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Phase Il Study of Pexidartinib Plus Sirolimus in Unresectable
Malignant Peripheral Nerve Sheath Tumors Identifies M2
Macrophage Activation
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ABSTRACT ACCOMPANYING CONTENT

PURPOSE To evaluate the preliminary efficacy and safety of the combination of pex- Appendix
idartinib, an inhibitor of colony-stimulating factor-1 receptor (CSFiR), and
sirolimus, a mammalian target of rapamycin inhibitor, to target infiltrating M2

macrophages in malignant peripheral nerve sheath tumors (MPNSTSs).

Data Sharing
Statement
Protocol
PATIENTS AND
METHODS

This investigator-initiated, phase II, multicenter, single-arm trial enrolled pa-
tients with unresectable MPNSTs. Patients were treated with pexidartinib 1000 mg
and sirolimus 2 mg orally daily. The primary end point was progression-free
survival (PFS). Secondary end points included objective response, safety profile,
and overall survival (0S). Pretreatment and on-treatment tumor biopsies were
obtained to evaluate changes in the tumor microenvironment (TME) using
multiplex immunofluorescence and differential transcriptional profiling.
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RESULTS Fifteen patients with MPNSTs were enrolled and 14 initiated therapy. Eight had
neurofibromatosis type 1, five were sporadic, and one was undetermined. Although
the target sample size was 25, because of the lower-than-expected accrual during
the COVID-19 pandemic, enrollment was halted on April 12, 2023. The median PFS
and median OS were 6 weeks (95% CI, 6 to 19.1) and 17.9 weeks (95% CI, 13.7 to not
applicable), respectively. One patient achieved confirmed stable disease. Three
patients experienced PFS 212 weeks. Grade 3 treatment-related toxicities (rash
and leukopenia) occurred in four (28.6%) patients. Although the study did not meet
its primary end point, correlative analysis demonstrated that four of the five long-
term survivors had an immune-rich pretreatment TME, three of whom had a
reduction in M2-tumor-associated macrophage signal with treatment.

CONCLUSION Further studies of combination of pexidartinib and sirolimus and/or immu-

notherapy should be performed in the subset of patients with advanced MPNST
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INTRODUCTION

Malignant peripheral nerve sheath tumors (MPNSTSs) are
neoplasms of Schwann cells that represent approximately
5% of soft tissue sarcoma (STS) diagnoses each year. Pa-
tients with neurofibromatosis type 1 (NF1), one of most
common cancer predisposition syndromes, are at an ele-
vated risk, with an 8%-13% lifetime prevalence of devel-
opment of MPNSTs.! MPNSTs are in general chemotherapy-
resistant and in need of novel therapeutic options.

MPNST has a high recurrence rate of 50% despite curative-
intent surgery and a metastatic rate of 30%-60%.>3
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Unresectable or metastatic MPNST carries a dismal prog-
nosis, given its general resistance to cytotoxic chemother-
apy. Although nonmetastatic disease carries a 5-year overall
survival (0S) of 56%, the 5-year OS for metastatic disease is
merely 7.3%.* Anthracycline-based chemotherapy is the
current standard of care in advanced disease, although this
approach is associated with significant toxicity and meager
outcomes, with a reported median progression-free survival
(mPFS) of 3.9 months and a median OS (mOS) of 15
months.>¢

Targeted therapies have emerged as a promising alternative
to existing cytotoxic regimens in hopes of improved efficacy
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CONTEXT

Key Objective
Does combination therapy with pexidartinib (CSF1R inhibitor) and sirolimus (mammalian target of rapamycin inhibitor)
result in improved progression-free survival in patients with advanced malignant peripheral nerve sheath tumors
(MPNSTs)?

Knowledge Generated

The median progression-free survival did not improve in patients with MPNSTs who received pexidartinib and sirolimus.
Analysis of pretreatment tumor biopsies identified an immune-rich tumor subtype that correlates with better prognosis and
may be more suited for immunotherapy targeting drugs.

Relevance (F. Rubagumya)

This study highlights the potential role of targeting M2 macrophages in MPNSTs using a combination of pexidartinib and
sirolimus, although the primary end point of progression-free survival was not met. The findings suggest that patients with
an immune-rich tumor microenvironment may derive greater benefit, supporting the need for further investigation into
immune-targeted therapies for advanced MPNST.*

Plain Language Statement (M. Lewis)
This study tested whether combining pexidartinib and sirolimus could slow the growth of MPNSTSs. The combination did not
improve how long patients lived without their cancer worsening. However, tumors with more immune cells were linked to

better outcomes, suggesting that immunotherapy could be a better option for some patients.”

