kg 
dose following the second dose was estimated at 5.65 (95% 
CI: 2.87‒11.27) days. Increasing doses of seribantumab had 
no effect on half-life or clearance (Fig. 1E). Pre-dose blood 
concentration during repeated dosing (trough concentration 
[Ctrough]) increased over time in a dose-dependent manner.

Volume of distribution for the seribantumab 40/20 mg/ 
kg dose following the first dose was estimated at 4.42 L 
(95% CI: 2.67‒7.32) with no dose dependency observed 
(Fig. 1F). Following repeated once-weekly infusions of 
seribantumab, accumulation of seribantumab in the blood 
was observed and steady state appeared to be achieved by 
Week 1 Cycle 2, after three to four once-weekly doses had 
been administered.

In further PK modelling based on historical simulation 
data, a weight-based dosing of seribantumab 40 mg/kg or 
20 mg/kg was determined to correspond to a fixed dose of 
3 g or 1.5 g, respectively, when administered on a similar 
frequency, and was associated with comparable maximum, 
minimum and average steady state concentrations, and vari-
ability. Associations between sex, weight, and seribantumab 
clearance were found to be significant; however, no signifi-
cant association was seen between weight and volume.

Selection of RP2D

Based on prior preclinical investigations of seribantu-
mab, the maximal inhibition of tumor growth and HER3 
is known to be achieved at seribantumab trough concen-
trations ranging from 100 to 400 mg/L [8]. Specifically, in 
tumor-bearing mice (A549), treatment with seribantumab 
600 µg administered every 3 days, leading to serum trough 
levels of > 100 mg/L, was associated with up to 125% tumor 
growth inhibition. Importantly, maximal inhibition and 
downregulation of HER3 was observed after a single 600 µg 
dose, confirming the biological activity of this dose level [8].
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In the PK analyses of this study, the 40/20  mg/kg  
dose was shown to result in serum trough concentra-
tions remaining above 100  mg/L in the majority of 
patients treated (Fig. 1) and the mean Ctrough was esti-
mated at approximately 200 mg/L. These findings are 
also consistent with the PK data from a previous Phase 1 
study of seribantumab in combination with an oral pan- 
phosphoinositide 3-kinase (PI3K) inhibitor [10]. There-
fore, although no DLTs were observed with the 40/20 mg/kg  
dose in this study and MTD was not reached, evaluation 
of seribantumab at higher doses than 40/20 mg/kg was 
considered unnecessary.

Taken together, the overall tolerability of the 40/20 mg/kg  
dose combined with supporting PK data from prior pre-
clinical and clinical studies guided the dose selection for 
the dose expansion portion of the study and, subsequently, 
confirmed the 40/20 mg/kg dose as the RP2D.

Efficacy

A majority of patients received at least two cycles of serib-
antumab treatment, 64% in the dose escalation and 83% in 
the dose expansion portion (Online Resource 2). At least 
three treatment cycles were received by 20% and 40% of 
patients in the dose escalation and dose expansion portions, 
respectively. One patient in the dose expansion portion 
received 12 cycles of treatment.

No tumors showed a CR or PR and, therefore, ORR was 
0%. Best response of SD was observed in 24% (6/25) of 
patients in the dose escalation and 39% (7/18) of patients 
in the dose expansion portion (Table  4). Among the  
13 patients who experienced SD across the two study portions,  
three patients had breast cancer, two had ovarian cancer, 
two had colorectal cancer, and one patient each had bladder, 
lung, mucoepidermoid cancer, squamous cell (hip), thymic 
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or urethra carcinoma. Duration of response could not be 
assessed, as no tumors showed an objective response. In 
both study portions, 44% of patients experienced progres-
sive disease. Clinical benefit rate, defined as CR, PR, or SD 
for ≥ 16 weeks, was 0% in the dose escalation portion and 
11% (2/18) in the dose expansion portion.

Median PFS estimate was 7.1 (95% CI: 4.7‒7.4) weeks 
in the dose escalation and 7.1 (95% CI: 6.6‒15.9) weeks in 
the dose expansion portion of the study. The longest median 
PFS of 14.1 (95% CI: 7.3‒19.1) weeks was observed in the 
40/20 mg/kg cohort of the dose escalation. The longest indi-
vidual PFS observed was 47.9 weeks in a patient with ovar- 
ian cancer who had a best response of SD and received  
12 cycles of seribantumab treatment.

