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Background: Activation of leukemia inhibitory factor (LIF) is linked to an immunosuppressive tumor microenvironment
(TME), with a strong association between LIF expression and tumor-associated macrophages (TAMs). MSC-1 (AZD0171)
is a humanized monoclonal antibody that binds with high affinity to LIF, promoting antitumor inflammation through
TAM modulation and cancer stem cell inhibition, slowing tumor growth. In this phase I, first-in-human, open-label,
dose-escalation study, MSC-1 monotherapy was assessed in patients with advanced, unresectable solid tumors.
Materials and methods: Using accelerated-titration dose escalation followed by a 3 þ 3 design, MSC-1 doses of
75-1500 mg were administered intravenously every 3 weeks (Q3W) until progression or unmanageable toxicity.
Additional patients were enrolled in selected cohorts to further evaluate safety, pharmacokinetics (PK), and
pharmacodynamics after escalation to the next dose had been approved. The primary objective was characterizing
safety and determining the recommended phase II dose (RP2D). Evaluating antitumor activity and progression-free
survival (PFS) by RECIST v1.1, PK and immunogenicity were secondary objectives. Exploratory objectives included
pharmacodynamic effects on circulating LIF and TME immune markers.
Results: Forty-one patients received treatment. MSC-1 monotherapy was safe and well tolerated at all doses, with no
dose-limiting toxicities. The maximum tolerated dose was not reached and the RP2D was determined to be 1500 mg
Q3W. Almost half of the patients had treatment-related adverse events (TRAEs), with no apparent trends across doses;
no patients withdrew due to TRAEs. There were no objective responses; 23.7% had stable disease for �2 consecutive
tumor assessments. Median PFS was 5.9 weeks; 23.7% had PFS >16 weeks. On-treatment changes in circulating LIF and
TME signal transducers and activators of transcription 3 signaling, M1:M2 macrophage populations, and CD8þ T-cell
infiltration were consistent with the hypothesized mechanism of action.
Conclusions: MSC-1 was very well tolerated across doses, with prolonged PFS in some patients. Biomarker and
preclinical data suggest potential synergy with checkpoint inhibitors.
Key words: leukemia inhibitory factor, monoclonal antibody, solid tumors, STAT3, safety
INTRODUCTION

Leukemia inhibitory factor (LIF), a multifunctional member
of the interleukin-6 (IL-6) family of cytokines, is a novel
target in oncology. LIF is involved in many physiological and
pathological processes,1-9 and LIF expression correlates with
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poor prognosis in multiple tumor types, including pancre-
atic cancer,10-12 glioblastoma multiforme,13,14 colorectal
cancer,15 breast cancer,16 lung cancer,14,17 head and neck
cancer,17 and nasopharyngeal carcinoma.18 However, the
specific role of LIF in tumors has not yet been fully
elucidated.

LIF signals through the heterodimeric glycoprotein 130
(gp130)/LIF receptor (LIFR) complex at the cell surface.19-21

Binding and activation of LIFR triggers the recruitment of
gp130, leading to phosphorylation of signal transducers and
activators of transcription 3 (pSTAT3) by Janus kinase (JAK)
and induction of downstream signaling pathways that
regulate proliferation and survival, i.e. JAK/STAT3,
https://doi.org/10.1016/j.esmoop.2022.100530 1

Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
Delta:1_surname
mailto:eborazanci@honorhealth.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.esmoop.2022.100530&domain=pdf
https://doi.org/10.1016/j.esmoop.2022.100530
https://doi.org/10.1016/j.esmoop.2022.100530


ESMO Open E. Borazanci et al.
phosphoinositide 3-kinase/protein kinase B, and mitogen-
activated protein kinase.19,22 LIF is hypothesized to drive
disease progression by acting on multiple aspects of cancer
biology involved in tumor growth (through activation of
tumor stemness and epithelial-to-mesenchymal transition),
metastasis, and resistance to anticancer therapy
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.esmoop.2022.10053011-14). Evidence supports the
concept that LIF promotes immunosuppressive polarization
of human macrophages, which blunts the infiltration and
functionality of CD8þ T-effector cells and impairs the effect
of programmed cell death-1 (PD-1) inhibitors.14 In preclin-
ical studies, activating LIF has been linked to an immuno-
suppressive tumor microenvironment (TME), with a strong
association between LIF expression and M2 tumor-
associated macrophages (TAMs), which comprise a major
fraction of tumor-infiltrating myeloid cells within the TME.14