*Relevance section written by JCO Oncology Advances Associate Editor Fidel Rubagumya, MD, MMed, MPH.
Plain Language Summary written by JCO Oncology Advances Associate Editor Mark Lewis, MD.

and limiting toxicity. These are based on the growing un-
derstanding of cell-signaling pathways implicated in MPNST
pathogenesis, including various receptor tyrosine kinases
such as PDGFRq, c-Kit, and CSF-1R, as well as the mam-
malian target of rapamycin (mTOR)/AKT pathway.” How-
ever, to our knowledge, to date, no phase II trials of targeted
agents have achieved appreciable disease stabilization or
response.® Tyrosine kinase inhibitor (TKI) monotherapy
with various agents, including erlotinib (EGFR), sorafenib
(RAF, VEGFR, and c-KIT), imatinib (c-KIT, PDGFR, and
VEGFR), and dasatinib (c-KIT and SRC), have all failed to
elicit a tumor response.»*'° Similarly, recent trials com-
bining mTOR inhibitors with bevacizumab (VEGF) or
ganetespib (Hsp9o) both failed to show appreciable clinical
benefit."> At present, a tolerable and effective targeted
systemic therapy for unresectable MPNST remains elusive,
likely because of redundant signaling pathways involved in
tumor growth that are resistant to monotherapy.

Pexidartinib (previously PLX3397) is a novel small molecule
TKI that inhibits CSF-1R, KIT, and PDGEFR. It was approved for
treatment of patients with unresectable tenosynovial giant
cell tumor (TGCT), making it the first systemic therapy to
show robust tumor response in this sarcoma subtype.’
Preclinical work demonstrated that pexidartinib had ac-
tivity against MPNST cells and blocked c-KIT and AKT
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phosphorylation in a dose-dependent manner.** Pexidartinib
demonstrated a synergistic in vitro effect with mTOR inhibitor
sirolimus, where combined blockade increased apoptosis and
suppressed AKT, KIT, and S6 phosphorylation, which was not
achieved by either drug independently. As such, it appears that
the combination of pexidartinib and sirolimus resulted in
effective blockade of alternative pathways that would nor-
mally allow escape from monotherapy.*#

This preclinical study also found that combination
pexidartinib/sirolimus blocked macrophage tumor
infiltration—a promising finding, given that macrophages
constitute nearly half the mass of neurofibromas and are
correlated with disease progression.’> Macrophages are well
known to infiltrate tumors, and these tumor-associated
macrophages (TAMs) are broadly categorized as tumoricidal
M1-TAMs or tumor-promoting M2-TAMs, the latter of which
is involved in tumor growth, metastasis, and immune eva-
sion.’® Pexidartinib depletes TAMs by inhibiting the CSF-1/
CSF-1R axis, which is highly expressed in TGCT and MPNST,
and plays a role in polarization of TAMs toward the protumor
M2 phenotype.’® In a xenograft model of MPNST, pexidartinib
combined with sirolimus resulted in decreased TAMs com-
pared with monotherapy with either agent, and combination
therapy also resulted in sustained macrophage depletion a
week after treatment cessation.'s



Pexidartinib and Sirolimus in MPNST

In this context, a first-in-human phase I study of pexidartinib/
sirolimus cotreatment in STS, including MPNST, established
the therapy’s safety.’” Furthermore, combination pexidartinib/
sirolimus showed clinical benefit in MPNST, with three of
six patients demonstrating prolonged tumor stabilization,
achieving a mPFS of 18.6 weeks and mOS of 145 weeks.”
Results from this phase I trial appeared encouraging com-
pared with those of other recent trials of combination targeted
therapy, including SARC016 (everolimus/bevacizumab), with
a clinical benefit rate of 12%, and to SARC023 (sirolimus/
ganetespib), with no patients achieving clinical benefit.*"*> To
date, the longest PFS in a phase II study testing targeted
therapy in MPNST was 13 weeks with alisertib among 10
patients.’® Pretreatment and on-treatment tumor samples
after pexidartinib/sirolimus revealed selective reduction in
M2-TAMs but not M1-TAMs or cytotoxic T lymphocytes,
suggesting an M2-TAM treatment-specific effect, consistent
with the proposed biological mechanism in preclinical
studies."”

On the basis of the safety profile and promising disease sta-
bilization at the recommended phase II dose of pexidartinib and
sirolimus, a single-arm, multicenter, investigator-initiated,
phase II study was conducted at four participating sites en-
rolling patients with advanced MPNST was launched to assess
preliminary efficacy. Exploratory objectives include assessment
of the preclinical mechanism of TAM activation and infiltration
within the tumor microenvironment (TME) and analysis of
TORC1/TORC2 pathways in response to treatment on the re-
quired paired tumor biopsies.

PATIENTS AND METHODS
Study Design

This was a phase II, multicenter, open-label, single-arm
clinical trial (ClinicalTrials.gov identifier: NCT02584647)
to determine the preliminary efficacy of oral pexidartinib
with sirolimus in patients with unresectable or metastatic
MPNST. The primary end point was PFS, and secondary end
points included OS, objective response (OR), and treatment-
related adverse events (TEAEs). The study was approved by
the Columbia University Irving Medical Center institutional
review board (IRB), and subsequently by each participating
site’s IRB (Columbia IRB: IRB-AAA06059). Each patient
provided written informed consent.

Patients were treated with pexidartinib (400 mg orally am
daily, 600 mg orally pm daily) in combination with sirolimus
(2 mg orally am daily). A cycle of therapy was defined as
28 days. Adverse events were graded using CTCAE v4.03.

