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Abstract

Purpose.—To characterize folate receptor alpha (FRa) expression in archival and fresh biopsy
tumor samples from relapsed ovarian cancer patients.

Methods.—Patients with ovarian tumors amenable to biopsy were eligible to enroll. Eligibility
included a minimum requirement of FRa positivity in archival tumor samples (=25% of cells with
=2+ staining intensity). Patients received mirvetuximab soravtansine at 6 mg/kg once every 3
weeks. Core needle biopsies were collected before and after treatment and FRa levels assessed by
immunohistochemistry. Descriptive statistics were used to summarize the association between
receptor expression and response.

Results.—Twenty-seven heavily pre-treated patients were enrolled. Six individuals (22%) did not
have evaluable pre-treatment biopsies due to insufficient tumor cells. The concordance of FRa
expression in archival and biopsy tissues was 71%, and no major shifts in receptor expression were
seen in matched pre- and post-treatment biopsy samples. Adverse events were generally mild
(<grade 2) with keratopathy (48%), fatigue (44%), diarrhea, and blurred vision (each 37%) being
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the most common treatment-related toxicities. The confirmed objective response rate (ORR) was
22%, including two complete responses and four partial responses. Superior efficacy measures
were observed in the subset of patients with the highest FRa levels (ORR, 31%; progression-free
survival, 5.4 months).

Conclusion.—Concordance of FRa expression in biopsy versus archival tumor samples
suggests that archival tissue can reliably identify patients with receptor-positive tumors and is
appropriate for patient selection in mirvetuximab soravtansine clinical trials. Regardless of the
tissue source analyzed, higher FRa expression was associated with greater antitumor activity.
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1. Introduction

Folate is a B vitamin that plays essential roles in cellular metabolism as well as DNA
synthesis, methylation, and repair [1]. Since folate is lipophilic, it requires active transport
into cells. This primarily occurs through interaction with the reduced folate carrier (RFC), a
ubiquitously-expressed protein that binds folate and promotes cellular uptake via a
bidirectional anion-exchange mechanism [2]. Folate may also enter cells via the process of
receptor-mediated endocytosis, facilitated by the folate receptor (FR) family of
glycoproteins [3], the best characterized member of which is folate receptor alpha (FRa). In
contrast to a highly restricted distribution pattern in normal tissues, aberrant over-expression
of FRa is characteristic of a variety of epithelial tumors, including ovarian carcinoma [4].
Although absent from normal ovarian epithelium, approximately 80% of epithelial ovarian
cancer (EOC) tumors constitutively express FRa [5]; moreover, elevated receptor
expression may be a negative prognostic factor with respect to chemo-therapeutic response
in this malignancy [6]. Thus, FRa has emerged as an attractive candidate for molecularly
targeted approaches designed to exploit its differential distribution pattern as a novel avenue
of therapeutic intervention in EOC [7].

A number of experimental FR-targeting agents have undergone clinical evaluation, including
the humanized anti-FRa monoclonal antibody farletuzumab and small molecule folate-
cytotoxic agent conjugate vintafolide [8-10]. While well tolerated in human studies, the
development of these agents has been hampered due to a lack of meaningful single-agent
activity in ovarian cancer patients and only modest efficacy in pivotal trials [11,12]. Notably,
the ability of FRa to internalize large molecules makes this receptor well suited for
antibody-drug conjugate (ADC)-based therapeutic approaches. ADCs are complex
engineered molecules comprised of a monoclonal antibody, directed toward tumor-
associated antigens, conjugated via a stable linker to a potent cytotoxic agent. In this
manner, ADCs couple the targeting and pharmacokinetic features of the antibody moiety
with the additional cancer-killing impact of the cytotoxic payload [13]. Mirvetuximab
soravtansine (IMGNB853) is an ADC consisting of a humanized anti-FRa antibody linked to
the maytansinoid DM4 [14]. High affinity binding of the conjugate to FRa., followed by
internalization, results in intracellular accumulation of DM4 - which subsequently acts as a
potent antimitotic agent through its ability to suppress microtubule dynamics [15,16]. In
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addition, the cleavable linker incorporated into mirvetuximab soravtansine allows active
DM4 metabolites to diffuse into proximal tumor cells and kill them, an effect termed
bystander killing [17]. Confirming design expectations, mirvetuximab soravtansine exhibits
robust antitumor activity against FRa.-expressing tumors, including preclinical models of
EOC [18].