In contrast, LIF was significantly less correlated with M1
macrophages, which are immunostimulatory.23

MSC-1 (AZD0171) is a first-in-class, humanized immuno-
globulin G subclass 1 monoclonal antibody that binds with
high affinity to LIF.24 It is a potent and specific LIF antago-
nist, which inhibits LIF signaling by binding to an epitope
that overlaps with the gp130 receptor binding site on
LIF.25,26 MSC-1 potently inhibits LIF-induced pSTAT3
signaling in vitro and in vivo.24 Preclinical evidence suggests
that it promotes antitumor inflammation through
TAM modulation, which induces CD8þ T-cell
activity and improves response to PD-1 inhibitors.14,24,26

The activity of MSC-1 monotherapy and in combination
with a PD-L1 inhibitor has been demonstrated in preclinical
studies, using the CT26 and MC38 syngeneic mouse tumor
models.24,26 MSC-1 monotherapy decreased tumor growth
and drove reprogramming of the TME from an immunosup-
pressive M2-like state to an immunostimulatory M1-like
state, while decreasing regulatory T cells and increasing
T-effector cells and natural killer cells.24-26 Combination
therapy with MSC-1 and a PD-1 inhibitor induced durable
slowing of tumor growth more than PD-1 inhibitor mono-
therapy in these tumor models, suggesting a synergistic
mechanism of action.26 It is hypothesized that in patients
with advanced solid tumors,MSC-1 could effectively block LIF
signaling, activate immune-mediated antitumor effects, and
inhibit cancer stem cells.

Here, we report the results of the dose-escalation part of
a first-in-human, phase I study (NCT03490669), which
aimed to determine the recommended phase II dose
(RP2D), safety and tolerability, pharmacokinetics and phar-
macodynamics (PK/PD), and clinical activity of MSC-1 as
monotherapy in patients with advanced solid tumors.

MATERIALS AND METHODS

Study design and participants

This open-label study enrolled patients aged 18 years or
older with histologically or cytologically proven advanced,
unresectable solid tumors for which there was no curative
therapy and who had progressed on standard-of-care (SoC)
2 https://doi.org/10.1016/j.esmoop.2022.100530
treatment, or were intolerant to or had no available SoC, or
found SoC unacceptable. Patients had to have documented
progression on or following the last line of therapy;
measurable disease as per Response Evaluation Criteria in
Solid Tumours version 1.1 (RECIST v1.1), documented by
computed tomography (CT) and/or magnetic resonance
imaging (MRI); an archival tumor sample for LIF expression
analysis; Eastern Cooperative Oncology Group performance
status (ECOG PS) of 0 or 1; weight �37.5 kg; adequate
organ function; life expectancy �12 weeks; and resolution
of all acute, reversible toxic effects of prior therapy of
surgical procedure to grade �1 (except alopecia and pe-
ripheral neuropathy, to grade �2).

The key exclusion criteria were symptomatic or unstable
central nervous system primary tumor or metastases and/
or carcinomatous meningitis; previous or concurrent ma-
lignancy that could affect compliance with protocol or
interpretation of results; prior systemic therapy within 4
weeks of study entry or 5 half-lives before study entry,
whichever was shorter; radiation therapy or significant
surgery within 21 days of study entry; ascites or pleural
effusion requiring large-volume para- or pleurocentesis
within 4 weeks of study entry; history of congenital or
acquired immunodeficiency syndrome, or current use of
immunosuppressive therapy; grade 3/4 peripheral neu-
ropathy [as per Common Terminology Criteria for Adverse
Events version 4.03 (CTCAE v4.03)]; and therapeutic anti-
coagulation for a thromboembolic event (prophylactic
anticoagulation was allowed).