Response evaluation with appropriate cross-sectional im-
aging was performed every 6 weeks during the first
36 weeks, then every 8 weeks during the subsequent
36 weeks, and then every 12 weeks thereafter. Radiologic
responses were evaluated by an independent radiologic
assessment using RECIST 1.1. Preliminary efficacy was
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assessed using overall response rate and PFS. Fresh tumor
biopsy was performed at baseline within 14 days of therapy
initiation, then again in week 4 of cycle 1, with a final op-
tional biopsy at the time of progression.

Patient Eligibility

Key inclusion criteria include pathologically confirmed
unresectable MPNST, 0-3 previous systemic cytotoxic
therapies, age 218 years, Eastern Cooperative Oncology
Group 0-2, measurable lesions by RECIST, previous TEAE of
grade 1 or less, effective contraception use, and adequate
hepatic, renal, and hematologic function. Key exclusion
criteria include previous exposure to receptor TKIs or mTOR
inhibitors, concomitant antineoplastic agents, chemother-
apy or radiotherapy within 4 weeks, and targeted small
molecule therapy within 2 weeks.

Statistical Analysis

The primary end point was PFS. PFS was defined as the time
from the start of treatment until disease progression or
death from any cause. Patients who were alive and had not
progressed would be censored at the date of their last follow-
up on treatment. With a target sample size of 25, the study
had 90% power to detect a difference of 12 weeks in median
PFS assuming a 6-week median PFS in historical controls,
given a 2-sided test with an alpha of 0.05. Secondary end
points included OS, TEAEs, and OR defined as CR or PR by
RECISTv1.1. OS was defined as the time from the start of
treatment until death. Patients who were alive would be
censored at the date of their last follow-up. Kaplan-Meier
method was used to estimate median PFS and median OS
with 95% confidence intervals. Treatment-related adverse
events were summarized on the basis of maximum grade per
adverse event for each patient and reported as counts and
percentages per adverse event by grade. For baseline char-
acteristics, continuous variables were summarized as me-
dian and range while categorical variables were summarized
as counts and percentages. All patients who initiated
treatment were evaluable.

Transcriptomic Analysis

Exploratory transcriptomic analysis of the tumor immune
microenvironment via multiplexed immunofluorescence
and bulk RNAseq is described in Appendix 1.

RESULTS
Patient Demographics

From November 1, 2019, to January 19, 2023, 15 patients with
unresectable MPNST were enrolled; 14 started treatment and
were evaluable (Fig 1). The study was stopped early due to
poor enrollment because of the COVID-19 pandemic. Base-
line characteristics are summarized in Table 1. The median
age was 36.5 years (range, 19-72), and four participants
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(28.6%) were female. Eight patients had neurofibromatosis
type 1, and status for one patient was unknown. Ten patients
(71.4%) had previously received systemic therapy. Of these,
nine were previously treated with an anthracycline, six of
whom had also concurrently received ifosfamide. 5, 4, and 1
patient had received 1, 2, and 3 previous lines of therapy,
respectively. As per exclusion criteria, none had previous
exposure to tyrosine kinase or mTOR inhibitors. An inde-
pendent review of the tissue material by an expert sarcoma
pathologist revealed all tumors to be high-grade.

Clinical Activity

Patients completed a median of two cycles of therapy (range,
1-6 cycles) with >85% therapy completion, verified by
patient-reported pill diaries and by pill counts (Appendix
Fig A1). There was general concordance between patient-
reported compliance and pill count except for patient 02
where the patient did not return pill bottles, and patient 04
where the patient had additional pexidartinib pills but re-
ported taking all prescribed doses (Appendix Fig A1A and A1B).
As of September 20, 2023, no patients remained on therapy.
Twelve of 14 patients ceased therapy because of radiologic
disease progression. One patient died while on study due to
COVID-19 disease before follow-up imaging. One patient
stopped therapy due to grade 3 rash; however, imaging the
same day also demonstrated progressive disease (PD).

No patient achieved a CR or PR. One patient achieved con-
firmed stable disease (SD; Fig 2). Of the five patients with
initial SD on 6-week scan, patient 06 achieved confirmed SD

Patients assessed for eligibility (N = 20)

Patients enrolled (n = 15)

Patients who started therapy (n = 14)

Patients remaining on therapy (n = 0)

— Ineligible patients

Patients who discontinued treatment
Radiographic PD
Clinical PD
Stopped due to AE (G3 rash)?