Importantly, a maturing clinical profile has revealed manageable safety and encouraging
signs of antitumor activity for mirvetuximab soravtansine in patients with advanced ovarian
cancer [19,20]. Continued development of this promising investigational agent requires
reliable methods for detecting and quantifying FRa expression in human tumors. Patient
selection for studies of mirvetuximab soravtansine is based on FRa positivity of archival
tumor samples assessed by immunohistochemistry (IHC). Here we report the findings of an
expansion cohort study, opened as part of a Phase | trial of mirvetuximab soravtansine
monotherapy (), designed to characterize receptor expression in archival and fresh biopsy
samples obtained from a heterogeneous population of relapsed ovarian cancer patients with
FRa-positive tumors.

2. Patients and methods

2.1

Patient selection and eligibility criteria

Adults with relapsed EOC, primary peritoneal, or fallopian tube cancer that was amenable to
biopsy were eligible to enroll. Patients with primary refractory disease, clear cell or low
grade ovarian cancer were excluded. Patients had to have met the minimum requirement of
FRa positivity by immunohistochemistry (IHC; >25% of tumor staining at =2+ intensity),
based on assessment of archival tumor specimens. There was no upper limit on the number
of prior treatment regimens received. Patients had measurable or non-measureable disease
according to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [21].
Patients were also required to be =18 years of age; have an Eastern Cooperative Oncology
Group (ECOG) performance status 0 or 1; and have adequate hematologic, renal, and
hepatic function. Key exclusion criteria included neuropathy greater than grade 1; any active
or chronic corneal disorder; or a previous solid tumor malignancy with <3-year disease-free
interval except for adequately treated basal cell or squamous cell skin cancer, in situ cervical
cancer, or in situ breast cancer. All patients provided written informed consent in accordance
with federal, local and institutional guidelines.

2.2. Treatment

Patients were administered mirvetuximab soravtansine intravenously once every 3 weeks at
6.0 mg/kg (adjusted ideal body weight), established as the recommended phase 2 dose
(RP2D) during the dose-finding stage of the trial [19]. Patients continued on mirvetuximab
soravtansine until intolerable toxicity or adverse events (AES), disease progression, or
investigator/patient decision. The study was conducted in accordance with the US Food and
Drug Administration regulations, the International Conference on Harmonisation Guidelines
for Good Clinical Practice and the Declaration of Helsinki. The study was compliant with
Institutional Review Board and Independent Ethics Committee requirements. This trial is
registered at Clinical trials.gov ().
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2.3. Biomarker analyses

Fresh core needle biopsies were collected prior to the first dose of mirvetuximab
soravtansine (pre-treatment) and at Cycle 2, Day 8 (post-treatment). Immunohistochemical
(IHC) staining of archival tissues and biopsy samples was performed using an anti-FRa.
antibody (FOLRL1 2.1), generated at ImmunoGen, in an assay developed in collaboration
with, and validated at, Ventana Medical Systems (Tucson, AZ). The assay was run on a
Benchmark XT IHC staining platform. For scoring purposes, tumor samples were evaluated
in a blinded fashion by an independent, board-certified pathologist trained in the scoring
algorithm. Percent positivity of all viable tumor cells was reported based on membranous
FRa staining intensity, which was scored 0-3 for none (0), weak (1), moderate (2), or strong
staining (3), respectively. The presence of =100 viable tumor cells was required for scoring.
Tumor tissues, both archival and fresh biopsy, were scored for FRa positivity as follows:
low, 25-49% of tumor cells with =2+ staining intensity; medium, 50-74% of cells with >2+
intensity; and high, =75% of cells with =2+ intensity. Concordance between FRa positivity
of archival and fresh biopsy samples was determined by estimating the percentage
agreement of matched patient samples that met the enrollment criteria of >25% of tumor
cells with =2+ staining intensity.

