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Abstract: The introduction of biological therapies into clinical practice has dramatically 

modified the natural history of chronic inflammatory diseases, such as rheumatoid arthritis (RA). 

RA is a systemic autoimmune disease that causes articular damage and has a great negative impact 

on patients’ quality of life. Despite the wide spectrum of available biological treatments, ~30% 

of RA patients are still unresponsive, resulting in high disability and increased morbidity and 

mortality. In the last few decades, the scientific knowledge on RA pathogenesis vastly improved, 

leading to the identification of new proinflammatory molecules as potential therapeutic targets. 

Several in vitro and in vivo studies showed that granulocyte-macrophage colony-stimulating 

factor (GM-CSF), known to be a hematopoietic factor, is also one of the proinflammatory 

cytokines involved in macrophage activation, crucial for the pathogenic network of RA. 

Mavrilimumab, a human monoclonal antibody targeting the subunit α of GM-CSF receptor, 

was recently developed as a competitive antagonist of GM-CSF pathway and successfully 

adopted in human trials for mild to moderate RA. Mavrilimumab phase I and phase II studies 

reported an overall good efficacy and safety profile of the drug, and these encouraging results 

promoted the initiation of worldwide phase III studies. In particular, 158-week results of phase II 

trials did not show long-term lung toxicity, addressing the major concern about this target of 

pulmonary alveolar proteinosis development. However, further clinical studies conducted in 

larger RA populations are needed to confirm these promising results. This review summarizes 

the biological role of GM-CSF in RA and the preclinical and clinical data on mavrilimumab 

and other monoclonal antibodies targeted on this pathway as an alternative therapeutic option 

in RA patients who are unresponsive to conventional biological drugs.
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Introduction
Rheumatoid arthritis (RA) is an autoimmune heterogeneous disease of unknown 

etiology affecting ~0.5%–1% of the general population.1 It is associated primarily with 

articular inflammation, synovial joint damage, and increasing disability over time, but 

it has been more recently recognized as a broader syndrome that includes psychological 

impairment, increased cardiovascular morbidity, osteoporosis, and risk of cancer.2 

In  the last two decades, the introduction of targeted biologic disease-modifying 

antirheumatic drugs (bDMARDs) has revolutionized the treatment of RA, improving 

the application of novel strategic management approaches that have made remis-

sion or low disease activity the target of therapy.3,4 Tumor necrosis factor inhibitors 

(TNFis) were the first biotherapies to be developed for rheumatologic disorders and, 

over the last decade, have become the most frequently prescribed class of bDMARDs 

for the treatment of RA patients who failed synthetic disease-modifying antirheu-

matic drugs (sDMARDs). Moreover, the increasing knowledge about RA pathways 
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has drawn the attention on other potential targets involved 

in the complex pathogenesis of the disease, leading to the 

licensing of biologics with different mechanisms of action, 

such as interleukin -6 (IL-6) blockade (tocilizumab), B-cell 

depletion (rituximab), and T-cell costimulation inhibition 

(abatacept). Despite a so wide therapeutic armamentarium, 

inhibition of any single cytokine or cellular subset cannot 

control the disease in whole RA population, and in random-

ized controlled trials (RCTs) ~30%–40% of treated patients 

show a primary null response to bDMARDs, fail to maintain 

over time an initially good response, or experience adverse 

events (AEs) leading to treatment withdrawal.5–7 Moreover, 

biologic agents are usually even less effective in daily clinical 

practice8 than in RCTs because of the heterogeneity in disease 

activity and clinical characteristics of patients encountered 

in clinical practice.9 In this scenario, the right choice of 

the first-line biologic agent and the strategy for treating 

bDMARD failures still remains a crucial unmet need in the 

management of RA, and investigations of other cytokines 

or cellular mechanisms aimed at the development of new 

therapeutic options are mandatory in order to improve the 

opportunity of treatment customization.

Granulocyte-macrophage colony-stimulating factor 

(GM-CSF, also known as colony-stimulating factor 2 [CSF2]) 

is a cytokine preferentially acting as hematopoietic white cell 

growth factor, used therapeutically as an alternative to G-CSF 

for the treatment of chemotherapy-induced neutropenia.10 
Moreover, besides the hematologic effect, GM-CSF has been 

demonstrated to be a modulator of immune/inflammatory 

cascade able to influence the functions of myeloid cells such 

as macrophages in the pathogenesis of inflammatory diseases 

as RA.11 Therefore, GM-CSF blockade could be expected to 

hamper autoimmune inflammation through decreasing leuko-

cyte activation, even if targeted therapies against this cytokine 

or its receptor could also be complicated by potential AEs, such 

as neutropenia or pulmonary alveolar proteinosis.12 Mavrili-

mumab, a human monoclonal antibody targeted on GM-CSF 

receptor α, is a competitive antagonist of GM-CSF signaling 

that showed very promising results and a favorable safety profile 

in preclinical and clinical studies conducted in RA patients.13

In this review, moving from the pathogenic rationale for 

GM-CSF blockade in autoimmune diseases, we summarize 

the findings that have led to the development of mavrili-

mumab as a possible treatment of RA.