by RECIST for a total duration of 23.6 weeks (Fig 2C). Patient
10 achieved unconfirmed SD for a total of 19.3 weeks but
lacked RECIST confirmation, as scans were conducted every
6 weeks per protocol, which did not fulfill the 8-week
minimum confirmation interval required by RECIST.
Patient 03 with initial SD had clinical progression and dis-
continued treatment prior to additional assessments. Fi-
nally, the remaining two patients (12 and 14) with initial SD
both experienced stabilization of their primary lesions by
week 12 but had PD due to the appearance of new lesions.
Four patients (06, 07, 10, and 13) survived longer than
45 weeks, two of whom survived longer than 65 weeks (06
and 07), with patient 07 still alive at last follow up after
3.2 years (Fig 2C). After discontinuation from this study,
patient 07 received alrizomadlin (APG-115) plus pem-
brolizumab (August 2021-December 2021) and ipilimumab
plus nivolumab starting January 2022 and remained on that
therapy as of last follow-up. The median PFS was 6 weeks
(95% CI, 6 to 19.14) and the median OS was 17.9 weeks (95%
CI, 13.7 to not applicable [NA]; Fig 3). The eight patients with
NF1-MPNST had median PFS and OS of 6.4 weeks (95% CI,
5.9 to NA) and 21.8 weeks (95% CI, 17.3 to NA), respectively.

Safety

The combination of pexidartinib and sirolimus was generally
well tolerated, and observed toxicities were similar to those
reported previously.”” TRAEs and grades are summarized in
Table 2. The most common TRAEs were fatigue (42.9%),
diarrhea (28.6%), white cell count and neutrophil count
decreased (28.6%), anorexia (21.4%), nausea (21.4%), and

(n=5)

—— Patient withdrew before treatment initiation (n = 1)

(n=14)
(n=12)
(n=1)
(n=1)

FIG 1. Trial flow diagram. ®Patient was taken off study for G3 rash, however
was subsequently found to have radiologic PD on the same day. AE, adverse

event; PD, progressive disease.
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TABLE 1. Baseline Characteristics (N=14)

All Patients

Characteristic (N =14)
Age at consent, years, median (range) 36.5 (19-72)
Female, No. (%) 4 (28.6)
Race, No. (%)

Black or African American 1(7.0)

Other 1(7.7)

White 12 (85.7)
Ethnicity, No. (%)

Hispanic 2 (14.3)

Not Hispanic 12 (85.7)
ECOG, No. (%)

0—fully active 11 (78.6)

1—ambulatory 3 (21.4)
Neurofibromatosis type 1, No. (%)

NF1+ 8 (57.1)

Unknown 1(7.0)
Previous surgical resection, No. (%) 14 (100)
Previous systemic therapies

Previous chemotherapy, No. (%) 10 (71.4)

Number of previous lines of chemotherapy, median (range) 1(0-3)

Anthracycline without ifosfamide, No. (%) 2 (14.3)

Anthracycline + ifosfamide, No. (%) 7 (50.0)

Gemcitabine + docetaxel, No. (%) 2 (14.3)

Immunotherapy/checkpoint inhibitor, No. (%) 1(7.1)

Abbreviations: ECOG, Eastern Cooperative Oncology Group;
neurofibromatosis type 1.

NF1,

increased AST and ALT (21.4%). Four patients experienced
grade 3 TRAEs (28.6%), most notably rash and leukopenia.
One patient discontinued therapy due to grade 3 rash. One

patient required a single dose reduction of pexidartinib for
leukopenia, which subsequently resolved. One patient ex-
perienced a grade 2 pleural effusion for which sirolimus was
held for the last 2 weeks before going off study for PD. The
majority of adverse events were grade 1 or 2.

Correlative Analysis

To investigate the pharmacodynamic effect of pexidartinib
and sirolimus on the prevalence of M2 macrophage and
mTOR activity, we performed multiplexed immunofluo-
rescence on the five patients with adequate quality pre-
treatment and on-treatment biopsies (Fig 4). CD68 staining
designated all macrophages, while CD68-/CD204-/CD206-
positive cells where phenotyped as M2 macrophages (Ap-
pendix Fig A2). Phospho-S6, a marker of mTOR activity,
decreased on post-treatment tumor samples from all five
patients, and increased in the on-progression tumor sample
available for participant 08 (Fig 4B). The proportion of
M2 tumor-associated macrophages (TAMs) declined in on-
treatment compared with pretreatment tumor samples in
four of the five patient samples tested. By contrast, intra-
tumoral M2 TAMs increased 12-fold after treatment with
pexidartinib and sirolimus in patient 11 who experienced
radiologic tumor progression (+38%) shortly after initiating
therapy (6 weeks; Fig 2B). Although pexidartinib and siro-
limus suppressed mTOR activity and prevalence of M2
macrophages reflected by decreased P-S6 and CD204
staining, respectively, participant 09’s tumor progressed
rapidly despite treatment (Fig 2B) suggesting that sup-
pression of M2 macrophage abundance and mTOR activity
may contribute toward an improved clinical outcome but are
not sufficient for tumor control in all patients with MPNST.