2.4. Evaluation of toxicity

Baseline assessments included medical history and physical examination, ECOG
performance status, blood chemistry and hematology, ophthalmologic exam, and
electrocardiogram. Toxicities were graded according to the National Cancer Institute
Common Terminology Criteria for Adverse Events (NCI CTCAE) version 4.03 and
monitored continuously throughout the study from the time of the first study dose until 28
days after treatment cessation.

2.5. Assessment of clinical activity

During screening, radiological imaging of the chest, abdomen, and pelvis was performed.
For patients with measureable disease, overall tumor response was defined by RECIST 1.1
and assessed using computerized tomography scans performed every 6 weeks.

2.6. Statistical considerations

Descriptive statistics were used to summarize demographic and baseline characteristics and
additional analyses were performed using SAS statistical software (version 9.4). For the
safety evaluations, baseline was defined as the last available assessment prior to Cycle 1,
Day 1 and any adverse event with the same onset date as the start of study treatment or later
was reported as treatment-emergent. For the efficacy assessments, all response-evaluable
patients who had a post-baseline assessment were included in the objective response rate
analyses, along with the corresponding exact 95% Cls based on Clopper-Pearson method.
Progression-free survival was analyzed using Kaplan-Meier estimates. Subgroup analysis of
objective response rate and progression-free survival by FRa expression level was
conducted to evaluate the relationship between receptor expression and antitumor activity.
No formal statistical hypothesis was tested for association between expression and response.
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3. Results

3.1. Patient characteristics

Twenty-seven patients with relapsed ovarian cancer were enrolled in the biopsy expansion
cohort and treated with mirvetuximab soravtansine at 6.0 mg/kg. Patient demographics and
baseline characteristics are summarized in Table 1. The median age was 62 years (range, 38—
76) and the majority of patients were diagnosed with either epithelial ovarian (81%) or
fallopian tube cancer (11%). Most patients were white (93%) and had an ECOG
performance status of 1 (63%). All individuals were heavily pretreated, with a median of 4
prior systemic therapies (range, 1-11), and all had received prior platinum and taxane
exposure.

3.2. Adverse events

All 27 patients were included in the safety analyses. A total of 26 (96%) had a treatment
emergent adverse event (TEAE) deemed related to study drug. Treatment-related TEAES
occurring in >10% of patients are summarized in Table 2. The major adverse reactions seen
across the cohort were keratopathy (48%), fatigue (44%), diarrhea, and blurred vision (each
37%). In all cases these events were either grade 1 or 2 and managed with appropriate
supportive care; the corneal abnormalities and blurred vision were mild and reversible. Two
patients (7%) reported a grade >3 related TEAE. One patient experienced grade 3
hypokalemia and another had grade 4 organizing pneumonia which led to discontinuation
but resolved after withdrawal from study. No deaths related to study drug were seen during
the study.

3.3. Concordance of FRa expression in archival and biopsy samples

Representative staining images from archival samples are shown in Fig. 1A. Enrollment into
the expansion cohort was determined from archival tissues for each patient; all met the
enrollment criteria of >25% of tumor cells with >2+ staining intensity i.e. at least low FRa
expression. Six patients (22%) did not have pre-treatment biopsies evaluable for FRa IHC
due to a lack of sufficient tumor cells present. Of the 21 evaluable pre-treatment samples, 15
met the eligibility criteria, resulting in a 71% concordance rate with the archival tumor
results. The remaining 6 were scored as very low/negative (i.e., <25% with =2+ staining). Of
note, 2/5 patients deemed to be low expressers based on archival tissue (25-49% with =2+
intensity) had medium or high FRa expression in their pre-treatment biopsies (i.e. 250%).

