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Abstract

Rheumatoid arthritis (RA) is a systemic, autoimmune disease that affects joints and extra-articular structures. In the last dec-
ade, the management of this chronic disease has dramatically changed with the introduction of several targeted mechanisms
of action, such as tumor necrosis factor-a inhibition, T-cell costimulation inhibition, B-cell depletion, interleukin-6 blockade,
and Janus kinase inhibition. Beyond its well-known hematopoietic role on the proliferation and differentiation of myeloid
cells, granulocyte-monocyte colony-stimulating factor (GM-CSF) is a proinflammatory mediator acting as a cytokine, with
a proven pathogenetic role in autoimmune disorders such as RA. In vitro studies clearly demonstrated the effect of GM-CSF
in the communication between resident tissue cells and activated macrophages at chronic inflammation sites, and confirmed
the elevation of GM-CSF levels in inflamed synovial tissue of RA subjects compared with healthy controls. Moreover, a
pivotal role of GM-CSF in the perception of pain has been clearly confirmed. Therefore, blockade of the GM-CSF pathway
by monoclonal antibodies directed against the cytokine itself or its receptor has been investigated in refractory RA patients.
Overall, the safety profile of GM-CSF inhibitors seems to be very favorable, with a particularly low incidence of infec-
tious complications. The efficacy of this new mechanism of action is comparable with main competitors, even though the
response rates reported in phase II randomized controlled trials (RCTs) appear to be numerically lower than the response
rates observed with other biological disease-modifying antirheumatic drugs already licensed for RA. Mainly because of this
reason, nowadays the development program of most GM-CSF blockers for RA has been discontinued, with the exception
of otilimab, which is under evaluation in two phase III RCTs with a head-to head non-inferiority design against tofacitinib.
These studies will likely be useful for better defining the potential role of GM-CSF inhibition in the therapeutic algorithm
of RA. On the other hand, the potential role of GM-CSF blockade in the treatment of other rheumatic diseases is now under
investigation. Phase II trials are ongoing with the aim of evaluating mavrilimumab for the treatment of giant cell arteritis,
and namilumab for the treatment of spondyloarthritis. Moreover, GM-CSF inhibitors have been tested in osteoarthritis and
diffuse subtype of systemic sclerosis. This review aims to describe in detail the available evidence on the GM-CSF blocking
pathway in RA management, paving the way to a possible alternative treatment for RA patients. Novel insights regarding
the potential use of GM-CSF blockers for alternative indications will be also addressed.

1 Introduction genetic polymorphisms have been associated with increased
susceptibility and disease severity [3]. RA primarily affects
peripheral joints, with aberrant synovial inflammation and
proliferation of the synovial tissue, leading to bone and car-
tilage erosion [1, 4]. Considering the systemic inflammatory
burden, RA can also be complicated by extra-articular mani-
festations such as interstitial lung disease, chronic anemia,
and fatigue, as well as comorbidities such as increased car-
diovascular disease, osteoporosis, type 2 diabetes mellitus,

Rheumatoid arthritis (RA) is a complex, chronic, systemic
inflammatory autoimmune disease that affects approxi-
mately 0.5-1% of the population worldwide [1, 2]. Even if
the etiology is unknown, environmental factors and several
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The increasing number of available therapeutic options
in the field of targeted agents has dramatically improved
the management of rheumatoid arthritis (RA), but the
complexity and variety of the pathogenetic mechanisms
accounting for RA manifestations still limit the propor-
tion of patients achieving the treatment target of clinical
remission, suggesting the need for the identification of
novel mechanisms of action.

Besides its well-known hematopoietic role, granulocyte-
macrophage colony-stimulating factor (GM-CSF) is a
cytokine involved in the modulation of differentiation,
polarization, and activation of immune cells as mac-
rophages, dendritic cells, and lymphocytes, resulting in
a strong influence on the typical immune/inflammatory
cascade of chronic autoimmune diseases, including RA.

The available data on the use of GM-CSF inhibitors in
RA, with respect to the peculiar mechanism of action,
preclinical experience, efficacy and safety profile, and
rapidity of response, are encouraging and warrant phase
IIT trials in order to better establish the future positioning
of these novel drugs in the therapeutic algorithm of RA.

different immune cells (in particular T and B lymphocytes)
and proinflammatory mediators (mainly tumor necrosis fac-
tor (TNF)-a and interleukin (IL)-6), which represent eligi-
ble goals for the development of targeted therapies [8, 9].
According to main international recommendations for the
management of RA [10, 11], methotrexate is still considered
the anchor drug for the treatment of newly diagnosed RA
patients [12]. Moreover, in the last decades, the introduc-
tion of biological disease-modifying antirheumatic drugs
(bDMARD:s) focused on cells and molecules involved in RA
pathogenesis has dramatically changed the management of
the disease, improving the application of more recent treat-
ment strategies and making low disease activity and remis-
sion achievable targets, even in methotrexate-insufficient
responder patients [13]. Nowadays, five TNF inhibitors,
two IL-6 blockers, one T-cell costimulation modulator, one
IL-1 soluble receptor, and one B-cell-depleting monoclonal
antibody are licensed for the treatment of RA. In addition,
the therapeutic armamentarium for RA has recently been
enriched by the development of Janus kinase (JAK) inhibi-
tors, active on the transduction into the cell of the signal
produced by the interaction between some proinflamma-
tory mediators and their specific transmembrane receptors
on immune cells [14]. Nevertheless, despite the expanding
number of available treatment options, in real-life experi-
ence about 50-70% of treated patients still fail to achieve
clinical remission or to maintain an initially good response
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over time [15-20]. Moreover, real-world registries are still
populated by a non-negligible proportion of patients present-
ing a ‘difficult-to-treat” RA pattern refractory to the majority
of available mechanisms of action [21, 22], as a result of
the complexity and variety of the pathogenetic mechanisms
accounting for RA clinical manifestation. In this scenario,
the right choice of the first-line targeted agent in metho-
trexate-insufficient responder patients [23], and the strategy
for managing b(DMARD failures, still remain critical unmet
needs in the treatment of RA [24-26]. Therefore, research
toward the identification of novel potential pathways aimed
at discovering further therapeutic options is still crucial for
improving the better application of a tailored strategy based
on precision medicine [27].

Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is a cytokine mostly acting as a hemopoietic
growth factor on the proliferation and differentiation of
myeloid cells from bone marrow progenitors [28]. Besides
its well-known hematopoietic role, GM-CSF is involved in
the modulation of differentiation, polarization, and activa-
tion of immune cells as macrophages, dendritic cells, and
lymphocytes, resulting in a strong influence on the typi-
cal immune/inflammatory cascade of chronic autoimmune
diseases [29-32]. Therefore, GM-CSF blockade could be
expected to hamper RA inflammation through decreasing
leukocyte activation, as confirmed by the available results
from preclinical and clinical studies targeting GM-CSF or
its receptor [33].

In this review, we describe in detail the pathogenic ration-
ale for blockade of the GM-CSF pathway in RA, and sum-
marize the results of the main clinical trials conducted to
explore the potential role of GM-CSF inhibitors in the treat-
ment of RA. Furthermore, we address the role of GM-CSF in
other rheumatological disorders, exploring the potential use
of the inhibition of this pathway for alternative indications.

2 Granulocyte-Monocyte
Colony-Stimulating Factor (GM-CSF)
Pathway and Its Biological Functions

GM-CSF, also known as colony-stimulating factor 2 (CSF2),
was first identified as a hematopoietic growth factor, as men-
tioned above [34]. GM-CSF has shown to be relevant in
regulating mature myeloid cell populations in homeostatic
and inflammatory conditions [35], and exerts several effects
on myeloid cells, including survival, activation, differentia-
tion, and mobilization [36-38]. GM-CSF circulating levels
are quite low in homeostatic conditions but can quickly rise
in a few circumstances, such as infections or inflamma-
tion [39]. In fact, several cell types can produce GM-CSF,
including endothelial cells, macrophages, fibroblasts, DCs,
neutrophils, eosinophils, resident tissue cells, T cells, and
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cancer cells [40—-42]. In inflammatory milieu, expression of
GM-CSF is induced by several cytokines, such as IL-1a and
B, IL-12, and TNFa, whereas it is suppressed by IL-4, IL-10,
and interferon (IFN)-y [40, 41, 43—45]. Under inflammatory
conditions, GM-CSF can recruit and activate myeloid and
resident tissue cells, such as endothelial, epithelial, fibro-
blast, and T-cell populations. Moreover, in vitro studies
demonstrated the capability of GM-CSF, when combined
with other proinflammatory agents, to polarize macrophages
to the proinflammatory M1-like phenotype [46, 47], which
is responsible for the production of several proinflammatory
cytokines such as IL-1, IL-2, IL-6, IL-23, IL-1, and TNF
[28]. In addition, GM-CSF is able to activate resident mac-
rophage-like microglia and induce central nervous system
(CNS) inflammation through the upregulation of CD14 and
toll-like receptor 4 [48]. Moreover, GM-CSF effects on mye-
loid-lineage include DCs, by increasing their uptake capacity
and promoting non-lymphoid tissue homeostasis [49], and
osteoclasts, by stimulating the differentiation of osteoclast
precursors and by stopping their late-stage maturation [50].
GM-CSF also plays a pivotal role in lung physiology main-
tenance and local resistance to infections. In fact, pulmonary
epithelial cells produce GM-CSF, leading to alveolar mac-
rophage maturation and favoring the clearing of surfactant
lipids and proteins from lung surface [51, 52]. GM-CSF-
deficient mice have altered phagocytosis and other immune
defects, with accumulation of surfactant-like proteins, lead-
ing to peribronchovascular infiltrate and increasing suscep-
tibility to infections [53]. This function impairment causes
alveolar proteinosis and enhanced mortality [54].

GM-CSF works through the binding to its receptor (GM-
CSFR), a heterodimeric molecule composed by one « chain,
specific for the ligand, and one 3 chain, specific for the trans-
duction of the signal into the cell, which is shared with IL-3
and IL-5 [55, 56]. Once GM-CSF binds to its receptor, the
signal is transduced not only mainly through the JAK-2/
STAT pathway but also through the mitogen-activated pro-
tein kinase (MAPK), nuclear factor (NF)-kB, and phosphati-
dylinositol 3 kinase (PI3K) pathways [30, 56—-60] (Fig. 1).