As an exploratory analysis, we performed bulk RNAseq on
paired tumor samples to interrogate mTOR and CSFiR

—_ Neurofibromatosis type 1 )
= = ~ Negative 07 E—
= G - ~ Postive 06—
@ * Stable disease < - Unknown 10 _
£ 100 @ 13
S 2 o 12—
@ o = 08 ENER
o 1= ‘E‘ 04 - + Disease progression
e 50 | © g 09 - ® Change in therapy
e R T 5 £ A S 01 e o Alive
. 2 11 - 4 Death
@ 20 T R T O -~~~ -~~~ =3 02 B ea
=) S )
S 4 |- = 14 I
= R 03 B = sb
(3] 05 l ® No RECIST evaluation
09 13 08 11 04 01 02 07 03 10 06 14 12 0 10 20 0 50 100 150
Patient ID Time (weeks) Time (weeks)

FIG 2. Tumor response. (A) Maximal change of tumor size from baseline assessed by an independent radiologist per RECIST v1.1 (n = 13). Percent
change from baseline represents the maximal decrease or minimal increase in target lesion(s). (B) Change in individual tumor burden over time
from baseline as assessed by RECIST 1.1 (n = 13). Patients with neurofibromatosis type 1 are depicted in red. (C) Exposure and duration of
response per RECIST 1.1 (N = 14). Time at disease progression (+), change in therapy (), PD (blue), SD (green), death (A), and alive (@) are
depicted. Patient 05 is not included in (A) and (B) due to death before any radiologic assessment. ID, identifier; PD, progressive disease; SD, stable
disease.
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FIG 3. Efficacy. Kaplan-Meier curves by RECIST version 1.1 for (A) PFS and (B) OS of 14 evaluable patients with advanced MPNST.
mOS, median 0S; mPFS, median progression-free survival; MPNST, malignant peripheral nerve sheath tumor; NA, not applicable; OS, overall
survival; PFS, progression-free survival.

activity within the TME and to identify predictive markers of Paired pretreatment and on-treatment biopsies that met
clinical benefit. Recent studies have implicated that immune quality metrics from seven patients were used to perform
programs within MPNST have prognostic significance.” differential RNAseq analysis. These were categorized into

TABLE 2. Number of Patients With Maximum-Grade Treatment-Related Adverse Events (N=14)

Adverse Event Overall, No. (%) Grade 1, No. (%) Grade 2, No. (%) Grade 3, No. (%)
Any type 13 (92.86) 5 (35.71) 4 (28.57) 4 (28.57)
Fatigue 6 (42.86) 5 (35.71) 1(7.74) 0 (0)
Diarrhea 4 (28.57) 4 (28.57) 0 (0) 0 (0)
Neutrophil count decreased 4 (28.57) 2 (14.29) 1(7.74) 1(7.14)
WBC decreased 4 (28.57) 1(7.14) 2 (14.29) 1(7.14)
ALT increased 3(21.43) 3(21.43) 0 (0) 0 (0)
Anorexia 3(21.43) 3 (21.43) 0 (0) 0 (0)
AST increased 3(21.43) 3(21.43) 0 (0) 0 (0)
Nausea 3(21.43) 2 (14.29) 1(7.14) 0 (0)
Platelet count decreased 3(21.43) 2 (14.29) 1(7.74) 0 (0)
Anemia 2 (14.29) 1(7.14) 0 (0) 1(7.14)
Constipation 2 (14.29) 2 (14.29) 0 (0) 0 (0)
Lymphocyte count decreased 2 (14.29) 0 (0) 1(7.14) 1(7.14)
Rash acneiform 2 (14.29) 1(7.14) 0 (0) 1(7.14)
Alkaline phosphatase increased 1(7.14) 1(7.14) 0 (0) 0 (0)
Arthralgia 1(7.14) 1(7.14) 0(0) 0 (0)
CD4 lymphocyte decreased 1(7.14) 0 (0) 1(7.14) 0 (0)
Dry skin 1(7.14) 1(7.14) 0 (0) 0 (0)
Dysgeusia 1(7.14) 1(7.14) 0 (0) 0 (0)
Edema limbs 1(7.14) 1(7.14) 0 (0) 0 (0)
Edema trunk 1(7.14) 1(7.74) 0 (0) 0 (0)
Eye disorders—other, specify 1(7.14) 1(7.14) 0 (0) 0 (0)
Fever 1(7.14) 1(7.14) 0 (0) 0 (0)
Hypertension 1(7.14) 1(7.14) 0 (0) 0 (0)
Insomnia 1(7.14) 1(7.14) 0 (0) 0 (0)
Myalgia 1(7.14) 1(7.14) 0 (0) 0 (0)
Pruritus 1(7.14) 0 (0) 1(7.14) 0 (0)
Urinary frequency 1(7.74) 1(7.74) 0 (0) 0 (0)
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FIG 4. Macrophage infiltration and mTOR activity. (A) Regions of viable pretreatment (top row) and on-treatment (bottom row) tumor
selected on H&E (left column) by a sarcoma pathologist for multiplexed immunofluorescence (second column) stained with antisera
against CD204 (red), CD206 (yellow), CD68 (green), CD86 (magenta), H3K (orange), IRF5 (pink), pS6 (purple), and DAPI (blue) are shown.
Classified by phenotype using inForm (Akoya) to identify tumor (H3K27me-negative; red) and macrophage (CD68-positive; green).
(B) Regions of viable pretreatment (left column) and on-treatment (second column) tumor selected on H&E by a sarcoma pathologist
stained with antisera against CD68, CD204, and phospho-S6 are depicted in the top, middle, and bottom rows, respectively. Cells within
regions defined as tumor by a sarcoma pathologist were quantified, phenotyped, and scored using inForm image analysis software.
Positive cells were normalized to all cells and reported as fold change log base 10 relative to at baseline. H&E, hematoxylin and eosin;
mTOR, mammalian target of rapamycin; On, on-treatment; PD, progressive disease; Pre, pretreatment.