Discussion

The objectives of this Phase 1 study were to establish the 
RP2D and assess the safety, PK, and efficacy of seribantu-
mab monotherapy in patients with advanced or refractory 
solid tumors. A total of 43 patients with > 10 different tumor 
types were treated with seribantumab at six dose levels.

Most AEs observed in this study were transient and mild 
to moderate (grade 1 or 2) in severity. MTD was not reached 
at the seribantumab dose levels studied and there was no dose 
dependency to AEs or TEAEs. Only one DLT, grade 4 con-
fusional state that was considered possibly related to serib-
antumab, occurred with the lowest dose (3.2 mg/kg). Serib-
antumab 40/20 mg/kg, the highest dose studied, was well 
tolerated and confirmed as the RP2D in the dose expansion 
portion of the study, supported by PK findings from prior 
preclinical and clinical studies [8, 10]. Overall safety findings 
with this dose were comparable to all other doses. Infusion-
related reactions with seribantumab treatment were rare, with 
only one grade 2 event occurring in the dose expansion por-
tion. Per PK analyses, seribantumab had an apparent termi-
nal half-life of ≈100 h and steady state concentrations were 
reached after three to four once-weekly doses. No tumors 

showed a CR or PR; the best response observed was SD, 
which extended over 16 weeks in a small subset of patients. 
Taken together, these data support the RP2D of 40/20 mg/kg,  
equivalent to a fixed dosing regimen of 3 g/1.5 g weekly 
dosing, in subsequent studies of seribantumab. To date, the 
safety and tolerability of seribantumab, either as a mono-
therapy or in combination with other standard anticancer 
treatments, have been assessed in over 800 patients, demon-
strating a consistent safety profile across different regimens 
and settings. In this context, given that the only DLT reported 
in this study occurred at the lowest seribantumab dose level 
and no DLTs were reported in other patients, including those 
in the highest dose cohort, it can be concluded that this study 
showed no signal for a trend in DLT.

Targeted therapies have changed the oncology treatment 
landscape in recent years, moving toward personalized medi-
cine and customized treatment strategies for patients with 
cancers driven by genomic alterations [11]. Targeting gene 
fusions in particular increase the potential for therapeutic 
success; in contrast to gene amplification and overexpres-
sion, which are likely to be bystander events, gene fusions 
are thought to be unique oncogenic drivers [12–14].

Fusions of NRG1, the activating ligand of HER3, are rare 
genomic alterations found in 0.2%‒0.5% of all solid tumors 
and have been identified in > 10 unique tumor types [15, 16]. 
Since the completion of this study, our knowledge of NRG1 
fusions and their role in HER3 tumor biology has expanded 
notably, along with the increasing number of NRG1 fusion 
partners identified across multiple solid tumor types [12, 
17, 18]. Per current understanding, HER3 overactivation 
by NRG1 fusion proteins represents the primary driver of 
growth and survival in tumors harboring NRG1 fusions 
[17–19], and the presence (vs. absence) of NRG1 fusions has 
been shown to correlate with worsened survival outcomes in 
lung cancer, including shorter overall survival and disease-
free survival [20]. Interestingly, tumors driven by NRG1 
gene fusions are unlikely to harbor other known driver alter-
ations such as those in Kirsten rat sarcoma (KRAS) viral 
oncogene, epidermal growth factor receptor (EGFR), and 
anaplastic lymphoma kinase (ALK) [12–14].

This expansion of knowledge has led to a rational adjust-
ment in the seribantumab clinical development program, 
setting focus on solid tumors driven by NRG1 fusions 
[9, 21]. Data from preclinical studies to date demonstrate 
encouraging antitumor activity of seribantumab in cancer 
cell lines and patient-derived xenograft models of various 
tumor types, including lung, ovarian, and pancreatic tumors 
harboring different NRG1 fusions and, therefore, support 
clinical investigations of seribantumab in patients with these 
types of tumors [9].

When this Phase 1 study was performed, genomic biomark-
ers were rarely used to guide patient selection for targeted 
therapy. As a result, the patient population was heterogenous 

Table 4   Best overall responsea per RECIST v1.0

RECIST v1.0 Response Evaluation Criteria in Solid Tumours version 
1.0
a Tumor response assessments were not performed for all patients, 
only those that were reported are shown

Best response Dose escalation
(n = 25), n (%)

Dose expansion
(n = 18), n (%)

Overall response 0 0
 Complete response 0 0
 Partial response 0 0

Stable disease 6 (24) 7 (39)
Progressive disease 11 (44) 8 (44)
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and included patients with tumors refractory to previous treat-
ments, regardless of the primary site or histology. Addition-
ally, although the tumors were initially analyzed for prede-
fined biomarkers (data not reported), including HER3 protein 
and NRG1 mRNA levels, they were not analyzed for genomic 
alterations. Subsequent randomized Phase 1 and 2 studies 
identified detectable NRG1 levels as an important biomarker 
associated with seribantumab mechanism of action and poten-
tial clinical benefit when used in combination with standard 
of care agents [8, 22], but these studies did not focus on the 
potential role of seribantumab as monotherapy for patients 
with tumors harboring NRG1 gene fusions.