3 Targeting GM-CSF in Rheumatoid Arthritis
(RA)

CSF family members (macrophage CSF (M-CSF), granu-
locyte CSF (G-CSF), and GM-CSF), the so-called ‘CSF
network’, are able to mediate the communication between
resident tissue cells and activated macrophages at chronic
inflammation sites. This crosstalk can regulate the proin-
flammatory network in the setting of autoimmune diseases
[28], and in particular RA, whose pathogenesis is deeply

driven by the enhanced activity of synovial tissue mac-
rophages responsible for proinflammatory cytokine release
[61]. In fact, GM-CSF levels are elevated in inflamed syno-
vial tissue of RA subjects compared with healthy controls
[62-65], and a preclinical study demonstrated by immu-
nohistochemistry that selected clusters of synovial mac-
rophages (especially CD68% and CD163%) expressed high
levels of GM-CSFRa in RA and psoriatic arthritis subjects
compared with osteoarthritis (OA) patients and healthy
controls [66]. Moreover, several data demonstrated that
GM-CSF production could be enhanced by synovial fibro-
blasts and human chondrocytes in response to TNFa and
IL-1 [67, 68]. A recent report highlighted that CD25" IL-
33Ra™ GATA™, a subtype of innate lymphoid cells, is the
prevalent cell type in inflamed joints and actively produce
GM-CSF [69]. In addition, GM-CSF* B cells could con-
tribute to autoantibody production in RA patients. In fact, a
higher frequency of T and B cells expressing GM-CSF has
been described in the peripheral blood of RA subjects [70].
Furthermore, administration of GM-CSF in mouse models
of arthritis has been associated with exacerbations of the
disease [71], and patients undergoing chemotherapy [72]
or affected by Felty’s syndrome [73] treated with recom-
binant GM-CSF as a growth factor experienced flares of
RA. Moreover, GM-CSF has been demonstrated to act on
differentiation and activation of T helper (Th) 17 cells that
have a central role in RA pathogenesis [41, 74]. The study
by Donatien et al. suggests a pivotal role of GM-CSF in pain
management [75]. The activation of GM-CSFR in sensory
nerves causes neurite sprouting, nerve hypertrophy, and
sensitization to nociceptive stimuli that alter the production
of proinflammatory chemokines (including TNF) in mouse
dorsal root ganglion neurons, through JAK/STAT signal-
ing [76, 77]. GM-CSF has a proinflammatory role in the
CNS, where it is synthesized by astrocytes and can modulate
the function of microglia and neurons [78]. Furthermore,
GM-CSF can cross the blood-brain and blood—spinal cord
barrier, mediating pronociceptive and pathogenic effects in
CNS inflammation [79].

Considering all this biologic evidence, GM-CSF block-
ade can interfere with macrophage function and provide
clinical benefit in RA. In fact, the administration of a mono-
clonal antibody against GM-CSFRa (CAM3003) blocked
disease progression of collagen-induced arthritis, reducing
synovial inflammation and joint destruction [66]. Moreover,
GM-CSFRa blockade had a different ability to reduce inflam-
matory macrophages/monocyte-derived dendritic cells com-
pared with TNF or IL-6 blockade, acting on inflammatory
modulation in different ways [80]. Again, CAM3003-treated
mouse models reported a reduction in the number of F4/80+
macrophages in antigen-induced arthritis [80].
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Fig.1 Biological (depicted in normal font) and pathological
(depicted in italics) roles of GM-CSF. In the nervous system, GM-
CSF contributes to the regulation of satiety and prevents weight
gain. Moreover, GM-CSFR is expressed on pain-sensing neurons. In
sensory nerves, activation of the GM-CSFR induces neurite sprout-
ing, nerve hypertrophy, and sensitization to nociceptive stimuli. In
lungs, a transitional resident population, the innate-like B cells, can
produce GM-CSF and express GM-CSFRa. This autocrine sign-
aling loop produces natural IgM and provides an efficient line of
defense against pathogens. GM-CSF contributes, to maintain barrier
immune homeostasis. When this balance subsides, there is a propen-
sity for infections. In the gastrointestinal tract, GM-CSF promotes
the differentiation of monocytes into a specific subtype, CD11b*,
capable of phagocytosing and cross-presenting antigens to prime
T-cell responses. The role of GM-CSF in resolution of inflamma-
tion is highlighted by studies of mice deficient in GM-CSF, IL-3, and

4 Clinical Trials Using GM-CSF Blockade
in RA

All the abovementioned preclinical evidence opened the
way for the development of several blockers of the GM-CSF
pathway, targeting either GM-CSFRa (mavrilimumab) or
the cytokine directly [MORAb-022, MOR103, lenzilumab
(KB003), namilumab (MT203)] [33].

4.1 Mavrilimumab

Mavrilimumab (CAM-3001) is a human immunoglobu-
lin (Ig) G4 monoclonal antibody with high affinity to the
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IFNy, which have persistent, low-level inflammation resulting from
improper responses to commensal microbes and pathogenes. In an
inflamed synovial joint affected by RA, GM-CSF induces activation,
differentiation, survival, and proliferation of circulating monocytes,
macrophages and resident tissue phagocytes, contributing to articu-
lar damage. GM-CSF contributes to the expansion of immunosup-
pressive myeloid cells at the resolution of inflammation to promote
wound healing and tissue repair. GM-CSF promotes trafficking of
myeloid cells through activated endothelium of blood vessels, gen-
erating the accumulation of monocytes and macrophages in blood
vessels. Furthermore, many tumors secrete GM-CSF directly from
malignant cells or from cells in the microenvironment, influencing
tissue-resident macrophages and increasing systemic myelopoiesis.
GM-CSF granulocyte-monocyte colony-stimulating factor, GM-CSFR
granulocyte-monocyte colony-stimulating factor receptor, /g immu-
noglobulin, /L interleukin, /FN interferon, RA rheumatoid arthritis

GM-CSFRa chain and low ability of complement activa-
tion because of its IgG4 Fc isotype [81]. The efficacy and
safety profiles of mavrilimumab have been investigated in
a phase I trial and subsequently extensively assessed in the
EARTH clinical development program, embracing three
phase Ila—IIb randomized controlled trials (RCTs; EARTH,
EARTH EXPLORER 1 and EARTH EXPLORER 2), as
reported in Table 1. The pharmaceutical industry manu-
facturer discontinued the development program on mavrili-
mumab in RA, although it remains active for giant cell arte-
ritis (https://www.kiniksa.com/our-pipeline).
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4.1.1 Phase | Studies