three subgroups by immune score: group 1: an absolute de-
crease in immune score with therapy (06, 07, 13), group 2: no
change or increase in immune score with therapy (10, 11), and
group 3: negative initial immune score before therapy (08, 09;
Fig 5A). The patients in groups 1 and 2 had baseline tumors
that exhibited an immune-rich signature whose expression
either decreased (group 1; n = 3), or did not (group 2; n = 2),
within on-treatment tumor samples. The group 3 category
represented patients whose baseline tumor samples exhibited
minimal expression of the immune signature (N = 2). Of the
four patients with immune scores that decreased with ther-
apy, three survived the longest among the participants within
the study. Specifically regarding M2 tumor-associated mac-
rophages, all patients in group 1 experienced an absolute
decrease in M2 signature after treatment (Fig 5B). Of the four
patients with both RNAseq and multiplexed immunofluo-
rescence (mIF) data (06, 09, 11, 13), reductions (06, 13) or
increases (11) in immune scores correlated across techniques
for patients in groups 1 and 2. We also interrogated other
immune subtypes including naive B cells, CD8" T cells, and
tertiary lymphoid structures, and surprisingly found a similar
pattern of depletion on therapy, potentially negating the
beneficial effect of M2 macrophage depletion (Figs 5C-5E).
The mIF and RNAseq signature imply that a decline in M2
signature and an increase in immune score at baseline may be
predictors of an MPNST subtype that is less aggressive and
raise the possibility as to whether they may respond to im-
munotherapy. Although intriguing, these results from a small
cohort of patients are hypothesis-generating.

JCO Oncology Advances

DISCUSSION

The OS of advanced unresectable MPNST remains poor with
a median OS in the 12- to 15-month range.>*° The intro-
duction of additional cytotoxic chemotherapy such as ifos-
famide with anthracyclines achieves better initial response
rates at the expense of increased toxicity without signifi-
cantly improving 0S.' With evolving knowledge of the sig-
naling pathways implicated in MPNST growth, numerous
targeted therapies have been explored that aim to achieve
disease control without the toxicity of existing chemotherapy
regimens. However, to our knowledge, to date, none of
these novel approaches have succeeded in phase II studies.>
Trials of various TKI monotherapies or combination
therapies with mTOR inhibitors have failed to achieve
meaningful clinical benefit. mPFS approximates near
2 months with few, if any, patients achieving SD.® Evi-
dently, the promise of tolerable and precise systemic
therapy for MPNST remains elusive.

Our objective was to evaluate the efficacy of mTOR in-
hibitor sirolimus plus the TKI pexidartinib in the treat-
ment of unresectable MPNST, a combination which had
been found to have synergistic activity in preclinical
models of MPNST.* This combination was tolerable in our
first-in-human phase I trial in STS, where three of six
patients with MPNST experienced a mPFS of 18.7 weeks
and a mOS of 145.1 weeks at the recommended phase II
dose."”
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FIG 5. Reduction in ImmuneScore and M2 macrophage. (A) RNAseq analysis on paired tumor biopsies revealed a subset of patients with an on-
treatment decline in overall tumor immune signature (immune responders: 2-16, 2-17, 5-05; red). Two patients had absent immune signature
pretreatment (immune depleted: 2-19, 2-20; gray). Two patients had a stable or increased immune score (immune nonresponders: 4-01, 5-01;
blue). (B) Changes in M2-specific signature mirrored that of the overall immune score, with a subset of patients (red: 2-16, 2-17, 5-05) showing a
decrease in activated M2 signature. (C-E) Changes in (C) tertiary lymphoid structure signature, (D) naive B-cell signature, and (E) CD8* T-cell
signature are represented from pretreatment and on-treatment tumor samples. Genes PTPRCAP and IGLL3P had no expression and are not

represented.

In this study, the combination of pexidartinib and sirolimus
failed to meet the primary end point in a study that was
stopped due to poor enrollment because of the COVID-19
pandemic. The study was originally designed to have high
power and small alpha, given the heterogeneity of disease in
the patient population. On the basis of a post hoc power
calculation, with a sample size of 14, the study has 86%
power to detect a difference of 12 weeks using a one-sided
test with an alpha of 0.10. Regardless, the estimated mPFS of
6 weeks is comparable with previous studies testing targeted
therapies in unresectable MPNST and include erlotinib
(mPFS 8.7 weeks),? sorafenib (mPFS 7.4 weeks),? imatinib
(mPFS 8.3 weeks),'° and dasatinib (mPFS <8.7 weeks).?> More
recent phase II studies testing combination therapies that
include mTOR inhibitors have similarly poor outcomes, with
bevacizumab/everolimus showing a clinical benefit rate

8 | © 2025 by American Society of Clinical Oncology

(complete response, partial response, or SD 24 months) of
12%,"> and ganetespib with sirolimus achieving no clinical
benefit."* In this context, the combination of pexidartinib
plus sirolimus appears to offer no appreciable benefit at
delaying radiographic disease progression.