The study was initiated with an accelerated-titration dose-
escalation scheme, which was completed after enrollment of
three patients (two at the 75-mg dose level and one at the
225-mg dose level). The study then proceeded according to a
classic 3 þ 3 design, with enrollment of three patients per
cohort and expansion to six patients in the event of a dose-
limiting toxicity (DLT). If �2 out of 6 patients experienced a
DLT, the previous dose was to be expanded to further eval-
uate safety (Supplementary Figure S2, available at https://
doi.org/10.1016/j.esmoop.2022.100530). In cohorts 3-5
[750-1500 mg once every 3 weeks (Q3W)], additional pa-
tients were enrolled to further evaluate safety, PK, and PD
after the initial patients had completed the 21-day DLT
period and the Data Review Committee (DRC) had decided to
escalate to the next cohort level. Additional enrollment in
each of these cohorts could not exceed 12 patients.
Dosage and administration of study treatment

MSC-1 was administered as a 60-min intravenous (i.v.)
infusion. The five planned dose levels were 75, 225, 750,
1125, and 1500 mg Q3W. The starting dose and frequency
of administration were based on preclinical data, including
cynomolgus monkey PK data, which were allometrically
scaled to calculate human PK parameters. Flat dosing was
chosen based on recent evidence showing no major dif-
ference in PK variability between weight-based and flat
dosing and the relative safety of the molecule in preclinical
research. Intrapatient dose escalation to successively higher
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dose levels was allowed, upon consultation with the med-
ical monitor and only to dose levels cleared by the DRC for
safety and tolerability. Treatment continued until disease
progression or unacceptable adverse events (AEs).

Study objectives

The primary objectives were to evaluate the safety and
tolerability of MSC-1 in patients with advanced solid tu-
mors, and determine the RP2D for MSC-1 monotherapy. The
key secondary objectives were to characterize the PK and
immunogenicity of MSC-1, and assess its efficacy, including
objective response rate (ORR), disease control rate (DCR),
and progression-free survival (PFS) by RECIST v1.1. The key
exploratory objectives were to assess the relationships of
PK, PD, and MSC-1 exposure to patient safety and anti-
tumor activity, and characterize the PD effects of MSC-1 in
blood as well as in the TME using analysis of pre-treatment
and on-treatment biopsies.

Study assessments

AEs were coded using Medical Dictionary for Regulatory Ac-
tivities (MedDRA) 20.1. A DLT was defined as a grade 3 AE as
per CTCAE v4.03within 21 days of starting treatment thatwas
considered at least possibly related to MSC-1 treatment,
based upon the determination of the investigator (and
agreed upon at the subsequent safety/dose-escalation
meeting with the DRC). Self-limited grade 3 AEs could be
deemed non-DLTs in the case of fatigue, nausea, vomiting, or
diarrhea that resolved to grade �2 within 72 h with appro-
priate medical therapy; transient (lasting <72 h) grade 3
biochemical abnormalities that were considered clinically
insignificant; grade 3 neutropenia that lasted<72 h; or grade
3 thrombocytopenia without clinically significant bleeding.
Any treatment-related grade 4 or 5 toxicity was considered a
DLT, and MSC-1 treatment was permanently discontinued. A
treatment-related AE (TRAE) of any grade that delayed the
start of cycle 2 day 1 dosing by>14 days may also have been
considered a DLT, upon agreement with the DRC.

The maximum tolerated dose (MTD) was defined as the
dose level below the level associated with DLTs in two out
of three patients (or two out of six patients). The RP2D was
the dose chosen by the DRC for use in the expansion co-
horts and could be identical to the MTD or a lower dose
than the MTD. The planned expansion phase of the study
was cancelled due to the robustness of the escalation phase
results.