The first randomized, placebo-controlled, double-blind,
dose-escalating, phase I study with mavrilimumab (Clini-
calTrials.gov identifier: NCT00771420) was conducted in 32
RA patients with active disease despite a stable methotrexate
dose (10-25 mg/week) [82]. Patients were randomized 5:1
to receive a single, escalating intravenous dose of mavrili-
mumab (0.01, 0.03, 0.1, 0.3, 1.0, 3.0 and 10.0 mg/kg) or
placebo and were followed up for 24 weeks [82]. The Dis-
ease Activity Score 28-joint (DAS28) at week 4 was sig-
nificantly decreased in patients treated with mavrilimumab
compared with controls, along with a significant decrease
in C-reactive protein (CRP) levels over 4 weeks in patients
receiving mavrilimumab with elevated baseline CRP lev-
els (>5 mg/L). Overall, adverse events (AEs) were mild or
moderate, were reported with similar frequency in all treat-
ment subgroups (74% and 80% for mavrilimumab and pla-
cebo, respectively), and were not related to the drug dose.
None of the included patients had significant hematological
changes or lung disorders [82].

4.1.2 Phase Il Studies

The EARTH study (ClinicalTrials.gov identifier:
NCT01050998) was a phase II, randomized, double-blind,
placebo-controlled trial evaluating the use of mavrili-
mumab in 233 RA patients randomized to receive sub-
cutaneous mavrilimumab 10, 30, 50, 100 mg, or placebo
every other week [83]. At week 12, a greater proportion
of patients receiving mavrilimumab achieved the pri-
mary endpoint compared with placebo (55.7% vs. 34.7%,
p=0.003), with the 100 mg dose showing a higher effect
on American College of Rheumatology (ACR) response
versus placebo (ACR20: 40 vs. 69.2%, p=0.005; ACRS50:
12 vs. 30.8%, p=0.021; ACR70: 4 vs. 17.9%, p=0.030).
Five serious AEs (SAEs) were reported (none were consid-
ered treatment related): four (one spontaneous abortion, one
intervertebral disc disorder, one fracture of the patella, and
one fracture of the humerus) in the mavrilimumab group,
and one (worsening of RA) in the placebo group. Low-titer
and transient anti-mavrilimumab antibodies were observed
in 23 patients (20 of 158 in the active treatment group, and
3 of 75 in the placebo group), but with no apparent impact
on the pharmacokinetics. The Japanese cohort of the same
study was evaluated separately (ClinicalTrials.gov identifier:
NCT01050998) and confirmed similar efficacy and safety
results despite the smaller sample size [84].

The phase IIb, multicenter, placebo-controlled EARTH
EXPLORER 1 study (ClinicalTrials.gov identifier:
NCT01706926) was conducted in 236 RA patients with
moderate to severe active RA (mean disease duration
7.8 years, mean baseline DAS28-erythrocyte sedimentation

rate (DAS28-ESR) 6.6, >70% rheumatoid factor (RF)-
and/or anticitrullinated protein antibody (ACPA)-positive)
despite stable treatment with methotrexate (7.5-25.0 mg/
week), randomized 1:1:1:1 to subcutaneous mavrilimumab
150, 100, 30 mg, or placebo, on top of methotrexate, for a
24-week, double-blind phase followed by a long-term, open-
label extension [85]. ACR20 response rates were signifi-
cantly higher in all active treatment arms (73.4, 61.2, and
50.6% for mavrilimumab 150, 100, and 30 mg, respectively)
compared with placebo (24.7%, p <0.001 for all subgroups).
Similarly, the DAS28-CRP score significantly decreased
in all mavrilimumab subgroups compared with placebo
(p=0.001), with the best response reported in the mavrili-
mumab 150 mg arm. Both CRP and ESR levels decreased
in a dose-dependent, rapid (since week 1) and sustained (till
week 24) manner. The overall incidence of AEs was simi-
lar in the mavrilimumab and placebo cohorts, and only two
patients discontinued treatment because of treatment-related
AEs (one angioedema and one pneumonia). No evident
increase in pulmonary toxicity (dose-response changes in
oxygen saturation, dyspnea score, or pulmonary function)
was reported in mavrilimumab-treated patients. Moreover,
no suspected cases of pulmonary alveolar proteinosis (PAP)
were observed in patients receiving mavrilimumab [85].
The EARTH EXPLORER II study (ClinicalTrials.gov
identifier: NCT01715896) was a phase II, double-blind, ran-
domized trial evaluating the use of mavrilimumab (100 mg
every other week, n=70) in combination with methotrexate,
in long-standing, active RA patients (mean disease dura-
tion 6.7 years, mean baseline DAS28-ESR 6.5, >70% RF-
and/or ACPA-positive) who had not previously responded
to a conventional synthetic DMARD (csDMARD) or TNF
inhibitor [86]. The study was designed by including a paral-
lel treatment arm treated with the anti-TNF monoclonal anti-
body golimumab (50 mg every 4 weeks, n=68), even if the
study was not powered to perform a statistical head-to-head
comparison versus mavrilimumab. At week 24, ACR20,
ACRS50, and ACR70 responses rates (primary endpoints)
were similar in the mavrilimumab and golimumab treatment
arms in the overall population (62.0%, 34.8%, and 16.1%
vs. 65.6%, 43.4%, and 25.9%, respectively) and in the TNF
inhibitor inadequate response (IR) subgroup (72.3%, 33.5%,
and 23.5% vs. 61.2%, 42.2%, and 24.2%, respectively), but
apparently lower in the mavrilimumab-treatment group
compared with golimumab (53.8%, 35.9%, and 10.3% vs.
69.4%, 44.4%, and 27.8%, respectively) in the csDMARD-
IR subgroup [86]. The main reason for these controversial
results could lie in the use of a suboptimal mavrilimumab
dose (100 mg every other week) in this trial compared with
the most effective dose (150 mg every other week), con-
firmed by the EARTH EXPLORER 1 study [85]. The per-
centage of patients experiencing any treatment-emergent AE
(TEAE) was numerically greater in the mavrilimumab arm
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compared with the golimumab arm (51.4% vs. 42.6%), but
consistent with what has been reported in previous studies
[82, 85]. The majority of AEs were classified as mild and
were not considered as drug-related. The only two SAEs
were observed in the golimumab group (pneumocystis pneu-
monia and another lung disorder). Once again, no significant
pulmonary concerns were observed in patients exposed to
GM-CSF blockade [86].

