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ABSTRACT
◥

Purpose: Tumor-associated macrophages correlate with increased
invasiveness, growth, and immunosuppression. Activation of the
colony-stimulating factor-1 receptor (CSF-1R) results in proliferation,
differentiation, and migration of monocytes/macrophages. This
phase I study evaluated the immunologic and clinical activity, and
safety profile of CSF-1R inhibition with the mAb LY3022855.

Patients and Methods: Patients with advanced refractory
metastatic breast cancer (MBC) or metastatic castration-resistant
prostate cancer (mCRPC) were treated with LY3022855 intrave-
nously in 6-week cycles in cohorts: (A) 1.25 mg/kg every 2 weeks
(Q2W); (B) 1.0 mg/kg on weeks 1, 2, 4, and 5; (C) 100 mg once
weekly; (D)100mgQ2W.mCRPC patients were enrolled in cohorts
A and B; patients with MBC were enrolled in all cohorts. Efficacy
was assessed by RECIST and Prostate Cancer Clinical Trials Work-
ing Group 2 criteria.

Results: Thirty-four patients (22 MBC; 12 mCRPC) received ≥1
dose of LY3022855. At day 8, circulating CSF-1 levels increased and
proinflammatorymonocytes CD14DIMCD16BRIGHT decreased. Best
RECIST response was stable disease in five patients withMBC (23%;
duration, 82–302 days) and three patients with mCRPC (25%;
duration, 50–124 days). Two patients with MBC (cohort A) had
durable stable disease >9 months and a third patient withMBC had
palpable reduction in a nontarget neck mass. Immune-related gene
activation in tumor biopsies posttreatment was observed. Common
any grade treatment-related adverse events were fatigue, decreased
appetite, nausea, asymptomatic increased lipase, and creatine
phosphokinase.

Conclusions: LY3022855 was well tolerated and showed evi-
dence of immune modulation. Clinically meaningful stable disease
>9 months was observed in two patients with MBC.

Introduction
Colony-stimulating factor-1 receptor (CSF-1R) is a tyrosine kinase

receptor expressed selectively on macrophage and granulocyte cell
lineages in normal individuals and on some cancer cells (1, 2). Upon
colony-stimulating factor-1 (CSF-1) or IL34 binding to CSF-1R,
downstream signaling molecules are phosphorylated and activated,
resulting in the regulation of proliferation, differentiation, survival,

and migration of monocytes/macrophages (3–5). In cancer, increased
infiltration of macrophages within and surrounding the tumor mass
correlates with increased tumor invasiveness and growth (6, 7).
Depleting tumor-associated macrophages (TAM) results in decreased
tumor growth in mice (8, 9). While CSF-1R levels are infrequently
increased in tumors compared with normal tissues, increased CSF-1 in
sera is observed in patients with cancer and is associated with a poor
prognosis in multiple cancer types, including prostate and breast
cancers (10–13). These data suggest targeting CSF-1R has the potential
to limit cancer progression by disrupting TAM homeostasis.

Interactions between the innate and adaptive immune systems are
critical for normal immune function; however, dysregulation of the
innate axis in the tumor microenvironment can lead to a suppressive
phenotype andmay be a negative prognostic factor. For example, high
numbers of TAMs inversely correlate with infiltration byCD8þT cells.
Anti-CSF-1R treatments, which limit TAM-dependent activities and
enhance CD8þT-cell infiltration, lead to decreases in tumor burden in
mice (14). Breast and prostate cancer, two hormone-driven malig-
nancies, are often considered immunologically “cold.” Both cancers
typically exhibit little CD8þ T-cell infiltration and an abundance of
TAMs, suggesting antagonizing CSF-1R could be an appealing target
in these diseases. In addition, androgen inhibition, the backbone of
metastatic prostate cancer therapy, has been shown to modulate
macrophage activity. Androgen blockade before prostatectomy is
associated with the induction of TAMs. In a murine prostate cancer
model, androgen blockade increased CSF-1R expression resulting in
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an increase in protumorigenic macrophages which could be reversed
with CSF-1R inhibition (15).

LY3022855 is a novel recombinant human mAb of the immuno-
globulin G, subclass 1 (IgG1) targeting CSF-1R. LY3022855 prevents
ligands CSF-1 and IL34 from binding to CSF-1R and consequently
inhibits CSF-1R activation. CSF-1R activation is required for normal
function and survival of tissue resident TAMs (16). Thus, by blocking
CSF-1R activation, LY3022855 may inhibit monocyte proliferation
and differentiation intomacrophages. Preclinical work inhibitingCSF-
1R inmurine tumormodels led to increased expression of genes related
to the IFNg response and reduced macrophage levels (17). Therefore,
we hypothesized that CSF-1R targeted therapy will limit TAM-
mediated tumorigenesis and enhance the antitumor effects of CD8þ

T cells, potentially conferring disease control. In this phase I study of
the CSF-1R–directed antibody LY3022855, we sought a deeper under-
standing of the changes in immune cell function resulting from
targeting a key TAM homeostatic molecule while also evaluating for
preliminary evidence of activity and safety in patients with metastatic
breast cancer (MBC) and metastatic castration-resistant prostate
cancer (mCRPC).