Clinical activity was assessed by RECIST v1.1, with tumor
measurements carried out at prespecified time points. CT/
MRI scans of the chest, abdomen, and pelvis were carried
out to assess disease status at screening, every 6 weeks
from cycle 1 day 1 independent of cycle length, whenever
disease progression was suspected, and at the end of
treatment. For patients continuing on study after 6 months,
scans were carried out every 12 weeks. Tumor imaging was
continued on this calendar schedule regardless of any de-
lays in dosing. Confirmatory assessments were required for
complete response (CR) and partial response (PR).
Volume 7 - Issue 4 - 2022
Blood samples were collected at multiple time points to
determine PK parameters, incidence, and titer of antidrug
antibodies (ADAs) and circulating total and free LIF levels.
Additional details are provided in the Supplementary
Methods, available at https://doi.org/10.1016/j.esmoop.
2022.100530.
Statistical analysis

The safety population consisted of all patients who received at
least one dose of MSC-1. The PK population consisted of all
patients who received at least one dose of MSC-1 and had
evaluable PK data. The efficacy population consisted of all
patients who had an evaluable screening or baseline assess-
ment and at least one post-treatment tumor assessment.

The number of patients enrolled depended on the
observed safety and PK profile and the number of dose
escalations required to define the RP2D. Approximately 14-
48 patients were anticipated (five dose levels). Additional
patients could replace patients who withdrew early for
progressive disease or other reasons unrelated to toxicity.
Given the exploratory nature of the dose-escalation phase,
the sample size was not based on power calculations.

For the efficacy analysis, ORR was defined as the per-
centage of patients with a confirmed CR or PR as defined by
RECIST v1.1, and calculated along with its 95% confidence
interval (CI), determined by the ClopperePearson method.
The best overall response (BOR) used overall response at
each time point and established the best one for each pa-
tient. DCR was defined as the percentage of patients with a
confirmed CR, PR, or stable disease for �2 consecutive
tumor assessments, and calculated along with its 95% CI,
determined by the ClopperePearson method. PFS was
defined as the time from the first dose of MSC-1 to the first
documentation of objective tumor progression or death due
to any cause. The median and range of PFS were estimated
from the Kaplan-Meier survival curve and summarized by
cohort.

Data underlying the findings described in this manuscript
may be obtained in accordance with AstraZeneca’s data
sharing policy described at: https://astrazenecagrouptrials.
pharmacm.com/ST/Submission/Disclosure.
Ethical considerations

All patients provided written, informed consent to their
participation in the study. The study protocol was approved
by the institutional review board for each participating
center, and the study was run in accordance with the
Declaration of Helsinki and International Conference on
Harmonisation guidelines on Good Clinical Practice, as well
as any applicable local laws and requirements.

RESULTS

Demographic and baseline characteristics

The study was conducted from 21 May 2018 to 23
September 2019. The data extract date was 16 October
2019. Forty-one patients were enrolled and treated.
https://doi.org/10.1016/j.esmoop.2022.100530 3
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Table 1. Demographic and baseline characteristics in the safety
population

Characteristic Overall population
(n [ 41)

Age, years
Median (min, max) 64.0 (36, 78)

Sex, n (%)
Female 21 (51.2)
Male 20 (48.8)

Race, n (%)
Asian 2 (4.9)
Black or African-American 4 (9.8)
White 35 (85.4)

ECOG performance status, n (%)
0 8 (19.5)
1 33 (80.5)

Primary cancer diagnosis, n (%)a

Colorectal cancer 5 (12.2)
Head and neck cancer 4 (9.8)
Melanoma 1 (2.4)
Non-small-cell lung cancer 2 (4.9)
Ovarian cancer 4 (9.8)
Pancreatic adenocarcinoma 13 (31.7)
Prostate cancer 3 (7.3)
Othera 9 (22.0)

Stage IV at study entry, n (%) 41 (100)
Time from diagnosis to first dose of study
treatment, months
Median (min, max) 30.6 (6.0, 179.4)

Prior anticancer treatments received, n (%)
Prior surgery 34 (82.9)
Prior radiotherapy 22 (53.7)

Prior lines of anticancer therapy received, n (%)
1-2 9 (22.0)
3-4 20 (48.8)
�5 12 (29.3)

Setting of prior anticancer therapy, n (%)b

Neoadjuvant 7 (17.1)
Adjuvant 15 (36.6)
Palliative 10 (24.4)
Metastatic 32 (78.0)
Maintenancec 3 (7.3)

Time from last systemic anticancer therapy, months
Median (min, max) 1.4 (0.7, 37.4)