4.1.3 Long-Term Efficacy and Safety Profile
of Mavrilimumab (Study 1109)

All patients who completed the double-blind phase of the
EARTH EXPLORER 1 and 2 trials had the opportunity
to enter the open-label extension analysis (study 1109;
ClinicalTrials.gov identifier: NCT01712399) and to receive
mavrilimumab 100 mg every other week plus methotrex-
ate for a 3-year follow-up period [87]. The study included
442 subjects with a cumulative exposure of 899 patient-
years and a median treatment duration of 2.5 years (range
0.1-3.3 years). At week 122, 65.0% and 40.6% patients
achieved a DAS28-CRP score of <3.2 and < 2.6, respec-
tively. Moreover, 68% of mavrilimumab patients had no
radiographic progression (<0.5-point change in modified
total Sharp score (mTSS) compared with baseline values)
at week 74 [87]. Similarly, the safety profile was consistent
with the experience observed in the double-blind phase.
Only 10% of the overall as-treated patients reported a
TEAE of grade 3 or higher severity. No cases of monocy-
topenia were reported, and mavrilimumab was not asso-
ciated with any important long-term negative effects on
pulmonary safety (no cases of PAP or pulmonary-related
deaths), whereas neutropenia was observed in four patients
only [87].

The infection risk observed with mavrilimumab [only 14
patients showed serious infections (1.56 per 100 patient-
years)] seems to be lower compared with other conven-
tional and targeted DMARD:s, even if this evidence is the
result of an indirect comparison only. In fact, in a recent
review, the estimated incidence rates of serious infections
for the pooled population of RCTs conducted with abata-
cept, rituximab, tocilizumab, TNF inhibitors, and tofaci-
tinib were 3.04, 3.72, 5.45, 4.90, and 3.02 per 100 patient-
years, respectively [88]. Similarly, a longitudinal study of
a population-based cohort including 27,710 RA patients
reported an incidence rate of serious infection of 4.52 per
100 patient-years in the subgroup receiving methotrexate
alone [89].

In conclusion, the overall safety profile of mavrili-
mumab seems to be very reassuring, in particular with
regard to infections, even though a longer follow-up
period is needed for a more comprehensive analysis of
long-term toxicity.
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4.1.4 Potential Biomarkers Predicting Clinical Response
to Mavrilimumab

Considering the increasing number of therapeutic options
for the treatment of RA, as well as the limited number of
head-to-head trials directly comparing two different targeted
drugs [90], the identification of specific biomarkers useful
for predicting clinical response to the available mechanism
of action is still a major unmet need in the management of
RA [91-93].

Two exploratory post hoc analyses of both EARTH
EXPLORER studies have been conducted to better inves-
tigate the role of the GM-CSF pathway in RA. In the first
analysis, whole blood gene expression profiles and serum
biomarkers were analyzed by whole genome microarray and
protein immunoassay [94]. The administration of mavrili-
mumab was associated with significant downregulation of
type IV collagen formation markers (PANP7S), macrophage-
derived chemokines [C—C motif chemokine 22 (CCL22)],
IL-2 receptor-a (IL-2Ra), and IL-6 compared with pla-
cebo, with a decreased expression of transcripts enriched
in macrophage and IL-22/IL-17 signaling pathways. The
suppression of IL-2Ra- and IL-17/IL-22-associated tran-
scripts seems to indicate an indirect suppressive effect of
mavrilimumab on T-cell activation, while IL-6 and CCL22
downregulation could reflect a direct role of GM-CSFR
inhibition on the release of proinflammatory cytokines by
myeloid cells [94].

In the EARTH EXPLORER 2 study, patients in the
mavrilimumab arm showed suppressed serum levels of
CCL22 and C—C motif chemokine 17 (CCL17), whereas
levels of intercellular adhesion molecule-1 (ICAM-1) and
C-X-C motif ligand 13 (CXCL13) were decreased in the
golimumab-treated group [95]. Moreover, both drugs pro-
duced early and sustained suppression of serum markers
of disease activity (such as CRP, serum amyloid A, IL-6,
CD163, vascular endothelial growth factor (VEGF), IL-
2RA, and matrix metalloproteinase (MMP) 1 and 3) in
DMARD-IR patients only. In the TNF-IR population, this
effect was transient for golimumab and was maintained
over time by mavrilimumab only, despite a similar clinical
response in the two treatment arms, suggesting a theoretical,
more widespread and upstream effect of GM-CSF inhibition
compared with TNF blockade [95].

In the pooled population of the EARTH and EARTH
EXPLORER 1 trials, the presence of antibodies against pep-
tidyl-arginine deiminase 4 (PAD-4) in the serum of patients
treated with mavrilimumab (150 mg) was associated with
a worse clinical response compared with negative subjects
[96].