3.4. Treatment effect on FRa expression in matched biopsy samples

In addition to pre-treatment sampling, biopsies were also taken at Cycle 2, Day 8 in order to
evaluate any changes in FRa receptor expression while patients were undergoing
mirvetuximab soravtansine therapy. Seventeen matched pre- and post-treatment biopsy pairs
were available for analysis. In the majority of cases, FRa expression remained stable
following two doses of mirvetuximab soravtansine, although reductions in post-treatment
levels were seen in some patients (primarily low expressers; Fig. 1B).
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3.5. Clinical activity based on FRa expression

All 27 patients were evaluable for efficacy and included in the analyses. Fig. 2 plots changes
in patient target lesion burden as a function of time, with individuals grouped according to
FRa levels. Regardless of the tissue source analyzed (archival or pre-treatment biopsy),
higher FRa expression was associated with greater antitumor activity. Confirmed tumor
responses were observed in 6 patients, comprising 2 complete responses (CR) and 4 partial
responses (PR), for an overall objective response rate (ORR) of 22% (Table 3). When
patients were sorted based on archival FRa positivity, the ORR in the cohort of patients with
high FRa expression was 31% (5/16), which included the two CRs. This was compared to
20% (1/5 patients) observed in the medium cohort, and lack of any objective responses in
individuals with low FRa.-expressing tumors. Further evidence of a trend toward improved
outcomes in patients with higher receptor expression was provided by the progression-free
survival (PFS) results (Table 3). The median PFS was 4.2 months (95% Cl, 2.8 to 5.4
months) for the overall population, 5.4 months (2.8, —) for the high FRa cohort, 3.9 months
(2.6, 12.7) for the medium subset, and 2.8 months (1.3, 5.4) for the low expressers.

4. Discussion

Ovarian cancer is considered a malignancy particularly amenable to the application of FRa-
targeting therapeutics [7]. The development of highly selective, directed therapies of this
type has necessitated reliable quantification of tumor FRa. expression, in order to use this
measure as a response-predictive biomarker for patient selection [4]. The initial clinical
evaluations of the first folate receptor-targeting agents (e.g. the humanized antibody
farletuzumab and the folate-cytotoxic agent conjugate vintafolide) provided critical proof-of-
concept evidence for FRa as a druggable target for cancer treatment [22—25]; unfortunately
these agents exhibited only modest single-agent activity and neither demonstrated
meaningful efficacy over chemotherapy alone when evaluated as part of combination
regimens in advanced-stage, recurrent EOC in Phase 11 trials. Of note, it has been suggested
that a contributing factor to these disappointing results, at least for farletuzumab, was a lack
of a priori patient selection for FRa expression [8]. In contrast, mirvetuximab soravtansine
as monotherapy has shown encouraging evidence of clinical activity in the setting of
platinum-resistant disease in early human studies [20], sufficient to prompt the initiation of a
pivotal Phase 1l monotherapy trial in this patient population (FORWARD I,).

Accurate assessment of a patients’ receptor status has important prognostic and diagnostic
implications for the development of FRa-selective investigational agents, particularly in
light of the molecular and cellular heterogeneity of EOC. Different methods have been used
to detect FRa expression in tumors, including recent efforts to develop non-invasive folate-
targeting radioimaging agents [26]. In this regard, ®™Tc-etarfolide, a technetium—-labeled
folate conjugate and companion imaging agent to vintafolide [27], has shown promise in the
clinical setting as a means for identifying patients likely to respond to vintafolide treatment
[25,28]. Moreover, imaging with this agent demonstrated that folate receptor-positive target
lesions were found in over 80% of patients on trial [28], a number in agreement with other
reports evaluating receptor expression in ovarian tumors using alternative detection methods