Patients and Methods
Patients

Eligible patients were ≥18 years of age and had a confirmed
diagnosis of MBC or mCRPC, which was evaluable by radiologic
testing either per Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.1 for MBC and mCRPC, and/or Prostate Cancer
Clinical Trials Working Group 2 (PCWG2) guidelines for bone for
patients with mCRPC. Patients enrolled had experienced tumor
progression on, or treatment intolerance to, ≥1 prior therapy for their
cancer and had declined or were ineligible for standard treatment.
Patients had to have adequate hematopoietic, hepatic, and renal
function at baseline, and a performance status of ≤2 on the Eastern
Cooperative Oncology Group (ECOG) scale. Patients withMBC could
continue palliative hormone or trastuzumab therapy if hormone
receptor–positive or HER2-positive, respectively. Patients with
mCRPC were to continue ongoing androgen deprivation therapy

(gonadotropin-releasing hormone agonist or antagonist) with castrate
levels of serum testosterone <50 ng/dL determined within 4 weeks
prior to starting treatment, and meet ≥1 criteria for progressive
metastatic disease per PCWG2 guidelines at the time of study
entry (18). Patients were excluded if they had symptomatic central
nervous system malignancy or metastasis, active cardiac or other
major illness, pregnancy, serologic markers of active hepatitis B or
C infection, or had received prior treatment with agents targeting
CSF-1 or CSF-1R.

Study design
This multicenter, open-label, nonrandomized, phase I study

(NCT02265536) of intravenous LY3022855 was conducted at two
centers: Memorial Sloan Kettering Cancer Center (MBC and mCRPC
cohorts) and Cedars Sinai Medical Center (MBC cohorts). The study
was performed in compliance with Declaration of Helsinki, good
clinical practice (GCP), and International Conference on Harmonisa-
tion (ICH) guidelines and approved by the Institutional Review Board
at the respective institutions. All patients included in the study signed
the informed consent prior to joining the study. The study was
designed with the primary objective of exploring the immunomodu-
latory activity of single-agent LY3022855 by assessing the changes
from baseline over time of immune cells, cytokines, and biomarkers.
Secondary objectives included assessing antitumor activity, measuring
the pharmacokinetic serum concentrations of LY3022855, and eval-
uating the safety and toxicity profile of LY3022855. Exploratory
objectives were to evaluate pharmacodynamic effects of LY3022855
on tissue biomarkers using flash-frozen tumor biopsies and to assess
antitumor activity in bone per PCWG2 criteria (18).

Patients with MBC or mCRPC received LY3022855 in 6-week
cycles in one of four dosage cohorts: cohort A, 1.25 mg/kg every
2 weeks (Q2W); cohort B, 1 mg/kg on weeks 1, 2, 4, and 5 (WK1245);
cohort C, 100 mg weekly (QW); and cohort D, 100 mg Q2W (see
Supplementary Materials and Methods for dose selection details).
Patients with MBC and mCRPC were enrolled in cohort A and
subsequently in cohort B. Based upon the observed clinical activity
in patients with MBC treated in cohort A, the study was amended to
explore two further dose cohorts (C and D). After cohort B was fully
enrolled, patients with MBC were assigned to cohorts C and D on an
alternating basis. Patients received LY3022855 as an intravenous
infusion administered over a minimum duration of 30 minutes and
a maximum duration of 4 hours.

Patients received LY3022855 for 6-week cycles until the patient
either experienced disease progression or unacceptable toxicity.
Patients with radiographic progression who were clinically stable and
felt to be benefiting were considered for ongoing treatment upon
discussion with the sponsor.

Immune response analyses
Human peripheral blood mononuclear cell (PBMC) samples were

thawed and stained with a fixable Aqua viability dye (Invitrogen) and a
cocktail of cell surface antibodies. For measurement of T-cell activa-
tion/exhaustion status, FACS analysis was performed using the fol-
lowing cell surface markers: CD8-Qdot605 (Invitrogen, 3B5), CD4-
Qdot 655 (Invitrogen, S3.5), PD-1-PE (BD, MIH4), LAG-3-FITC
(Enzo, 17B4), ICOS-PE-Cy7 (eBioscience, ISA-3), and TIM-3-APC
(R&D Systems, 344823). For multiplex cytokine measurements, val-
idated V-PLEX Proinflammatory Panel 10-plex (human) kits (for IL2,
IL4, IL6, IL8, IL10, IL12, IFNg , TNFa, IL1b, and IL13) were used
(MSD, catalog no. K15049D-1). See Supplementary Materials and
Methods for all FACS and cytokine assay details.

Translational Relevance

Themajority of breast and prostate cancers are immunologically
cold and typically unresponsive to single-agent checkpoint
inhibitors. Therefore, there is interest in identifying alternative
immunologic targets for the treatment of these cancers. Colony-
stimulating factor-1 receptor (CSF-1R) and its ligand CSF-1
regulate the function and survival of tumor-associated macro-
phages, which are involved in tumorigenesis and suppression of
antitumor immunity. In this exploratory study, the immune
response in sera and tumor tissue, antitumor activity, and safety
of a CSF-1R–directed antibody were evaluated in patients with
advanced breast and prostate cancer. Circulating levels of CSF-1
increased across dose cohorts consistent with target engagement.
At the tumor level, there was a trend for increased immune
activating genes in patients with clinical benefit. Two patients with
metastatic breast cancer displayed prolonged stable disease; how-
ever, no objective responses were observed in this pretreated
population. Targeting tumor-associated macrophages earlier in
the disease course may be important.
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Safety and tumor assessments
Safety assessments were performed at baseline and prespecified time