ECOG, Eastern Cooperative Oncology Group.
aOther includes appendiceal adenocarcinoma (n ¼ 2), cholangiocarcinoma (n ¼ 2),
fallopian tube carcinoma (n ¼ 1), myxoid liposarcoma (n ¼ 1), retroperitoneal
paraganglioma (n ¼ 1), squamous cell carcinoma of the anus (n ¼ 1), and uterine
sarcoma (n ¼ 1).
bMultiple responses could be selected for therapy setting.
cMaintenance of stable disease.
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Demographic and baseline characteristics are summarized
in Table 1. Median age was 64 years (range, 36-78 years).
The majority of patients were white (85.4%) and had an
ECOG PS of 1 (80.5%).

The most common tumor types were pancreatic adeno-
carcinoma (31.7%), colorectal carcinoma (12.2%), head and
neck cancer (9.8%), ovarian cancer (9.8%), and prostate
cancer (7.3%). Information on microsatellite stability was
not collected for patients with colorectal carcinoma. At the
time of entry into the study, all patients had stage IV dis-
ease, as defined by the tumorenodeemetastasis (TNM)
classification.

Patients were heavily pre-treated: 48.8% had received
three to four prior lines of anticancer therapy in the
4 https://doi.org/10.1016/j.esmoop.2022.100530
metastatic/palliative setting and 29.3% had received five
or more prior lines of therapy. In total, 17.1% had previ-
ously received nivolumab, 7.3% had received ipilimumab,
4.9% each had received atezolizumab, durvalumab, or
pembrolizumab, and 2.4% had received tremelimumab.
The proportion of patients with primary refractoriness
versus acquired resistance to immunotherapy was not
analyzed.

Patient disposition

Treatment was discontinued for all patients due to radio-
graphic disease progression (35 patients), clinical disease
progression (4 patients), withdrawal of consent (1 patient),
or death (1 patient; not treatment-related).

Safety

Median duration of exposure was 6.0 weeks (range, 3.0-
36.4 weeks), with a median number of treatment cycles of 2
(range, 1-12) (Figure 1). No patients had a dose modifica-
tion due to a TRAE. Six patients had dose escalations, as
permitted by protocol. All six patients were escalated into
the next cohort, including one originally assigned to cohort
2 (225 mg), two originally assigned to cohort 3 (750 mg),
and three originally assigned to cohort 4 (1125 mg).

MSC-1 was safe and well tolerated. All patients experi-
enced all-cause AEs and 56.1% of patients experienced
grade �3 AEs (Table 2). Fatigue, decreased appetite, and
back pain were the most common all-cause AEs
(Supplementary Table S1, available at https://doi.org/10.
1016/j.esmoop.2022.100530). Overall, 46.3% of patients
had TRAEs; all were grade 1/2 except for one grade 3 TRAE
in the 75 mg cohort (aspartate aminotransferase increase).
There was no trend across doses in the number of patients
experiencing TRAEs. The most frequently reported TRAEs
were fatigue (19.5%) and nausea (9.8%), which were all
grade 1/2 (Supplementary Table S2, available at https://doi.
org/10.1016/j.esmoop.2022.100530). No patients withdrew
from the study due to a TRAE, and there were no
treatment-related deaths.

In total, 46.3% of patients experienced at least one
serious AE; five of these were fatal (Table 2). One serious AE
(osteonecrosis of the mandible) in a patient with head and
neck cancer (adenoid cystic carcinoma) was considered to
be possibly treatment-related. The lesion was observed at
the site of prior high-dose external beam radiotherapy and
the patient had a history of prior receptor activator of nu-
clear factor k-B ligand (RANKL) inhibitor therapy and peri-
odontal disease.

No patient experienced a DLT, and the MTD was not
reached. The RP2D was determined to be 1500 mg Q3W.

Efficacy

Clinical activity was evaluable in 38 patients. None had a CR
or PR. The BOR was stable disease for �2 consecutive tumor
assessments for 9 (23.7%) patients, and stable disease fol-
lowed by progressive disease in 4 (10.5%) patients; 25
(65.8%) patients had progressive disease. The DCR was
Volume 7 - Issue 4 - 2022
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75 mg
225 mg
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1125 mg
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Figure 1. Duration of exposure in the safety population. Duration of exposure (weeks) of MSC-1 is defined as: [(date of the last infusion - date of the first infusion) þ
21 days]/7.