However, we identified tumor immune infiltration as a
promising potential prognostic marker. Generally, patients
with an immune-rich TME at baseline appeared to have
better outcomes. Whether this was a consequence of therapy
or a reflection of a less aggressive underlying tumor biology
remains unclear and warrants further investigation.

Group 1 patients (06, 07, and 13) had immune-rich tumors
with a reduction in immune signature and M2 signal after
treatment. Compared with groups 2 and 3, group 1 patients
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had better outcomes that included three of the top four
survivors. Two of these patients also had immunofluores-
cence data, which corroborated the specific reduction of
intratumoral M2 TAMs. Additionally, the reduction in
phospho-S6 signaling within these tumors illustrates the
intended effect of sirolimus.

Group 2 patients (10, 11) were also immune-rich tumors but
lacked the reduction in immune signature after therapy.
Despite the lack of immune response after therapy, one of the
two patients had above average survival (55.6 weeks). The
other patient had a clear increase in immune signature that
was corroborated by immunofluorescence, which showed a
nearly 10-fold increase in M2 macrophage population. This
patient had poor survival. As such, it seems that from the
clinical results of group 1 and 2 that these patients with
immune-rich tumors at baseline had better survival that did
not explicitly require a reduction in M2 TAMs, although frank
elevation in M2 TAM signal was only identified in the single
poor responder within these two groups. Although virtually all
patients were heavily pretreated with cytotoxic chemother-
apies, this did not appear to correlate with immune phenotype
(Appendix Table A1).

Group 3 patients (08, 09) were noted to have absent im-
mune scores in pretreatment samples, suggesting an
immune-depleted tumor phenotype. These patients had
relatively worse outcomes than their immune-rich coun-
terparts, with rapid progression (5 weeks) and only modest
survival (15-25 weeks). Both these patients had reductions
in pS6 signaling on the basis of immunofluorescence
studies, suggesting that mTOR inhibition alone is insuf-
ficient for disease control.

The sum of these results suggests two immune phenotypes
for MPNST: immune-rich and immune-deplete, the former
of which appears to have a better prognosis. These patients
with an immune-rich pretreatment TME were among the
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best survivors of this study, both from the time of initial
diagnosis of MPNST and from the time of therapy initiation
on this study (Appendix Fig A3). It is perplexing that the
phase II study did not replicate the findings from phase I,
with one possible explanation being that the patients with
MPNST treated in phase I may have been overrepresented by
the group 1 immune-rich subtype. As in other tumor his-
tologies, the immune-rich MPNST may be a less aggressive
tumor subtype, as indicated by the improved survival from
the time of initial diagnosis. The immune active subtype of
MPNST was found in low-grade MPNSTs, which correlated
with a favorable prognosis.’® By contrast, all patients who
participated in this study had high-grade MPNST, although
the patient with the highest immune expression (07) had the
best 0S. Although the prevalence of an immune-rich phe-
notype among poorly differentiated MPNST may be low, it
may still correlate with improved outcomes. These patients
may be uniquely suited to immunotherapy, an approach that
has had limited benefit in the unselected MPNST population.
One case report demonstrated complete metabolic response
in a patient with sporadic metastatic MPNST with positive
PD-L1 tumor cells.>

On the basis of the correlative studies from paired tumor
biopsies, suppression of mTOR and M2 macrophages was not
sufficient to elicit a tumor response. However, our findings
demonstrate that MPNST's that exhibit an elevated baseline
immune signature may represent a subtype with improved
outcomes. Combining sirolimus and pexidartinib with other
immune checkpoint inhibitors in this select immune-rich
subpopulation may be of interest.

In conclusion, ultimately, pexidartinib plus sirolimus ap-
pears to have limited clinical efficacy in unresectable
MPNST. However, we identified a subset of MPNSTs with an
immune-rich TME with a favorable prognosis. Further
studies on the basis of this immune-rich microenviron-
mental subset are warranted.
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APPENDIX. SUPPLEMENTARY METHODS

Additional Exclusion Criteria

Warfarin therapy, concomitant strong CYP3A4 inhibitors or inducers, previous ra-
diotherapy to >25% of bone marrow, radiotherapy within 28 days, symptomatic brain
metastases (eligible if asymptomatic and untreated at <1 cm or is treated and stable
and asymptomatic for =1 month), hepatobiliary disease including cirrhosis, auto-
immune hepatitis, fibrosis, and biliary tract disease.