points throughout the study. These assessments included documen-
tation of adverse events (AE), clinical laboratory evaluations, vital signs
and other physical findings, electrocardiograms, and infusion-related
reactions. Laboratory values and AEs were graded using the National
Cancer Institute (NCI) Common Terminology Criteria for Adverse
Events (CTCAE) version 4.0 and were coded using the Medical
Dictionary for Regulatory Activities (MedDRA). Treatment-
emergent AEs (TEAEs) were any AEs that began on or after the first
dose of the study drug, or any preexisting condition that increased in
CTCAE grade. Tumor assessment, by imaging, was performed at
baseline and every 6 weeks thereafter, or as clinically indicated.
Antitumor activity was assessed using RECIST version 1.1 (19) and
irRECIST (20). For patients withmCRPC, bonemetastatic disease was
assessed using PCWG2 criteria (18).

Pharmacokinetic analyses
Blood samples for serum concentration analysis of LY3022855 were

collected predose on: cycle 1 days 1, 8, 22, and 36; cycle 2 day 1; cycle
3 days 1, 8, and 22; cycle 5 day 1. Postdose sampleswere collected at 1, 4,
24, and 48 hours on cycle 1 day 1 and cycle 3 day 1. Serum samples were
analyzed for LY3022855 using a validated ELISA method at Covance
Laboratories Inc. The lower limit of quantification was 1,562.5 ng/mL,
and the upper limit of quantificationwas 50,000 ng/mL. The interassay
accuracy (% relative error) during validation ranged from �11.9% to
5.2%. The interassay precision (% relative standard deviation) during
validation ranged from 6.8% to 17.5%. LY3022855 was stable for up to
558 days when stored at �70�C. Pharmacokinetic analyses were
conducted on patients who had received ≥1 dose of LY3022855 and
had venous blood samples collected. Pharmacokinetic parameters for
LY3022855 were computed by standard noncompartmental methods
of analysis using Phoenix WinNonlin Version 8.

Gene expression analyses
Gene expression analyses were performed to identify genes mod-

ulated by LY3022855 treatment. MBC tumor tissue biopsy samples
were collected by core needle biopsy at baseline (within 14 days
prior to dosing on cycle 1 day 1) and ≤14 days prior to dosing on
cycle 2 day 1. Biopsy samples were flash-frozen and RNA was
extracted (MolecularMD, ICON Laboratory Services). Differential
gene expression pre- and post-LY3022855 treatment was assessed
using NanoString gene analysis (nCounter PanCancer Immune pro-
filing panel). Normalization and gene expression analysis was per-
formed using ILAstring, an internally developed automated workflow
process. Standard NanoString files were input to ILAstring and
nCounter. RNA data were normalized using the geometric mean of
positive controls and housekeeping genes. For each gene across all
samples, the maximum gene expression was determined and low
expressing genes (maximum <30, n¼ 12) and genes with low variance
(variance P < 200, n ¼ 29) were removed from further analysis. The
resulting genes (n ¼ 689) were subjected to one-way ANOVA differ-
ential gene expression analysis (OmicSoft Array Studio 10.0.1.118;
QIAGEN). Volcano plots were constructed (Tibco Spotfire Analyst
7.11.1; Tibco) and differentially expressed genes were visualized via
heatmap using ComplexHeatmap (21).

Statistical analyses
To study the impact of LY3022855 on immune cell subsets and

serum cytokines, the changes from baseline were summarized. For
change from baseline analyses, baseline value was defined as the last

reportedmeasure on or before the first dose of LY3022855 (prior to the
dose administration). For a change from baseline within a cycle,
baseline value was defined as the measure prior to the first dose of
that cycle, unless otherwise specified.

The safety population included patients who received ≥1 dose of
LY3022855. The evaluable population included patients who completed
one cycle of LY3022855 treatment, one baseline tumor biopsy, one
posttreatment tumor biopsy, and one cycle of immune blood studies.
Descriptive statistics were used to summarize baseline patient character-
istics, safety, and tumor response. The objective response rate (ORR)was
estimated by the proportion of enrolled patients who had a best overall
response (BOR) of complete response (CR), or partial response (PR).
Disease control rate (DCR) was estimated by the proportion of enrolled
patients who had a BOR of CR, PR, or stable disease (SD).

Results
Patients

Twenty-two patients with MBC were enrolled and all patients with
MBC received ≥1 dose of LY3022855 (Fig. 1A). In the MBC group,
most patients (cohort A, 83.3%; cohort B, 40%; cohort C, 100%; cohort
D, 83.3%) discontinued treatment due to progressive disease; one
(16.7%) patient in cohort A discontinued due to an adverse event, three
(60%) patients in cohort B discontinued due to withdrawal by subject,
and one (16.7%) patient in cohort D died due to disease complications.
Twelve patients with mCRPC were enrolled, and all 12 received ≥1
dose of LY3022855 (Fig. 1B). In the mCRPC group, most patients
(cohort A, 62.5%; cohort B, 100%) discontinued treatment due to
progressive disease; two (25.0%) patients in cohort A discontinued due
to physician decision, and one (12.5%) patient in cohort B discon-
tinued due to other reasons.