Table 2. Summary of adverse events in the safety population

Adverse events, n (%) MSC-1 Q3W Overall (n [ 41)

75 mg (n ¼ 2) 225 mg (n ¼ 1) 750 mg (n ¼ 10) 1125 mg (n ¼ 10) 1500 mg (n ¼ 18)

Overall (all-cause)
Grade �3

2 (100)
2 (100)

1 (100)
d

10 (100)
7 (70.0)

10 (100)
4 (40.0)

18 (100)
10 (55.6)

41 (100)
23 (56.1)

TRAEs
Grade �3

1 (50.0)
1 (50.0)

1 (100)
d

4 (40.0)
d

3 (30.0)
d

10 (55.6)
d

19 (46.3)
1 (2.4)

Serious AEs 2 (100) e 7 (70.0) 1 (10.0) 9 (50.0) 19 (46.3)
Serious TRAEs d d d d 1 (5.6) 1 (2.4)
Fatal AEsa

Fatal TRAEs
1 (50.0)

d
d
d

1 (10.0)
d

d
d

3 (16.7)
d

5 (12.2)
d

DLTs d d d d d d
Infusion-related AEs d 1 (100) 1 (10.0) d d 2 (4.9)
Patients whose MSC-1 treatment was:
Delayed due to AE d d 1 (10.0) d d 1 (2.4)
Interrupted due to AE d d 1 (10.0) d 1 (5.6) 2 (4.9)
Withdrawn due to AE d d d d d d

AE, adverse event; Q3W, once every 3 weeks; TRAE, treatment-related adverse event.
aFour fatal AEs were due to disease progression: one multi-organ failure in a patient with metastatic pancreatic cancer; one cardiac arrest in a patient with metastatic non-small-
cell lung cancer; one case of hepatic insufficiency due to progressive pancreatic cancer; and one case of metastatic non-small-cell lung cancer with respiratory failure. Additionally,
there was one sudden death not otherwise specified, considered unrelated to study treatment.
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therefore 23.7% (95% CI 11.4% to 40.2%). The overall me-
dian PFS was 5.9 weeks (95% CI 2.1 to 28.3 weeks), with nine
patients having a PFS of >16 weeks.

One patient with advanced pancreatic cancer and four
prior lines of therapy (all with shorter duration than time on
MSC-1) remained on treatment for 28 weeks, with a
decrease of w40% in the sum of the longest diameter of
target lesions from baseline to last scan, but progression in
a non-target abdominal lesion (meeting the definition of
progressive disease). A reduction in carbohydrate antigen
19-9 levels (from 1752 U/ml at baseline to 1069 U/ml at
cycle 3, and 1530 U/ml at the end of treatment) was also
seen (Supplementary Table S3, available at https://doi.org/
10.1016/j.esmoop.2022.100530), with improvement in
symptom control.

Pharmacokinetics

All 41 patients received at least one infusion of MSC-1 and
were included in the PK evaluation. For nearly all patients,
maximum MSC-1 concentration (Cmax) was reached within 4
h of the start of infusion (3 h after the end of the infusion).
Afterward, serum concentrations declined in a generally
biphasic manner. Non-compartmental PK parameters were
calculated with the PK data from the first treatment cycle.
At the lowest dose (75 mg Q3W), the geometric mean of
estimated terminal half-life (t½) was 168 h, or 7.0 days. At
higher doses, t½ values were relatively consistent, at w13
days. MSC-1 exposure parameters were near dose-
proportional at doses from 225 mg to 1500 mg Q3W
(Figure 2A). While total clearance (CL) was highest at the
lowest dose, it was relatively stable at 11.9-16.6 ml/h (0.29-
0.40 l/day) at higher doses. Along with near dose-
proportional PK, this CL range is consistent with linear
elimination characteristics for a monoclonal antibody, sug-
gesting that at doses higher than 75 mg Q3W, MSC-1 is
either not cleared by target-mediated drug disposition
(TMDD) or the TMDD CL mechanism has been saturated.
The volume of distribution at steady state (Vss) at doses
above 75 mg Q3W was 5-7 l, which is typical of a mono-
clonal antibody. Serum trough (pre-dose) concentrations
increased through the first three treatment cycles. Although
data were limited after these cycles, visual inspection of
trough concentrations suggested that MSC-1 steady state
was attained by cycle 4, and that there was an w1.6-fold
increase in MSC-1 concentrations at steady state compared
with the first administration of MSC-1.