Dose Monitoring and Modification

Dose modifications were permitted at any time, with holds allowed for up to 21 days.
For elevated sirolimus trough levels above 18 g/L, the dose was held for 3 days, with
two subsequent permitted dose reductions for persistently elevated trough levels
(2 mgto 1 mg, then to 0.5 mg daily). If trough levels remained persistently elevated on
the lowest 0.5 mg daily dose, sirolimus was discontinued. Pexidartinib was held for
grade >2 ALT or AST elevations without increased bilirubin and, provided resolution to
grade 0-1 within 4 weeks, dose-reduced by 200 mg. Pexidartinib and sirolimus were to
be discontinued for grade 4 ALT or AST elevations, and only could be restarted at a
reduced dose if clear alternate cause identified and resolved to grade 0-1. Pexidartinib
was permanently discontinued for alkaline phosphatase >2x upper limit of normal
(ULN) with Gamma-glutamyl Transferase >2< ULN. Clinical examinations, including
assessment Eastern Cooperative Oncology Group performance status, were per-
formed at a screening visit and weekly during the first 3 weeks, then every 2 weeks of
cycle 2, and every 4 weeks thereafter. Laboratory studies, including complete blood
count, lactate dehydrogenase, and prothrombin time/partial thromboplastin time,
were performed at screening, then weekly in cycle 1, every 2 weeks in cycle 2, and
every 4 weeks in subsequent cycles. A comprehensive metabolic panel including liver
function tests was performed weekly for the first two cycles, and every 2 weeks in
subsequent cycles. Sirolimus troughs were assessed weekly during cycle T and then
on day 1 of each subsequent cycle.

TABLE A1. Prior Chemotherapy, Grouped by Immune Response Class

Multiplexed Immunofluorescence in Paired Tumor Biopsies

Tumor sections were stained through the Columbia Human Immune Monitoring Core
for CD68 (clone KP1; Biogenex [Fremont, CA], Am416-5M), CD86 (clone E2G8P; Cell
Signaling Technology [Danvers, MA], #91882), CD204 (recombinant; Abcam [Cam-
bridge, UK], ab271070), CD206 (recombinant; Abcam, ab64693), IRF5 (clone
EPR17067; Abcam, ab181553), H3K27me3 (clone C36B171; Cell Signaling Technol-
ogies, #9733), and phospho-S6 (recombinant; Cell Signaling Technologies, #5364).
Specimens underwent serial staining with primary and secondary antibodies followed
by tyramide signal amplification with photostable Opal dyes per manufacturer
(Akoya/PerkinElmer, Marlborough, MA). Before multiplex imaging, hematoxylin and
eosin—stained sections of each sample were reviewed by an independent pathologist
for tumor regions and quality, selecting regions of interest for multispectral image
capture. Images were captured via the Akoya/PerkinElmer Vectra automated 20x
microscope. Image analysis software program inForm was used to objectively
calculate cell densities.

Bulk RNAseq for Tumor Immune Microenvironment
Analysis in Paired Tumor Specimens

Total RNA integrity was determined using Agilent Bioanalyzer or 4200 TapeStation.
Library preparation was performed with 1-50 ng of total RNA. ds-cDNA was prepared
using the SeqPlex RNA Amplification Kit (Sigma, Burlington, MA) per manufacturer's
protocol and was sequenced on an Illumina NovaSeq X Plus using paired end reads
extending 150 bases. The reads were then aligned to the Ensembl release 101
primary assembly with STAR (version 2.7.9a1).?° Gene counts were derived from the
number of uniquely aligned unambiguous reads by featureCount from Subread
(version 2.0.32).% Transcripts per million was calculated by R package IOBR (version
0.99.8).2" Immune score was calculated by R package Estimate (version 1.0.13).% R
package Singscore (1.14.0) was applied to do single sample pathway enrichment
analysis.”®

Patient ID Line 1 Line 2 Line 3
Group 1
06 Epirubicin + ifosfamide Trabectedin
07 Doxorubicin + ifosfamide
13 =
Group 2
10 Doxorubicin + ifosfamide Doxorubicin + dexrazoxane Gemcitabine + docetaxel
11 -
Group 3
08 Epirubicin + ifosfamide
09 Epirubicin + ifosfamide

Abbreviation: ID, identifier.

© 2025 by American Society of Clinical Oncology
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FIG A1. Therapy completion. (A) Duration on therapy per patient, represented in cycles and days. (B and C) Comparison of
completion of pexidartinib and sirolimus by pill count and patient diary. Patient 1-17 did not return any pill bottles. Patients 1-18 and
1-19 did not return one of two pill bottles.
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reported by H&E and stained negative for H3K27me3. H&E, hematoxylin and eosin; mTOR, mammalian target of rapamycin.

JCO Oncology Advances ascopubs.org/journal/oa


http://ascopubs.org/journal/oa

Manji et al

Time (weeks)

0 50 100 150 200 250 300 350 400 450
(|
2 m
03 ]
04 ]
o5
o6 NN
07 I

Patient ID

Group 1

[ Diagnosis to enrollment M Survival from enrollment

FIG A3. Survival from diagnosis and enroliment. Patient IDs labeled by group corresponding the
changes in tumor immune microenvironment. ID, identifier.
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