Another post hoc analysis of the EARTH EXPLORER
1 study investigated the changes of a biomarker of acti-
vated macrophage activity [citrullinated and MMP
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degraded vimentin fragment (VICM)] and the blood
expression of MMP-9 transcripts and PAD-2 after
treatment with mavrilimumab [71]. VICM was sig-
nificantly (p <0.01) and dose-dependently inhibited by
mavrilimumab, and this suppression was supported by a
decreased expression of PAD-2 and MMP9 transcripts in
patients receiving mavrilimumab. Thus, the authors sug-
gested the potential use of VICM as a novel biomarker of
anti-GM-CSF response [97].

4.2 Gimsilumab (MORAb-022)

Gimsilumab (MORAb-022) is a human IgG1 monoclonal
antibody against GM-CSF, developed by Morphotek, Inc.
To date, the drug has only been evaluated through a phase
I, randomized, double-blind, placebo-controlled, single-
dose, dose-escalation trial conducted in patients with
active RA who were randomized into four arms (includ-
ing five subjects each) receiving an intravenous infusion
of MORADb-022 at increasing doses of 0.36, 0.7, 1, 3, or
10 mg/kg (ClinicalTrials.gov identifier: NCT01357759).
The primary outcome was assessing the safety and toler-
ability of the compound, however the only available results
were reported in an abstract [98]. Gimsilumab was well
tolerated, both in healthy subjects and RA patients. Mean
DAS28-CRP score decreased according to dose regimen,
reaching a median decrease of 1.2 units by day 2 for the
highest-dose regimen only. A gimsilumab 10 mg/kg dose
reported an ACR response, maintained over 1 month, how-
ever the drug has not been progressed into phase II, despite
completion of the phase I study in 2014.

4.3 Otilimab (GSK3196165)

Otilimab (GSK3196165), previously known as MOR103, is
a human, high-affinity, recombinant I[gG1 monoclonal anti-
body against GM-CSF, produced by GlaxoSmithKline and
investigated in completed RCTs, with a few published data.

4.3.1 Phase | Study

NCTO01023256 was a double-blind, placebo-controlled,
multidose, dose-escalation phase Ib/Ila trial evaluating
96 RA patients randomized to receive placebo or three
MORI103 doses (0.3, 1.0, and 1.5 mg/kg) for 16 weeks [99].
In the exploratory efficacy analyses, the highest doses of
MOR103 (1.5 and 1.0 mg/kg) significantly improved all
efficacy outcomes (ACR and European League Against
Rheumatism (EULAR) response) compared with placebo.
The overall rate of TEAESs (in the majority of cases, mild or
moderate) was higher in the MOR103 groups (60.0%) than
in the placebo group (44.4%). No pulmonary function test
abnormalities were detected [99].

4.3.2 Phase Il Studies

Otilimab was subsequently evaluated in two other phase
II trials. The first was a double-blind, placebo-controlled,
parallel group, phase Ila study (ClinicalTrials.gov identi-
fier: NCT02799472) evaluating the efficacy of subcutaneous
otilimab 180 mg once weekly for 5 weeks compared with
placebo, and then every other week until week 10 [100].
Patients receiving the active treatment showed a significant
decrease in synovial inflammation, and no progression of
structural joint damage was detected by magnetic resonance
imaging (MRI). The overall incidence of AEs was simi-
lar between the otilimab-treated arm and the placebo arm
(39.3% vs. 36.4%), and no SAEs, serious infections, or pul-
monary events were observed. Moreover, otilimab use did
not seem to be complicated by the development of antidrug
antibodies [100].

Another trial (ClinicalTrials.gov identifier:
NCT02504671) was a phase IIb, double-blind, placebo-con-
trolled, dose-adaptive study aiming to evaluate five different
doses of otilimab (22.5, 45, 90, 135, or 180 mg subcutane-
ously weekly) versus placebo in active RA despite metho-
trexate [101]. A dose-related treatment effect was observed
in DAS-CRP change from baseline to week 12. Compared
with placebo, the highest otilimab dose (180 mg) showed
a significantly higher (p <0.001) ACR20 response (11 vs.
51%) and a significantly greater (p <0.001) mean change
from baseline of DAS28 (—0.6 vs. — 1.87), visual analog
scale (VAS) pain (—7.07 vs. —25.01), and patient global
assessment (—6.72 vs. —23.2). Pharmacodynamic analysis
suggested a theoretical benefit from increased exposure to
a weekly dose regimen, but further studies are needed to
confirm this. Otilimab was well tolerated, without reported
TEAESs, and no differences across the treatment groups and
no infections and/or pulmonary events were observed [101].
Buckley and coauthors reported the effect of different dose
regimens of otilimab on patient-reported outcomes (PROs),
such as VAS, Patient’s Global Assessment of Arthritis
(PtGA), Health Assessment Questionnaire—Disability Index
(HAQ-DI), Brief Fatigue Inventory (BFI) Question 3, the
Functional Assessment of Chronic Illness Therapy—Fatigue
(FACIT-F), and the 36-item Short Form Health Survey (SF-
36), in moderate-to-severely active RA [101]. Even though
these data have only been published as an abstract, otili-
mab substantially improved the scores of a range of PRO
measures among RA patients, particularly pain, as expected
according to the previously described pathogenetic role of
GM-GSF in pain perception [102].