Pharmacodynamics

Circulating total LIF concentrations were evaluated as a
measure of target engagement (i.e. LIF stabilization), based
on the observation that for many cytokines, the half-life in
circulation is increased once the cytokine is bound to the
antibody.27 Free LIF and total LIF were measured in all pa-
tients. Free LIF concentrations were only measured in pre-
dose samples and could only be detected in 4 out of 41
patients (2 patients dosed at 750 mg, 1 dosed at 1125 mg,
and 1 dosed at 1500 mg), and the concentrations were all
6 https://doi.org/10.1016/j.esmoop.2022.100530
below 9 pg/ml. Total LIF concentrations (which measured
both free LIF and antibody-bound LIF) could be quantitated
in all patients post-dose. As expected for an antibody-bound
cytokine,27 total LIF concentrations generally increased to a
relatively stable level for each patient by the end of the
second treatment cycle (Figure 2B), although cycle-to-cycle
total LIF measurements were highly variable for most pa-
tients. Interpatient variability in total LIF levels was also
high, as expected based on the heterogeneity in LIF
expression previously observed across and within tumor
types.14 Despite the increase in total LIF concentration, free
LIF concentration is expected to decrease with treatment.
The increase in total LIF concentration was probably due
mostly to antibody-bound LIF, which is inactive. In this
study, however, free LIF concentrations were non-
detectable pre-treatment, so the assay would not have
detected further decrease and therefore, post-treatment
samples were not measured. Of note, free MSC-1 concen-
trations (in the PK assay) exceeded total LIF concentrations
(PD assay) by 5-6 log.

Immunogenicity

MSC-1 had a benign immunogenicity profile. Three patients
had pre-existing ADAs in the 1125 mg cohort, with titers �2.
In one patient in that cohort, the pre-existing ADAs were
treatment-boosted; the titer for the end-of-treatment sam-
ple had a low value of 4. One patient dosed with 1500 mg
Q3W had treatment-induced ADAs, with a titer of <2.

Tumor biomarker analysis

Paired biopsies were analyzed for 11 patients who had
received MSC-1 doses of 750-1500 mg (Figure 3A). The pairs
were examined for changes in STAT3 signaling, the M1:M2
macrophage ratio, and CD8þ T-cell infiltration into tumors.
As expected, highly variable levels of pSTAT3 positivity were
observed at baseline. Overall, 7/11 patients showed inhi-
bition of STAT3 signaling relative to the pre-treatment
biopsy (Figure 3B), with 5/11 patients showing >75% inhi-
bition (Figure 3C). Individual patient data are presented in
Supplementary Figure S3, available at https://doi.org/10.
1016/j.esmoop.2022.100530.

The relative frequencies of immunostimulatory macro-
phage phenotypes (M1, CD68þ/MHCIIþ) were increased
compared to immunosuppressive types (M2, CD163þ or
CD206þ) following treatment in the majority of patients
(Figure 3D).The M1:M2 ratio increased in 9/11 patients in the
on-treatment samples relative tobaseline (Figure 3E). Samples
showing decreased levels of STAT3 phosphorylation also
showed greater M1:M2 ratio increases relative to baseline
(Figure 3F). The dose relationships of M1:M2 skewing and
STAT3 inhibition were not analyzed, as on-treatment biopsies
were collected only at higher doses. Individual patient data are
presented in Supplementary Figure S4, available at https://doi.
org/10.1016/j.esmoop.2022.100530.