[5].
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Patient selection for human trials of mirvetuximab soravtansine is based on IHC assessment
of archival tumor tissue. This detection method offers the ability to evaluate uniformity and
intensity of FRa expression with sensitivity and specificity, as well as the distribution
pattern in order to differentiate between membrane and cytoplasmic localization. One caveat
of this approach is the possibility that the level of FRa expression observed in archival tissue
may not be representative of FRa expression at the time of treatment. Importantly, Despierre
and colleagues have reported that FRa. expression is not significantly altered in response to
chemotherapy, further supporting the rationale for targeting this receptor in the treatment of
EOC, whether newly diagnosed or at the time of recurrence [29]. However expression levels
may change during the intervening period before enrollment, due to other prior treatment
modalities or tumorigenic evolution of the recurrent and/or metastatic lesions. Indeed,
biopsy sampling typically occurs in lesions distinct from the original, primary tumors and
the inherent degree of cellular heterogeneity exhibited by EOC may influence receptor
expression. Therefore this expansion cohort was opened in order to compare FRa expression
in archival tumor and fresh biopsy samples from a heterogeneous population of patients with
relapsed ovarian cancer. A drawback of biopsy collection uncovered in the study was that a
notable proportion (22%) of pre-treatment samples lacked sufficient tumor tissue for
evaluation. This was likely related to the intrinsically small sample volume provided by a
core biopsy compared to the amount of tissue procured as part of archival tumor collection.
However, the high concordance of FRa expression in evaluable pre-treatment biopsies
versus archival tumor samples suggests that archival tissue can be reliably used to identify
patients with receptor-positive tumors, specifically with respect to pre-specified thresholds
of FRa expression. Of interest, two of five patients considered low expressers based on their
archival results were subsequently shown to express either medium or high FRa expression
in their baseline biopsies. Accordingly, fresh biopsy may now be considered as an alternative
option for enrollment purposes in mirvetuximab soravtansine trials if archival tissue is not
available or archival FRa levels fail to meet eligibility criteria.

Another objective was to compare potential receptor expression changes in response to
mirvetuximab soravtansine therapy using matched pre- and post-treatment biopsy samples. It
was found that grouping based on FRa expression was unaffected for the majority of cases
following two doses of mirvetuximab soravtansine. Some reductions were observed,
particularly in patients whose pre-treatment biopsies showed low FRa levels. Contributing
factors to this observation may include ADC-induced receptor internalization, heterogeneous
intratumoral expression of FRa, and/or elimination of cells with higher relative receptor
levels in response to treatment.

The dosing regimen used here, established as the RP2D during the escalation phase of the
same trial [19], was well tolerated by patients, with the majority of toxicities being grade <2
and only one patient in this cohort discontinued due to an AE (organizing pneumonia).
Ocular disorders, primarily corneal keratopathy and blurred vision (all grade 1 or 2), were
among the most frequently observed treatment-related adverse events and were similar in
nature to those reported for other DM4-conjugated antibodies [30]. Due to the absence of
FRa expression in the eye, it is reasonable therefore to conclude that these effects were off-
target and independent of target antigen expression. Indeed, ocular TEAEs have emerged as
an important clinical consideration for a wide range of ADCs that are directed toward
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different antigens and utilize a variety of tubulin-interacting payloads [31]. The other
principal events, fatigue and diarrhea, were readily managed with supportive care.

In this heavily pretreated ovarian cancer patient population, mirvetuximab soravtansine
demonstrated encouraging signs of clinical activity, consistent with previously reported
findings in relapsed EOC [19,20]. Although the small sample sizes precluded formal
statistical analysis of the relationship between tumor FRa. levels and efficacy, higher FRa
expression (regardless of the tissue source analyzed) appeared to be associated with greater
antitumor response, indicative of on-target activity. Based on our assay and pre-specified
groupings, approximately 60% of patients expressed either medium or high levels of FRa.,
among which two-thirds were categorized as high expressers. Moreover, the improved ORR
(including two CRs) and extended PFS observed in this high expressing subset further
underscores the importance of incorporating patient stratification, based on receptor
expression status, into the design of clinical trials.

In summary, the concordance of FRa levels in archival tissues and fresh biopsy samples
seen in this heterogeneous cohort of relapsed ovarian cancer patients suggests that tumor
receptor expression was preserved in the interval between original diagnosis and recurrence,
even after multiple lines of prior therapy. Moreover, trends toward improved efficacy
outcomes were observed in patients with higher FRa levels. Therefore
immunohistochemical assessment of archival tissue is appropriate to guide treatment
decisions in the recurrent setting, and more specifically for patient selection in clinical trials
of mirvetuximab soravtansine, including the pivotal FORWARD | study in platinum-
resistant EOC. Finally, mirvetuximab soravtansine continues to demonstrate manageable
safety and promising clinical activity in a population of patients for which few effective
therapeutic options are currently available.
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HIGHLIGHTS

. Folate receptor alpha (FRa) is a rational therapeutic target in ovarian cancer.