The results presented here demonstrate that seriban-
tumab monotherapy is generally well tolerated and asso-
ciated with manageable AEs across multiple tumor types 
in a heavily pre-treated patient population. The safety and 
PK profile of seribantumab described here, combined with 
the demonstrated preclinical activity in tumor models with 
NRG1 fusions, support a tumor agnostic strategy for fur-
ther development of seribantumab in patients with tumors 
driven by NRG1 fusions. These findings warrant further 
clinical investigations in these patients who currently have 
limited treatment options. A Phase 2 study (CRESTONE; 
NCT04383210) is ongoing and currently enrolling patients 
with advanced solid tumors harboring NRG1 fusions [21].

Acknowledgements  The authors would like to thank the patients and 
their families for their participation in this clinical study, coinvestiga-
tors, and clinical research coordinators for processing this study, James 
Murray (at Merrimack Pharmaceuticals, Inc. at the time of the study) for 
the study oversight and development of the clinical study protocol and 
Mace Rothenberg (at Vanderbilt University Medical Center as Profes-
sor of Medicine and Ingram Professor of Cancer Research at the time 
of the study) and Kwok Kin Wong (at Dana-Farber Cancer Institute at 
the time of the study) for their contributions to the initial discussions of 
the trial. Medical writing support, including assisting authors with the 
development of the outline and initial draft, and incorporation of com-
ments, was provided by Miriam Cohen, PhD, and Natasha Tracey, PhD, 
and editorial support was provided by Michelle Seddon, Dip Psych, 
all of Paragon, Knutsford, UK, supported by Elevation Oncology, Inc. 
Elevation Oncology, Inc. follows all current policies established by  
the International Committee of Medical Journal Editors and Good  
Publication Practice guidelines (https://​www.​acpjo​urnals.​org/​doi/​10.​
7326/​M15-​0288). The sponsor and prior owner of seribantumab, Mer-
rimack Pharmaceuticals, Inc. was involved in the analysis and interpre-
tation of data, as well as data checking of information provided in the 
manuscript. However, ultimate responsibility for opinions, conclusions, 
and data interpretation lies with the authors.

Authors’ contributions  CSD: Design of the work, acquisition of data 
for the work, interpretation of data for the work, and drafting and criti-
cal revision of the work.
VLK: Acquisition of data for the work, interpretation of data for the  
work, drafting, and critical revision of the work.
VM: Design of the work, study conduct, and critical revision of the  
work.
GM: Design and acquisition of preclinical data supporting the study,  
retrospective translational work, and critical revision of the work.

GIS: Design of the work, acquisition of data for the work, interpreta- 
tion of data for the work, drafting, and critical revision of the work.

Funding  The study was funded by Merrimack Pharmaceuticals, Inc. 
The manuscript was supported by Elevation Oncology, Inc.

Availability of data and material  The datasets used and/or analyzed 
during the current study are available from the corresponding author 
on reasonable request. Further details are also available via clinical@
elevationoncology.com or at https://​eleva​tiono​ncolo​gy.​com.

Declarations 

Ethics approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee, and with the 1964 Helsinki 
Declaration and its later amendments or comparable ethical standards.

Consent to participate  Informed consent was obtained from all patients 
in the study.

Consent for publication  All authors and the sponsor of the study gave 
consent to publication of this study.