4.3.3 Phase lll Studies

Two phase IIT RCTs are ongoing (ClinicalTrials.gov) with
the aim of comparing otilimab with placebo and tofacitinib
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in a population of moderate to severe RA patients who have
an IR to methotrexate (NCT03980483) or cs/bDMARDs
(NCTO03970837). Both studies have been similarly designed,
with a double-blinded randomization to one of six interven-
tion arms in a ratio of 6:6:3:1:1:1 (two active arms receiving
otilimab 90 or 150 mg weekly, one active comparator arm
receiving tofacitinib 5 mg twice daily, and three placebo
arms), the same primary endpoint (ACR20 response superi-
ority vs. placebo at week 12), the same secondary endpoints
(including ACR20 non-inferiority vs. tofacitinib at week 12),
and the same duration (52 weeks). The head-to-head design
against an innovative drug such as tofacitinib might be use-
ful to clarify the efficacy and safety profile of otilimab, driv-
ing the positioning of the drug in the therapeutic landscape
of RA.

4.4 Namilumab

Namilumab (AMG203) is a human IgG1 monoclonal anti-
body that binds to the GM-CSF ligand with high affinity.
The drug has been developed by Takeda and, to date, the
available data have come from two clinical trials only.

4.4.1 Phasel Study

The PRIORA study (ClinicalTrials.gov identifier:
NCTO01317797) was a phase Ib double-blind, placebo-con-
trolled, randomized, dose-escalating trial investigating the
safety, tolerability, pharmacokinetics, pharmacodynamics,
and efficacy of two different subcutaneous dosages of nami-
lumab (150 or 300 mg) on days 1, 15, and 29 in patients
with mild to moderate RA receiving treatment with stable
methotrexate [103]. Although the study was designed to
evaluate the safety profile, the observed clinical response
was favorable (especially in the 300 mg arm) according to
DAS44 and DAS28-CRP score changes from baseline and
ACR20 response rates. The incidence of TEAEs was similar
across the three groups: namilumab 150 mg: 63%; nami-
lumab 300 mg: 57%; placebo: 56%. Nasopharyngitis (17%)
and exacerbation/worsening of RA (13%) were the most
frequent TEAEs (> 10% of patients). No anti-namilumab
antibodies were detected [103].

4.4.2 Phase Il Study

The NEXUS study was a phase II trial (ClinicalTrials.gov
identifier: NCT02379091) conducted to evaluate three dif-
ferent doses of namilumab (20, 80, 150 mg by subcutaneous
injection) compared with placebo in combination with meth-
otrexate in patients who previously did not respond to meth-
otrexate or TNF inhibitors. The mean change in DAS28-
CRP score from baseline at week 12 (primary endpoint)
was significantly higher in the namilumab 150 mg group
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compared with placebo (—1.69 vs. —0.77, p=0.010), with
a dose—response effect observed from week 2. The incidence
of SAEs was similar among different namilumab doses. The
most frequent AEs were upper respiratory tract infections
(in the 150 mg arm: nasopharyngitis 17.9% and bronchitis
3.6%), but no serious infections were observed [104].

A second phase II study was started but was subsequently
discontinued (ClinicalTrials.gov identifier: NCT(02393378).
That study evaluated the efficacy of namilumab 150 mg
subcutaneously in combination with methotrexate over 24
weeks in patients with moderate to severe RA. The study had
adalimumab 40 mg as the active comparator. The primary
endpoint was change from baseline in synovitis, erosion, and
bone marrow edema, resulting in an underlying osteitis score
at MRI at week 24. Even though some trial results have been
reported, recruitment status was terminated as a result of a
strategic decision. As a further explanation, there is a need
to understand data from the psoriasis study (ClinicalTrials.
gov identifier: NCT02129777) and to wait for the results of
a formal proof-of-concept study (Clinical Trials.gov identi-
fier: NCT02379091. However, the drug does not appear on
Takeda’s pipeline any more, generating reasonable doubts
on future drug development.

4.5 Lenzilumab (KB003)

KBO0O03 is a high-affinity, recombinant, anti-GM-CSF
IgG1lx monoclonal antibody produced by Kalobios Phar-
maceuticals. A phase II trial (ClinicalTrials.gov identifier:
NCT00995449) aiming to evaluate the safety and efficacy
profile of three different intravenous regimens of KB003
(70, 200, and 600 mg X five doses) in active RA patients
who have previously not responded to biologic therapy, was
terminated due to a refocus of the program development.

5 GM-CSF Blocking in Rheumatology
Beyond RA

The GM-CSF pathway has also been investigated in other
rheumatological conditions, beyond RA (Table 2).

Moving from the rapid effect on pain reduction by GM-
CSF in an experimental OA model [105], GSK3196165 is
now under investigation as a potential therapeutic option
for human hand OA. In a multicenter, double-blind, pla-
cebo-controlled, phase Ila trial (ClinicalTrials.gov identi-
fier: NCT02683785), 44 patients with inflammatory hand
OA were randomized to receive five weekly subcutaneous
administrations of GSK3196165 (180 mg) or placebo, fol-
lowed by three further administrations every other week
[106]. Patients who received GSK3196165 reported a
numerically larger, although not statistically significant,
decrease in hand pain at all time points compared with
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Table 2 Clinical trials exploring anti-GM-CSF drugs in rheumatologic diseases other than rheumatoid arthritis