Patient characteristics per dose, cohort, and disease type are listed
in Table 1. The median age was 57 years (range, 32 to 81) for patients
with MBC and 73 years (range, 58 to 84) for patients with mCRPC. In
the MBC group, nine (40.9%) patients had a baseline ECOG perfor-
mance status of 0, and 11 (50%) patients had a baseline ECOG PS of 1.
Twenty (91%) patients with MBC were hormone receptor positive,
with three (13.6%) patients with MBC receiving concurrent hormone
therapy and all received prior systemic therapy. Visceral disease was
themain site of metastatic disease for patients withMBC (19/22; 86%).
In the mCRPC group, four (33.3%) patients had a baseline ECOG
performance status of 0, and seven (58.3%) had a baseline ECOG PS of
1. All patients with mCRPC received prior systemic therapy. Five
(42%) patients with mCRPC had received prior taxane chemotherapy
and all (100%) had prior abiraterone acetate and/or enzalutamide.
Bone was the main site of metastatic disease for patients with mCRPC
(10/12; 83%).

A subset of patients with MBC shows clinical benefit after
CSF-1R blockade

Efficacy analyses were performed for all patients who received ≥1
dose of LY3022855 (N ¼ 34). No patient had an objective response
(CRþPR) in either disease population studied (Supplementary
Table S1). Patients without a valid response assessment ≥7 weeks
after enrollment who had not already progressed were assigned a BOR
of “not evaluable.”

For the patients withMBC (n¼ 5 of 21 evaluable patients; 24%), the
best overall response by RECIST was SD, with a duration of 82 to
302 days, andmedian progression-free survival (PFS) across treatment
arms was 1 to 3 months. Results observed by RECIST were consistent
with results observed with irRECIST.

CSF-1R Inhibition for Advanced Breast or Prostate Cancer
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Two patients with MBC (patient A and patient B) experienced
prolonged SD, and a third patient with MBC (patient C) had a clinical
response not captured on RECIST; all three patients received
LY3022855 at a dose of 1.25 mg/kg Q2W (cohort A). Patient A was
a 32-year-old female with HRþ, HER2� breast cancer with bone and
brain metastases who experienced durable SD for 10 months and
whose treatment duration was 12 months. Patient B was an 81-year-
old female with HRþ, HER2� MBC who experienced durable SD for
9 months and remained on study treatment for 13 months. Patient C
was a 58-year-old female with HRþ, HER2� breast cancer with
metastases to the bone, liver, and lymph nodes who had a palpable
reduction in a nontarget neck mass which was not well captured on
RECIST (SD, -10.3%). She experienced SD for 3 months, and treat-
ment duration was 96 days. The patient discontinued from the study

due to anAEof confusionwhich, in the opinion of the investigator, was
not related to the study drug.

For the patients with mCRPC (n ¼ 3 of seven evaluable patients;
43%), the best overall response by RECIST was SD, with a duration of
50 to 124 days, and the median PFS across treatment arms was 1 to
3 months. Results observed by RECIST were consistent with results
observed with irRECIST.

An exploratory objective was to evaluate antitumor activity in bone
in patients with mCRPC by PCWG2 criteria for bone metastases, and
to evaluate changes in known tumor markers in mCRPC and MBC.
The BOR by PCWG2 for bone scan was SD (n ¼ 4 of nine evaluable
patients; 44%); two patients in each dose cohort (1.25mg/kgQ2W and
1.0mg/kgWK1245). The remaining evaluable patients had PD as their
best response on bone scan (Supplementary Table S1).
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Figure 1.

Treatment duration and response for MBC
(A) and mCRPC (B) patients in study (N ¼
34). Each horizontal bar represents a
patient. Response is per RECIST 1.1 criteria.
Best overall response was SD (MBC, n ¼ 5;
mCRPC, n¼ 3) andPD (MBC, n¼ 16;mCRPC,
n¼ 4). One MBC patient and 5 patients with
mCRPC were not evaluable (NE). MBC
tumors were estrogen receptor (ER) and/or
progesterone receptor (PR)-positive; one
patient had triple-negative breast cancer
(TNBC). Abbreviations: BOR, best overall
response; N, total number of patients;
n, number of patients in the specified
category; PD, progressive disease; SD,
stable disease.
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No correlation between the tumor biomarkers, prostate-specific
antigen (PSA), carcinoma antigen (CA) 15–3, carcinoembryonic
antigen (CEA), and clinical response were observed (Supplementary
Fig. S1).

Increasing exposure of LY3022855 resulted in greater CSF-1R
pathway modulation

Pharmacokinetic data from 28 patients who received ≥1 dose of
LY3022855, across four different dosing regimens, were evaluated to
determine the effects of LY3022855 exposure on pharmacodynamic
modulation. Noncompartmental pharmacokinetic parameters strati-
fied by dosing regimen, infusion cycle, and day of sample collection are
provided in Supplementary Table S2. Mean concentration–time pro-
files on cycle 1 day 1 and day 29 are presented in Figs. 2A and B,
respectively.