Competing interests  CSD has received institutional research fund-
ing from Advaxis, Agios Pharmaceuticals, Amgen, Array BioPharma, 
AstraZeneca, Bayer, BeiGene, Bristol Myers Squibb, Eli Lilly & Co, 
Exelixis, Genentech, Genmab, ImClone, InCyte, Lycera, Macrogenics,  
MedImmune, Merrimack Pharmaceuticals, Inc., OncoMed, Pfizer, Sanofi  
Aventis, and Zymeworks. She has served on advisory boards for Astel- 
las, Bayer, BeiGene, Bristol Myers Squibb, Carevive, Eli Lilly & Co,  
EMD Serono, Exelixis, Merck, Merrimack Pharmaceuticals, Inc., and Taiho,  
and on a data safety monitoring board for Zymeworks. She has received 
writing support from Pfizer.
VLK has received institutional research funding from Adaptimmune, 
Advenchen, AstraZeneca, Bayer, Bristol Myers Squibb, CytRx, Daiichi 
Sankyo, Deciphera, Eli Lilly & Co, Genentech, ImClone, Immune De-
sign, MedPacto, Merrimack Pharmaceuticals, Inc., Pfizer, Plexxikon, 
Roche, Sanofi Aventis, Springworks, Tracon, and Threshold. She has 
served on advisory boards for Daiichi Sankyo, Janssen, and Karyop-
harm.
VM was previously an employee of Merrimack Pharmaceuticals, Inc. 
during the period of study conduct and is a co-inventor on some patents 
relating to seribantumab and other Merrimack Products, but currently 
does not own any stock/stock options at Merrimack Pharmaceuticals, 
Inc. He is currently an employee and equity holder at L.E.A.F. Phar-
maceuticals and LEAF4Life Inc.
GM was a founder, employee, and shareholder of Merrimack Pharma-
ceuticals, Inc. and is an inventor on patents relating to seribantumab. 
He is currently the Chief Scientific Officer of TScan Therapeutics.
GIS has received research funding from Eli Lilly & Co, Merck KGaA/
EMD-Serono, Merck, and Sierra Oncology. He has served on advisory 
boards for Almac, Angiex, Artios, Asana, Astex, Atrin, Bayer, Bicy-
cle Therapeutics, Boehringer Ingelheim, Concarlo Holdings, Cybrexa 
Therapeutics, CytomX Therapeutics, Daiichi Sankyo, Eli Lilly & Co, 
Fusion Pharmaceuticals, G1 Therapeutics, ImmunoMet, Ipsen, Merck 
KGaA/EMD-Serono, Pfizer, Roche, Seattle Genetics, Sierra Oncol-
ogy, Syros, and Zentalis. In addition, he holds a patent entitled, “Dos-
age regimen for sapacitabine and seliciclib,” also issued to Cyclacel 
Pharmaceuticals, and a pending patent entitled, “Compositions and 
Methods for Predicting Response and Resistance to CDK4/6 Inhibi-
tion,” together with Liam Cornell.

1611Investigational New Drugs  (2021) 39:1604–1612

123456789)1 3

https://www.acpjournals.org/doi/10.7326/M15-0288
https://www.acpjournals.org/doi/10.7326/M15-0288
https://elevationoncology.com


Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Arteaga CL (2014) Engelman JA ERBB receptors: from oncogene 
discovery to basic science to mechanism-based cancer therapeu-
tics. Cancer Cell 25(3):282–303. https://​doi.​org/​10.​1016/j.​ccr.​
2014.​02.​025

	 2.	 Dimou A (2019) Camidge DR Detection of NRG1 fusions in solid 
tumors: rare gold? Clin Cancer Res 25(16):4865–4867. https://​doi.​
org/​10.​1158/​1078-​0432.​CCR-​19-​1219

	 3.	 Trombetta D, Rossi A, Fabrizio FP, Sparaneo A, Graziano P, Fazio 
VM et al (2017) NRG1-ErbB lost in translation: a new paradigm 
for lung cancer? Curr Med Chem 24(38):4213–4228. https://​doi.​
org/​10.​2174/​09298​67324​66617​09111​70554

	 4.	 Lee-Hoeflich ST, Crocker L, Yao E, Pham T, Munroe X, Hoeflich 
KP et al (2008) A central role for HER3 in HER2-amplified breast 
cancer: implications for targeted therapy. Can Res 68(14):5878–
5887. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​08-​0380

	 5.	 Beji A, Horst D, Engel J, Kirchner T (2012) Ullrich A Toward 
the prognostic significance and therapeutic potential of HER3 
receptor tyrosine kinase in human colon cancer. Clin Cancer Res 
18(4):956–968. https://​doi.​org/​10.​1158/​1078-​0432.​ccr-​11-​1186

	 6.	 Chung YW, Kim S, Hong JH, Lee JK, Lee NW, Lee YS et al 
(2019) Overexpression of HER2/HER3 and clinical feature of 
ovarian cancer. J Gynecol Oncol 30(5):e75. https://​doi.​org/​10.​
3802/​jgo.​2019.​30.​e75