. FRa expression was compared in paired archival and fresh biopsy tumor
tissues.

. 71% concordance seen between samples obtained from relapsed ovarian
patients.

. Archival tissue can reliably identify patients with receptor-positive tumors.

. Higher FRa expression was associated with greater antitumor activity in this
trial.
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Fig. 1.
FRa expression scoring and receptor levels while on treatment with mirvetuximab

soravtansine. (A) Representative low, medium, and high staining patterns for FRa. (25-49%,
50-74%, and =75% of cells with =22+ intensity, respectively) from archival tumor specimens.
(B) Comparative FRa expression in matched pre- and post-treatment biopsy samples (N =
17). Color coding is based on receptor expression scored for pre-treatment specimens;
individual samples are plotted according to Cycle 2, Day 8 groupings. Very low/Negative,
<25% of cells with =2+ staining intensity.
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Fig. 2.

Percent tumor change in target lesions by archival and pre-treatment biopsy FRa expression.
Data are presented from 22 and 13 patients (archival and biopsy, respectively) as target
lesion measurements and/or tumor samples evaluable for IHC were not available for some
individuals.
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Patient demographics and baseline characteristics.

Characteristic N =27 N (%)
Age, years

Median (range) 62 (38-76)
Race

White 25 (93)

Asian 2(7)
Primary diagnosis

Epithelial ovarian cancer 22 (81)

Fallopian tube cancer 3(11)

Carcinosarcoma 1(4)

Papillary carcinoma 1(4)
Performance status

0 10 (37)

1 17 (63)
No. of prior systemic therapies

Median (range) 4 (1-11)

1-3 10 (37)

4-6 11 (41)

7+ 6 (22)
Platinum resistance

Yes 20 (74)

No 7(26)
Prior compound exposure

Platinum 27 (100)

Taxane 27 (100)

Bevacizumab 23 (85)

PARP inhibitor 9(33)
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Treatment-related adverse events reported in >10% of patients.

Table 2

Gradel Grade2 Grades3-4 Allgrades
Adverse event N % N % N % N %
Keratopathy? 7 259 6 222 0 0 13 481
Fatigue 6 222 6 222 O 0 12 444
Diarrhea 9 333 1 37 0 0 10 370
Vision blurred 4 148 6 222 0 0 10 37.0
Nausea 6 222 1 37 0 0 7 25.9
Peripheral neuropathyb 5 185 2 74 0 0 7 25.9
AST increased 7 259 0 O 0 0 7 25.9
ALT increased 6 222 0 0 0 0 6 22.2
Headache 4 148 1 37 0 0 5 18.5
Pneumonitis 3 111 1 37 0 0 4 14.8
Dry eye 2 74 2 74 0 0 4 148
Decreased appetite 2 74 1 37 0 0 3 111
Dyspnea 1 37 2 74 0 0 3 111
Platelet count decreased 3 11.1 0 0 0 0 3 111

AST, aspartate aminotransferase; ALT, alanine aminotransferase.
a . . S L .
Grouped term that includes corneal cyst, corneal deposits, corneal epithelial microcysts, keratitis, keratopathy, and punctate keratitis.

bGrouped term that includes neuropathy peripheral, peripheral sensory neuropathy, and paresthesia.
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Table 3

Relationship of antitumor activity with archival FRa expression level.

FRa expression  No. of patients CR PR ORRN (%) PFS (months) PFS 95% CI

Low 6 0 0 0(0) 2.8 (1.3,5.4)
Medium 5 0 1 1(200) 3.9 (2.6,12.7)
High 16 2 3 5(313) 5.4 (2.8,-)
Overall 27 2 4 6(222) 42 (2.8,5.4)

CR, complete response; PR, partial response; ORR, objective response rate; PFS, progression-free survival; Cl, confidence interval.
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