Target engagement of LY3022855 was assessed by investigating
circulating levels of CSF-1 and IL34 as evidence of receptor blockade.
We observed a rise in circulating levels of CSF-1 (Fig. 2C) and IL34
(Supplementary Fig. S2) in line with LY3022855 pharmacokinetics.
While an elevation of CSF-1 was observed for the duration of dosing
for all dose regimens, this was reduced for the 1 mg/kg WK1245 dose
comparedwith other doses. The highest change in CSF-1 was observed
with LY3022855 administered at a dose regimen of 100 mg QW. A
comparable change was observed for flat dosing regimens of 100 mg
Q2W compared with the weight adjusted dose of 1.25 mg/kg Q2W.
A similar trend was also observed for IL34. To investigate the
pharmacodynamic effect of CSF-1R blockade with LY3022855, we
examined the level of circulating proinflammatory monocytes
(CD14DIMCD16BR), which rely on CSF-1R signaling for their surviv-
al (22). All dose groups resulted in a reduction in the level of circulating

Table 1. Patient baseline demographics and disease characteristics.

MBC (N ¼ 22) mCRPC (N ¼ 12)

n (%), except where indicated
1.25 mg/kg Q2W,
n ¼ 6

1 mg/kgWK1245,
n ¼ 5

100 mg Q2W,
n ¼ 5

100 mg QW,
n ¼ 6

1.25 mg/kg Q2W,
n ¼ 8

1 mg/kgWK1245,
n ¼ 4

Sex
Female 6 (100) 5 (100) 3 (60) 6 (100) – –

Male 0 0 2 (40) 0 8 (100) 4 (100)
Age, y

Median (range) 54 (32–81) 55 (37–68) 60 (36–62) 63 (39–78) 69 (62–84) 74 (58–78)
Race, na 5 5 5 5 8 4

Asian 1 (20) 0 1 (20) 1 (20) 0 0
Black or African 0 0 1 (20) 0 0 2 (50)
American white 4 (80) 5 (100) 3 (60) 4 (80) 8 (100) 2 (50)

Ethnicity
Hispanic 1 (17) 0 0 0 0 0
Not Hispanic or Latino 5 (83) 5 (100) 5 (100) 6 (100) 8 (100) 4 (100)

Weight, kg
Median (range) 69 (56–101) 61 (53–99) 54 (44–98) 68 (47–72) 87 (65–99) 88 (54–95)

ECOG PS
0 3 (50) 1 (20) 1 (20) 4 (67) 1 (13) 3 (75)
1 3 (50) 3 (60) 3 (60) 2 (33) 6 (75) 1 (25)
2 0 1 (20) 1 (20) 0 1 (13) 0

Breast cancer hormone status
HR positive 6 5 5 4 – –

Triple negativeb 0 0 0 1 – –

Unknown 0 0 0 1 – –

Prior therapy
Surgery 4 (67) 5 (100) 5 (100) 5 (83) 6 (75) 3 (75)
Radiotherapy 5 (83) 4 (80) 3 (60) 6 (100) 7 (88) 3 (75)
Systemic therapy 6 (100) 5 (100) 5 (100) 6 (100) 8 (100) 4 (100)

Number of lines of systemic for locally advanced/metastatic disease
≤4 regimens 2 (33) 0 1 (20) 0 3 (38) 2 (50)
≥5 regimens 4 (67) 5 (100) 3 (60) 5 (83) 4 (50) 2 (50)

Site of metastatic diseasec

Visceral 4 (67) 4 (80) 5 (100) 6 (100) 2 (25) 1 (25)
Bone 3 (50) 2 (40) 4 (80) 4 (67) 7 (88) 3 (75)
Lymph nodes 4 (67) 2 (40) 2 (40) 3 (50) 5 (63) 4 (100)
Breast 3 (50) 0 0 0 0 0
Chest wall involvement 0 1 (20) 0 1 (17) 0 0

Patients on concurrent hormonal
therapy

2 (33) 0 0 1 (17) – –

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; ER, estrogen receptor; HR, hormone receptor;N, number of patients in a group;
n, number of patients in the specified category; PR, progesterone receptor.
aNumber of subjects with nonmissing data, used as denominator.
bNegative for all three hormone receptors (HER2, ER, and PR).
cPatients can have ≥1 metastatic site.
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CD14DIMCD16BR cells after dosing. The suppression of the number of
these CD14DIMCD16BR cells was maintained over the monitoring
period for all doses except 1 mg/kg WK1245, which saw initial
suppression then a return to baseline ratios between doses
(Fig. 2D). Correlation of pharmacokinetic and pharmacodynamic
data suggested the dosing of LY3022855 in this study was sufficient to
modulate CSF-1R signaling and reduce cells dependent on CSF-1.

Clinical benefit is associated with minor changes in T-cell
activation in peripheral blood immune cells

To evaluate immune function response in patients treated with
LY3022855, changes in the distribution of peripheral blood immune
cell subsets and activation marker phenotypes was assessed by FACS.
Patient data were evaluated together and then additionally by clinical
response per RECIST criteria. At day 8, only minor changes were

observed after the first dose (Supplementary Table S3) and were not
associated with clinical benefit (Fig. 3A andB). Patients with a BOR of
SD (n ¼ 8 of 24 patients analyzed) showed an increase in average
percent change of activated LAG3þCD4þ and LAG3þCD8þ cells at
day 8 (Fig. 3A) and day 36 (Fig. 3B and C) compared with patients
with PD (n ¼ 16 of 24 patients analyzed). Patients with SD had an
average of approximately 100% increase of activated LAG3þCD4þ and
LAG3þCD8þ T cells at day 36 compared with baseline. In contrast,
patients with PD had approximately 0% in this population (Fig. 3B).
For all other markers, changes in the expression of T-cell surface
markers did not consistently differentiate patients with SD compared
with PD. In addition, immune function was also evaluated through the
assessment of serum cytokines. Except for CSF-1 and IL34, no major
changes were observed in other cytokines and many remained below
the limits of detection (Fig 2C and data not shown).
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Figure 2.