	 7.	 Lyu H, Han A, Polsdofer E, Liu S, Liu B (2018) Understanding the 
biology of HER3 receptor as a therapeutic target in human cancer. 
Acta Pharm Sin B 8(4):503–510. https://​doi.​org/​10.​1016/j.​apsb.​
2018.​05.​010

	 8.	 Schoeberl B, Kudla A, Masson K, Kalra A, Curley M, Finn G et al 
(2017) Systems biology driving drug development: from design 
to the clinical testing of the anti-ErbB3 antibody seribantumab 
(MM-121). NPJ Syst Biol Appl 3:16034. https://​doi.​org/​10.​1038/​
npjsba.​2016.​34

	 9.	 Odintsov I, Lui AJW, Sisso WJ, Gladstone E, Liu Z, Delasos 
L et al (2021) The Anti-HER3 mAb seribantumab effectively 
inhibits growth of patient-derived and isogenic cell line and 
xenograft models with oncogenic NRG1 fusions. Clin Cancer 
Res 27(11):3154–3166. https://​doi.​org/​10.​1158/​1078-​0432.​
Ccr-​20-​3605

	10.	 Abramson VG, Supko JG, Ballinger T, Cleary JM, Hilton JF, 
Tolaney SM et al (2017) Phase Ib study of safety and pharma-
cokinetics of the PI3K inhibitor SAR245408 with the HER3-
neutralizing human antibody SAR256212 in patients with solid 
tumors. Clin Cancer Res 23(14):3520–3528. https://​doi.​org/​10.​
1158/​1078-​0432.​CCR-​16-​1764

	11.	 Garinet S, Laurent-Puig P, Blons H (2018) Oudart JB Current and 
future molecular testing in NSCLC, what can we expect from new 
sequencing technologies? J Clin Med 7(6):144. https://​doi.​org/​10.​
3390/​jcm70​60144

	12.	 Fernandez-Cuesta L, Plenker D, Osada H, Sun R, Menon R, Leenders 
F et al (2014) CD74-NRG1 fusions in lung adenocarcinoma. Cancer 
Discov 4(4):415–422. https://​doi.​org/​10.​1158/​2159-​8290.​cd-​13-​0633

	13.	 Drilon A, Somwar R, Mangatt BP, Edgren H, Desmeules P, 
Ruusulehto A et al (2018) Response to ERBB3-directed tar-
geted therapy in NRG1-rearranged cancers. Cancer Discov 
8(6):686–695. https://​doi.​org/​10.​1158/​2159-​8290.​cd-​17-​1004

	14.	 Jones MR, Williamson LM, Topham JT, Lee MKC, Goytain A, 
Ho J et al (2019) NRG1 gene fusions are recurrent, clinically 
actionable gene rearrangements in KRAS wild-type pancreatic 
ductal adenocarcinoma. Clin Cancer Res 25(15):4674–4681. 
https://​doi.​org/​10.​1158/​1078-​0432.​ccr-​19-​0191

	15.	 Russo A, Lopes AR, Scilla K, Mehra R, Adamo V, Oliveira J et al 
(2020) NTRK and NRG1 gene fusions in advanced non-small cell 
lung cancer (NSCLC). Precision Cancer Med 3(14). https://​doi.​
org/​10.​21037/​pcm.​2020.​03.​02

	16.	 Stalbovskaya V, Wasserman E, Fryzek J, Bylsma LC, Sirulnik LA 
(2020) NRG1 fusion-driven cancers: a systematic literature review 
and meta-analysis. J Clin Oncol 38(15_suppl):e15605-e. https://​
doi.​org/​10.​1200/​JCO.​2020.​38.​15_​suppl.​e15605

	17.	 Jonna S, Feldman RA, Swensen J, Gatalica Z, Korn WM, 
Borghaei H et al (2019) Detection of NRG1 gene fusions in solid 
tumors. Clin Cancer Res 25(16):4966–4972. https://​doi.​org/​10.​
1158/​1078-​0432.​CCR-​19-​0160

	18.	 Laskin J, Liu SV, Tolba K, Heining C, Schlenk RF, Cheema P et al 
(2020) NRG1 fusion-driven tumors: biology, detection, and the 
therapeutic role of afatinib and other ErbB-targeting agents. Ann 
Oncol 31(12):1693–1703. https://​doi.​org/​10.​1016/j.​annonc.​2020.​
08.​2335