Levels of CD8þ T-cell infiltration were highly variable at
baseline, with the mean cellular frequency being <2%.
Increased infiltration was observed in a subset of patients,
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with the largest change being from 12% at baseline to 46%
in the on-treatment sample. Data are presented in
Supplementary Figure S5, available at https://doi.org/10.
Volume 7 - Issue 4 - 2022
1016/j.esmoop.2022.100530. The small number of pa-
tients with stable disease precluded any analysis of re-
lationships to these biomarkers.
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DISCUSSION

In the dose-escalation phase of this first-in-human, phase I
study, the LIF antagonist MSC-1 as monotherapy was safe
and very well tolerated at doses of 75, 225, 750, 1125, and
1500 mg in patients with advanced solid tumors. No DLTs
were detected. The MTD was not reached and the RP2D
was determined to be 1500 mg Q3W, based on safety, PK,
stabilization and accumulation of total LIF, and evidence of
STAT3 pathway inhibition and M1:M2 macrophage skewing.
MSC-1 showed a dose-proportional exposure increase at
doses between 225 and 1500 mg, with a half-life of around
13 days, and relatively stable CL between 11.9 and 16.6 ml/
h; Vss at this dose range was 5-7 l. Both CL and Vss values
suggest that MSC-1 had a typical PK profile for a monoclonal
antibody.

Almost half of the patients had TRAEs (mostly grade 1/2),
with no apparent trends across doses. The most frequently
reported TRAEs were fatigue and nausea, and no patients
withdrew from the study due to a TRAE. No patients had liver
function tests that met Hy’s Law criteria, despite increases in
hepatic liver enzyme and bilirubin levels. One patient had a
serious AE, osteonecrosis of the jaw, that was possibly
treatment-related. The patient had adenoid cystic carcinoma
that had been previously treated with a RANKL inhibitor, and
a history of periodontal disease. The osteonecrosis lesion
was observed at the site of prior high-dose external beam
radiotherapy. None of the fatal serious AEs were considered
to be treatment-related. MSC-1 had a benign immunoge-
nicity profile, with only two patients showing positive and
very low ADA titers over the course of treatment.

Some evidence of clinical activity was observed, with
23.7% of patients having stable disease for �2 consecutive
tumor assessments. The proportion of patients whose PFS
exceeded 16 weeks was also 23.7%. Although antitumor ac-
tivity was limited, biomarker data from paired biopsies
showed on-treatment changes in the TME that were consis-
tent with the hypothesized mechanism of action of MSC-1.
High levels of peripheral LIF target engagement after MSC-1
treatment were detected in all patients by the end of the
second treatment cycle. Mechanistic changes were observed
in tumor PD biomarkers, including inhibition of LIF signaling
(reduction in pSTAT3), increased CD8þ T-cell infiltration, and
M1:M2 macrophage skewing in several patients, favoring
immunostimulatory over immunosuppressive TAM pop-
ulations. Overall, these data support further development of
MSC-1 in solid tumors, particularly in combination with
chemotherapy and immune checkpoint inhibitors.MSC-1 has
been shown to decrease tumor growth,25,26 which could
provide synergy if it were used following chemotherapy/
radiotherapy or surgery, to prevent regrowth. Furthermore,
as LIF expression in human cancer samples has been associ-
ated with poor patient outcomes and resistance to immune
checkpoint therapy,24,28,29 combining MSC-1 with immune
checkpoint inhibitors is hypothesized to enable antitumor
inflammation by modulating TAMs to promote CD8þ T-cell
activity.14 This is supported by preclinical studies in mouse
tumor models.14,26
Volume 7 - Issue 4 - 2022
Conclusions

In this phase I study, MSC-1 was shown to be safe and well
tolerated in patients with advanced solid tumors. Although
antitumor activity was limited, stabilization of total circu-
lating LIF concentrations and biomarker evidence of
immunological reprogramming in the TME support the
therapeutic hypothesis for MSC-1. Based on the promising
activity and corresponding TME changes in patients with
previously treated pancreatic ductal adenocarcinoma
(PDAC), a phase II trial of first-line MSC-1 (AZD0171) plus
the programmed death-ligand 1 inhibitor durvalumab and
chemotherapy has been initiated in patients with meta-
static PDAC and CD8þ T-cell infiltration (NCT04999969).29
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