LY3022855 pharmacokinetics and target engagement. Mean (� SD) serum concentration (mg/mL) versus time profiles for LY3022855 following intravenous
administration in patients with MBC andmCRPCwho received ≥1 dose of LY3022855 on cycle 1 day 1 (A), and cycle 1 day 29 (B). C, Time plots of circulating levels of
CSF-1.D, Increasing frequency of dosingwith LY3022855 leads to greater target engagement and further reduction of proinflammatorymacrophages as indicated by
a reduction in circulating CD14dim and CD16bright macrophages. n, number of subjects in the specified category.
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Patients with clinical benefit display intratumor immune gene
expression changes

To evaluate the biologic effects of CSF-1R blockade we compared
patients considered to have received clinical benefit and those who
showed rapid progression. Patient matched (n ¼ 8) MBC tumor

biopsies pre- and post-LY3022855 treatment were evaluated for
modulation of immune genes using NanoString technology. Samples
were grouped into a “clinical benefit group” (n¼ 3) and a “no benefit”
group (n¼ 5), where clinical benefit was defined as either a BOR of SD
per RECIST, remaining on treatment >4 months, or a reduction in a

Figure 3.

Peripheral blood immune cell subset changes by response per RECIST. Percentage change frombaseline to cycle 1 day 8 (A) and cycle 1 day 36 (B). Solid lines indicate
the median percent change from baseline; shaded areas represent the median absolute deviation. Day 8: PD, n¼ 16; SD, n¼ 8; all markers had observations from all
patients with the exception of CD14þHLA-DR where PD, n ¼ 9, and SD, n ¼ 8. Day 36: PD, n ¼ 7; SD, n ¼ 7; all markers had observations from all patients with the
exception of CD14þHLA-DRwhere PD, n¼ 4, and SD, n¼ 6. (C). FACS analysis for LAG3þCD4 and LAG3þCD8 cell subsets at cycle 1 day 36 in peripheral blood from a
patient who had a BOR of SD (patient A) and PD (patient H). BOR, best overall response; PD, progressive disease; SD, stable disease.
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nontarget tumor mass. No benefit was defined as a BOR of PD per
RECIST and remaining on treatment <4 months. Differential gene
expression analysis was performed on patients with adequate pre-
and posttreatment samples to enable statistical comparisons.
Patients B and C were included in the “benefit group”; patient A
was unable to be captured as she did not have an adequate
pretreatment baseline biopsy for analysis. A trend toward increased
immune activation in patients with clinical benefit was observed

(Fig. 4A). Patient C, who had a palpable reduction in a nontarget
neck mass, displayed the most dramatic increase in immune related
genes posttreatment (Fig. 4A). Of note, the neck mass was not the
biopsy site suggesting that a systemic immune response may have
been initiated. Some of the genes are higher in the pretreatment
samples of responders compared with those of the nonresponders.
This may suggest the possibility that patients with higher expression
of these genes are more likely to be responsive to this agent,
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Figure 4.

Differential gene expression of tumor biopsies pre- and
post-LY3022855 treatment. A, Volcano plots showing
fold change in immune gene expression post-
LY3022855 treatment. A significant increase in immune
gene expression in tumor biopsies of patients with
clinical benefit (patients C and D) post-LY3022855
treatment was observed. Minimal changes in immune
gene expression in tumor biopsies of patients with no
clinical benefit (patients I, G, E, F, and H) was observed.
Patient B was excluded from this analysis because only
one pretreatment sample was available. B, Heatmap
shows the distribution of the 92-gene signature differ-
entially expressed across patient matched MBC tumor
biopsies pre- and post-LY3022855 treatment. Patients
with some clinical benefit tended to have relatively
higher expression in the genes including and above
PRKCD and relatively lower expression in the genes
including and below F12. LY, LY3022855, n, number of
differentially expressed genes.
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although stringent analysis of a larger number of biopsy samples
will be required to confirm this possibility.

To gain a greater insight into genes consistently altered in subjects
with clinical benefit, we compared the “clinical benefit” and “no
benefit” groups using a Benjamini–Hochberg False Discovery Rate
(FDR) of ≤.05. We identified 92 significantly altered genes between
patients with andwithout clinical benefit (Fig. 4B). Consistent with the
hypothesized mechanism of action for LY3022855/CSF-1R blockade,
we notedmany of these genes are expressed by cells of themyeloid and
antigen presenting cell lineages (i.e., CD80, CD86, ITGAX). We also
used the gene expression analysis to estimate changes in myeloid
infiltrations. Although there was a trend (Supplementary Fig. S3), we
were not confident the sample numbers would provide sufficient
confidence at making to draw a conclusion on reduced macrophage
post therapy. We also attempted gene set pathway analysis; however,
there was no change that reached significant levels of confidence in
those limited differentially expressed genes, which were contained in
the prespecified gene set.