	19.	 Fernandez-Cuesta L (2015) Thomas RK Molecular pathways: tar-
geting NRG1 fusions in lung cancer. Clin Cancer Res 21(9):1989–
1994. https://​doi.​org/​10.​1158/​1078-​0432.​ccr-​14-​0854

	20.	 Shin DH, Lee D, Hong DW, Hong SH, Hwang JA, Lee BI et al 
(2016) Oncogenic function and clinical implications of SLC3A2-
NRG1 fusion in invasive mucinous adenocarcinoma of the 
lung. Oncotarget 7(43):69450–69465. https://​doi.​org/​10.​18632/​ 
 oncot​arget.​11913

	21.	 Bendell JC, Lim K-H, Burkard ME, Lin JJ, Chae YK, Socinski  
MA et  al (2020) Abstract PO-003: CRESTONE – Clinical  
study of response to seribantumab in tumors with neuregulin-1 
(NRG1) Fusions – A phase 2 study of the anti-HER3 mAb for 
advanced or metastatic solid tumors (NCT04383210). Cancer Res 
80(22_suppl):PO-003-PO. https://​doi.​org/​10.​1158/​1538-​7445.​
PANCA​20-​PO-​003

	22.	 Liu JF, Ray-Coquard I, Selle F, Poveda AM, Cibula D, Hirte H 
et al (2016) Randomized phase II trial of seribantumab in combi-
nation with paclitaxel in patients with advanced platinum-resistant 
or -refractory ovarian cancer. J Clin Oncol 34(36):4345–4353. 
https://​doi.​org/​10.​1200/​jco.​2016.​67.​1891

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1612 Investigational New Drugs  (2021) 39:1604–1612

1 3

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ccr.2014.02.025
https://doi.org/10.1016/j.ccr.2014.02.025
https://doi.org/10.1158/1078-0432.CCR-19-1219
https://doi.org/10.1158/1078-0432.CCR-19-1219
https://doi.org/10.2174/0929867324666170911170554
https://doi.org/10.2174/0929867324666170911170554
https://doi.org/10.1158/0008-5472.CAN-08-0380
https://doi.org/10.1158/1078-0432.ccr-11-1186
https://doi.org/10.3802/jgo.2019.30.e75
https://doi.org/10.3802/jgo.2019.30.e75
https://doi.org/10.1016/j.apsb.2018.05.010
https://doi.org/10.1016/j.apsb.2018.05.010
https://doi.org/10.1038/npjsba.2016.34
https://doi.org/10.1038/npjsba.2016.34
https://doi.org/10.1158/1078-0432.Ccr-20-3605
https://doi.org/10.1158/1078-0432.Ccr-20-3605
https://doi.org/10.1158/1078-0432.CCR-16-1764
https://doi.org/10.1158/1078-0432.CCR-16-1764
https://doi.org/10.3390/jcm7060144
https://doi.org/10.3390/jcm7060144
https://doi.org/10.1158/2159-8290.cd-13-0633
https://doi.org/10.1158/2159-8290.cd-17-1004
https://doi.org/10.1158/1078-0432.ccr-19-0191
https://doi.org/10.21037/pcm.2020.03.02
https://doi.org/10.21037/pcm.2020.03.02
https://doi.org/10.1200/JCO.2020.38.15_suppl.e15605
https://doi.org/10.1200/JCO.2020.38.15_suppl.e15605
https://doi.org/10.1158/1078-0432.CCR-19-0160
https://doi.org/10.1158/1078-0432.CCR-19-0160
https://doi.org/10.1016/j.annonc.2020.08.2335
https://doi.org/10.1016/j.annonc.2020.08.2335
https://doi.org/10.1158/1078-0432.ccr-14-0854
https://doi.org/10.18632/oncotarget.11913
https://doi.org/10.18632/oncotarget.11913
https://doi.org/10.1158/1538-7445.PANCA20-PO-003
https://doi.org/10.1158/1538-7445.PANCA20-PO-003
https://doi.org/10.1200/jco.2016.67.1891

	Phase 1 dose escalation study of seribantumab (MM-121), an anti-HER3 monoclonal antibody, in patients with advanced solid tumors
	Summary
	Introduction
	Methods
	Study design and treatment
	Eligibility criteria
	Study objectives
	Pharmacokinetic analysis
	Statistical methods

	Results
	Patients
	Safety
	Dose escalation
	Dose expansion
	Safety with 4020 mgkg dose

	Pharmacokinetics of seribantumab
	Selection of RP2D

	Efficacy

	Discussion
	Acknowledgements 
	References