Trial, Clinical tri-  Drug and phase Disease Drug regimen Primary endpoint ~ Key efficacy and ~ Length
als.gov identifier safety data
NCT03622658 Namilumab (anti-  Axial spondyloar- 150 mg SC on four ASAS-20 response Recruiting 12 weeks
GM-CSF) thritis occasions over at 12 weeks
ITa 10 weeks, or
PBO
NCT02683785 Otilimab (anti- Inflammatory hand A predose weekly =~ Change from At week 6: otili- 12 weeks, follow-
[106] GM-CSF) osteoarthritis for five SC injec-  baseline in 24-h mab vs. PBO: up period of
ITa tions, then eow average hand —1.31 vs. 0.58 22 weeks
for three further pain intensity at (p =0.442)
injections, or week 6 assessed At week 12: otili-
PBO by NRS mab vs. PBO:
—2.06 vs. 0.28
(p =0.132)
NCT03827018 Mavrilimumab Giant cell arteritis 150 mg SC eow + Time to flare by Recruiting 26 weeks
(GM-CSFRa) 26-week corti- week 26
I costeroid taper,

or PBO

GM-CSF granulocyte-macrophage colony-stimulating factor, SC subcutaneous injection, PBO placebo, ASAS-20 20% improvement in ankylos-
ing spondylitis assessment, eow every other week, NRS numerical rating scale, GM-CSFRa granulocyte-macrophage colony-stimulating factor

receptor o

placebo. In particular, a 30% and 50% reduction in pain was
observed in 23% and 27% of patients, respectively [106].

In July 2018, Kiniksa Pharmaceuticals initiated a trial
to evaluate the use of mavrilimumab (KPL 301) in patients
with giant cell arteritis (GCA). The trial is a phase II, rand-
omized, double-blind, placebo-controlled proof-of-concept
study evaluating the efficacy and safety of mavrilimumab
coadministered with a 26-week corticosteroid taper in sub-
jects with GCA. The screening period consists of up to
6 weeks, followed by a 26-week, double-blind, placebo-con-
trolled period during which participants will receive blinded
mavrilimumab or placebo coadministered with a 26-week
corticosteroid taper, followed by a 12-week washout/safety
follow-up. The trial is currently recruiting (Clinicaltrials.
gov identifier: NCT(03827018) and no results have yet been
published.

Another active area of research is focused on the poten-
tial role of GM-CSF in the pathogenesis of systemic sclero-
sis (SSc). An in vitro study demonstrated higher GM-CSF
production by B cells (both naive and memory subsets)
from patients with SSc (especially the diffuse subtype)
compared with healthy donors. Moreover, under Th2 con-
ditions and with transforming growth factor-f, B cells
facilitated the differentiation from CD14+ monocytes to
DC-SIGN*CD1a*CD14~CD86" cells, a subset previously
reported in skin and mouse models of SSc [107]. Further
studies are needed to clarify this relationship and the poten-
tial role of GM-CSF blockade in the treatment of the disease.

Lastly, a phase Ila, proof-of-concept, randomized, dou-
ble-blind, placebo-controlled study (ClinicalTrials.gov
identifier: NCT03622658) is evaluating the efficacy, safety,

and tolerability profile of four subcutaneous injections of
namilumab (150 mg) in moderate to severely active axial
spondyloarthritis (ax-SpA). The primary efficacy outcome
is 20% improvement in ankylosing spondylitis assessment
(ASAS20) at week 12. No published data from this clinical
trial are yet available.

6 Conclusions

Considering the persistence of patients unresponsive to one
or more targeted drugs despite the increasing abundance of
therapeutic options, the introduction of a new mechanism of
action could be useful for improving some unmet needs in
the management of RA. Besides its well-known hematopoi-
etic effect, both in vitro and in vivo studies indicated GM-
CSF as one of the proinflammatory mediators involved in
the activation process of autoimmune diseases such as RA,
especially in the early phase of the disease. Moreover, the
well-established effect of GM-CSF on pain perception can
strengthen the rationale for the use of GM-CSF blockade in
the treatment of RA, and can partially account for the good
clinical response observed in RCTs conducted with mono-
clonal antibodies targeted on this pathway.

Overall, data on the use GM-CSF inhibitors from clini-
cal trials seem to be favorable, even if the rates of ACR
responses observed in phase II RCTs conducted with
mavrilimumab and otilimab are numerically lower than
those reported with other bDMARDs already licensed for
RA. In this regard, it is important to note that a robust indi-
rect comparison is not completely feasible because of the

A\ Adis



1752

C. Crotti et al.

lack of completed phase III trials of both mavrilimumab
and otilimab. Indeed, these controversial findings may have
played a part in the decision by manufacturers to discon-
tinue the development program of many GM-CSF inhibitors
for RA. Hopefully, the ongoing phase III trials comparing
otilimab with tofacitinib in a non-inferiority head-to-head
design will provide crucial information for the potential
positioning of this new compound in the therapeutic algo-
rithm of RA. Of note, some intriguing insights regarding
potential biomarkers able to predict the clinical response in
patients treated with GM-CSF blockers have been suggested
by some post hoc analyses of mavrilimumab RCTs. These
preliminary results, if also confirmed for otilimab, might be
crucial for the identification of candidates to receive GM-
CSF blockade instead of other mechanisms of action. In this
context, the low immunogenicity and favorable safety pro-
file observed in the clinical trials are encouraging in regard
to continuation of the development program of GM-CSF
inhibitors. In particular, the low incidence of serious infec-
tions encountered in preliminary experience with anti-GM-
CSF can be a strong point in favor of this new compound
compared with other biologic and synthetic DMARDs tar-
geted on different mechanisms of action. In addition, con-
sidering the role of GM-CSF in the homeostasis of alveolar
surfactant, the lack of reported cases of PAP in clinical expe-
rience is very reassuring with regard to the potential lung
toxicity of this product.

In conclusion, the available data on this new drug class,
with respect to the peculiar mechanism of action, preclinical
experience, efficacy and safety profile, rapidity of response,
and relevant analgesic effect, are encouraging in view of the
phase III trials already ongoing, which will be important to
better establish the future role of these novel drugs in the
treatment landscape of RA.
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