Relationship between confounding factors and clinical
response

We explored the potential association between response (RECIST)
and baseline characteristics of dose level, age, gender, and clinical site.
Age, gender, and clinical site had no impact on response; however, a
relationship between LY3022855 dose level and response was observed
(Fisher exact P ¼ 0.006; Supplementary Table S4). Stable disease was
observed in patients treatedwith a higher LY3022855 dose (1.25mg/kg
Q2W, 100 mg Q2W, and 100 mg QW) but was not evident for any
patient treated with the lower LY3022855 dose (1 mg/kg WK1245).

Treatment and safety
All 34 enrolled patients received ≥1 dose of LY3022855 and were

included in the safety analysis. The median number of cycles of
LY3022855 received per patient was one cycle with a median duration
of therapy of 7 weeks, range 2 to 58 weeks. At the time of data cutoff,
the overall median relative dose intensity was 94%.

Treatment-emergent AEs were reported for all patients and those
reported in ≥20% of patients were fatigue, nausea, constipation,
vomiting, anemia, diarrhea, pain, decreased appetite, and dyspnea.
Asymptomatic increased blood creatinine phosphokinase (CK),
increased lipase, and increased gamma-glutamyl transferase (GGT)
occurred in ≥20% of patients.

The most common treatment-related TEAEs (those reported in
≥10% of the patients) are presented in Table 2. Grade 3 treatment-
related AEs reported in ≥1MBC patients included increased blood CK
and increased blood alkaline phosphatase (ALP). Grade 4 treatment-
related AEs included increased GGT, increased aspartate aminotrans-
ferase (AST), and increased amylase. Grade 3 treatment-relatedTEAEs
reported in ≥1 mCRPC patients included fatigue.

Treatment-related SAEs (all grade 3) were reported by two patients
with MBC. One MBC patient experienced SAEs of stress induced
cardiomyopathy and encephalopathy. The events of encephalopathy
and stress-induced cardiomyopathywere resolved during the course of
the study, and in the opinion of the investigator, the event of
encephalopathy was later revised to “not related to study treatment
or protocol procedure.” The secondMBC patient experienced SAEs of
bacteremia and pyrexia. The outcome of these SAEs was unknown at
the time of data cutoff as the patient transitioned to hospice care and
withdrew from follow-up. In the opinion of the investigator, the event
of bacteremia and pyrexia were revised to “not related to study
treatment.” No mCRPC patient experienced treatment-related SAEs. Ta
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Two patients with MBC died while on study treatment or within
30 days following the last dose of LY3022855. Of these patients, one
patient treatedwith 1mg/kg (administered onweeks 1, 2, 4, and 5) died
16 days after the last dose of LY3022855, whichwas reported to bemost
likely caused by complications of recently diagnosed venous throm-
boembolic event. Another patient treated with 100mgQWdied due to
cancer progression. NomCRPC patient died while on study treatment
or within 30 days following the last dose of LY3022855.

Laboratory assessments identified treatment-emergent AEs of
increased ALT (two patients, grade 3), increased ALP (three patients,
grade 3), increased AST (one patient, grade 4; two patients, grade 3),
increased CK (two patients, grade 3) and increased blood bilirubin
(two patients, grade 3). Myoglobin was collected for CK >2.5 upper
limit of normal, two patients met this parameter.

Immune-related adverse events included three patients with diar-
rhea (two grade 1 and one grade 2), two patients with amaculopapular
rash (one grade 1 and one grade 2), and two patients with pruritus
(grade 1).Dermatologic toxicitywasmanagedwith topical steroids. No
patients required systemic steroids for the management of these
toxicities.

Discussion
Inhibiting CSF-1R with a novel mAb (LY3022855) in this phase I

study of a treatment refractory population of patients with MBC or
mCRPC demonstrated this agent had successful target engagement in
the peripheral circulation. This was evidenced by increased CSF-1 and
IL34 levels in sera as well as a commensurate reduction in circulating
monocytes. Furthermore, myeloid cell–related gene expression
changes in patients with clinical benefit suggested evidence of intra-
tumoral immune modulation. Nevertheless, the single-agent clinical
activity of LY3022855 was limited with a median PFS of 1 to 3 months
across treatment arms and disease populations. Two patients with
MBC experienced SD with prolonged PFS for greater than 9 months
suggestive of clinical benefit. Despite the limited sample set, changes in
intratumor gene expression detected in patients deemed to have
clinical benefit, suggests LY3022855 treatment might result in intra-
tumor immune modulation, which is associated with outcome. This is
further exemplified by the comparative analysis showing increased
activation of immune genes in tumor tissue and sustained activation of
T cells in the periphery in patients who had benefit relative to those
with early progression.

A number of small molecules or antibodies targeting CSF-1R are in
clinical development (23). However, reports of monotherapy targeting
this pathway, outside the nonmalignant connective tissue disease
diffuse-type tenosynovial giant cell tumors (24–26), have been
limited (22, 27–29). The monotherapy study we report here was an
exploratory study aimed primarily at assessing the immune-
modulatory effects of this novel antibody. Target engagement was
indicated by the increased circulating levels of CSF-1 and IL34 after
venous administration of LY3022855, and with higher and more
frequent dosing suppression of circulating CD14DIMCD16BR nonclas-
sical monocytes was observed, indicating LY3022855 blocked CSF-1R
as expected.

While inhibition of CSF-1R with LY3022855 was indicated, the
overall immune and clinical response in this patient cohort was
limited. Although no patient had an objective response, two patients
with MBC with SD experienced prolonged PFS and there appeared to
be a relationship between dose level and clinical response. In evaluable
mCRPC patients with RECIST measurable disease, BOR was SD in
43%; however, most patients with mCRPC with RECIST measurable

disease also had bone metastases captured per PCWG2 on bone
scintigraphy and progressed in bone. Per PCWG2 criteria for bone
metastases, BORwas SD (44%) and PD (56%). The longest duration of
SD per RECIST in the patients with prostate cancer was 124 days, and
no PSA responses were observed. Prostate responses were disappoint-
ing despite the preclinical rationale. This was a heavily pretreated
patient population and perhaps the immune suppressive tumor
microenvironment could not be altered by CSF-1R inhibition, or
compensatory mechanisms were at play (30, 31). The limited clinical
activity we report here align with the monotherapy results obtained
from clinical studies with emactuzumab and pexidartinib (22, 27–29),
suggesting targeting TAMs alone is not sufficient to induce a tumor
response in advanced solid tumors.

In this patient cohort, changes in circulating peripheral immune cell
subsets and serum cytokines after treatment wereminimal. However, a
significant increase in LAG3þCD4þ and LAG3þCD8þ cells at day 8
was observed; this increase was associated with gene expression
evidence of immune activation in these individuals. In addition,
analysis of gene expression changes in tumor tissue after therapy
indicated activation of immune genes in samples from patients with
MBC who displayed clinical benefit.

Overall, LY3022855 in patients with advanced refractory MBC or
mCRPC exhibited pharmacokinetic properties generally consistent
with typical IgG1 mAbs. Total body clearance decreased with increas-
ing dose, indicating potential target-mediated drug disposition kinet-
ics. However, interpretation of these results is limited by the phar-
macokinetic sampling period (up to 336 hours) and narrow dose range
evaluated. Comparing fixed dosing regimens (100mgQWand 100mg
Q2W) with body weight–dependent regimens (1.25 mg/kg Q2W and
1 mg/kg WK1245) revealed minimal effect of body weight on phar-
macokinetics, with comparable single dose exposures observed
between the 1.25 mg/kg WK1245 and 100 mg QW dose groups,
supporting flat milligram dosing.

The safety data observed in this studywere consistent with the safety
profile expected for a CSF-1R inhibitor, with the most frequent
treatment-related AEs consisting of fatigue, decreased appetite, nau-
sea, and elevated liver enzymes. The most frequent AEs were generally
predictable, manageable, and reversible with no apparent dose rela-
tionship and no new or unexpected safety findings.

Although small patient numbers in this study limits our ability
to understand why some patients experienced prolonged SD with
CSF-1R inhibition, while others did not, we did observe activation of
immune genes in tumor tissue posttreatment. However, due to the
limited availability of pre- and posttreatment tumor biopsies, we only
have indirect measures of a decrease in TAM at the tumor level. Given
the limited availability of tissue samples we therefore conducted
differential gene expression analyses on these metastatic biopsies.
Genes differentially expressed between patients with clinical benefit
and those with no benefit were identified. However, due to the small
sample size of this comparison, it would be best to confirm these
differences in a larger cohort to correct for any potential statistical
errors (32). We must also note a small proportion of patients in this
study were treated with concurrent hormonal therapy, while others
were not, and this may be relevant for one of the patients with HRþ

MBC who had prolonged SD on trial.
In this study, there was a predominance of patients with MBC with

visceral metastatic disease which is associated with worse prognosis
and lower likelihood of response to immune manipulation (33).
Notably, with immune checkpoint blockade low response rates were
observed with monotherapy in heavily pretreated breast cancer popu-
lations, but responses improved when administered first-line
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therapy (34). For example, immunomodulatory treatments are effec-
tive as first-line treatment and in combination with other chemother-
apy regimens [per KEYNOTE-522 (NCT03036488) and Impas-
sion130 (NCT02425891)] (35, 36). Of note, the two patients with
MBC with durable SD in this study did not have active visceral disease
and had received limited prior lines of therapy. Targeting TAMs early
in the disease course in those patients with MBC with limited prior
therapy and nonvisceral disease is of great interest.

In this study of a CSF-1R inhibitor, we observed durable clinical
benefit with no significant toxicity in three patients with HRþ MBC,
including one young patient with taxane-resistant disease. Although
there were few immunomodulatory changes detected in sera aside
from increased CSF-1 and IL34 levels suggestive of a pharmacody-
namic effect, there was an association with immune activation in
metastatic biopsies after treatment in some patients who showed
clinical benefit. This provides support that targeting TAM warrants
further evaluation. Collectively, the clinical data would suggest the use
of small molecules or antibodies targeting CSF-1R asmonotherapy are
unlikely to benefit the majority of patients; however, combination
strategies to target tumor-associated macrophages and increase
immune activation remain viable strategies in MBC and mCRPC,
including concurrently targeting LAG3 as suggested by immune
monitoring data in this study.
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