GM-CSF and its biological function
GM-CSF (or CSF2) is a small 127-amino acid soluble 

cytokine, secreted by a variety of cells, such as activated 

T and B cells, macrophages, endothelial and epithelial cells, 

chondrocytes, fibroblasts, osteoblasts, and microglia.14 GM-

CSF production is the result of the stimulating effect of 

proinflammatory cytokines, including IL-1, IL-2, TNFα, pros-

taglandin E, and interferon γ, and the suppressive influence of 

IL-10 and transforming growth factor β.15,16 As suggested by 

its name, the main function of GM-CSF is stimulating the pro-

liferation of myeloid cells from bone marrow progenitors.17

Besides the well-known hematopoietic effect, GM-CSF 

has been proven to modulate innate immunity and several 

inflammatory processes, such as chemotaxis, cell adhesion, 

phagocytosis, and secretion of proinflammatory cytokines, 

especially by regulating functions of monocyte/macrophage 

lineage. In vitro studies demonstrated that, when combined 

with other proinflammatory agents, GM-CSF polarizes 

macrophages into a phlogistic M1-like phenotype, which 

can produce a wide variety of inflammatory cytokines, such 

as IL-6, IL-12p17, IL-23, and TNF.18 In contrast, in vivo 

studies showed that GM-CSF may have also been associated 

with a Th2 immunity, so to an M2 polarization, especially 

in the lung,19 suggesting that the M1/M2 paradigm linked to 

GM-CSF should be further investigated.20 Moreover, through 

the upregulation of toll-like receptor 4 and CD14, GM-CSF is 

able to activate resident macrophage-like microglia and induce 

central nervous system inflammation.21 GM-CSF can also 

upregulate the integrin CD11b expression by mature neutro-

phils, increasing their adhesion to vascular endothelium.22

Epithelial cells of pulmonary mucosa are major produc-

ers of GM-CSF, which has a pivotal role in the alveolar 

macrophages maturation, helping to clear surfactant lipids 

and proteins from lung surface.12 In murine model, GM-CSF 

or its receptor deficiency caused mice death because of lung 

pathology, characterized by accumulation of surfactant-like 

proteins leading to inflammatory peribronchovascular infil-

trate and increased susceptibility to microbial infection.23 

These findings support a GM-CSF function in lung physi-

ology maintenance and local resistance to infections.24 

Moreover, GM-CSF effects on myeloid-lineage embrace also 

osteoclasts and dendritic cells (DCs). In vitro studies demon-

strated that GM-CSF may influence osteoclast development 

on one side by stimulating the differentiation of osteoclast 

precursors and on the other side by stopping their late-stage 

maturation in cooperation with M-CSF and receptor activator  

of nuclear factor κB ligand.25 In addition, GM-CSF showed 

several functions on mature DCs, such as increasing uptake 

capacity26 and cross-presentation,27 and promoting nonlym-

phoid tissue DC homeostasis.28

GM-CSF interacts with a transmembrane heterodimeric 

receptor (GM-CSF-R), consisting in a specific ligand-binding 

α-chain (GM-CSF-Rα) and a common signal-transducing 
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β-chain (GM-CSF-Rβ), shared with IL-3 and IL-5 recep-

tors (Figure 1).22 High-affinity interaction between GM-CSF 

and its receptor activates multiple downstream transducing 

pathways including Janus kinase 2 (JAK2), activator of 

transcription-suppressor of cytokine signaling (JAK-STAT-

SOCS), phosphatidylinositol 3 kinase, mitogen-activated 

protein kinase, and nuclear factor κB.22,29

Target identification: GM-CSF pathway 
blockade in RA
Given the broad effect on macrophage and neutrophil matu-

ration and activation, GM-CSF may be considered as a key 

mediator in the interface between innate and adaptive immu-

nity and a regulator of the proinflammatory network in the 

context of autoimmune diseases.30 The existence at inflam-

mation sites of a “CSF network,” involving  bidirectional 

communication through CSF family members (GM-CSF, 

macrophage CSF [M-CSF], and granulocyte CSF [G-CSF]) 

between resident tissue cell types (endothelial cells, fibro-

blasts, chondrocytes, osteoblasts, epithelial cells, and 

keratinocytes) and activated macrophages has been proposed. 

The latter may produce pro-phlogistic cytokines, such as IL-1 

and TNF, which, in turn, can activate the neighboring nonhe-

matologic cells, leading to an increased release of GM-CSF, 

M-CSF, and G-CSF in a sort of paracrine/autocrine loop.31 

This network may be important in the pathogenesis of an 

autoimmune disease such as RA, in which synovial tissue 

macrophages have been proven to actively participate in the 

inflammatory cascade responsible for joint damage and to 

be a potential biomarker for treatment response in patients 

with RA.32,33 The major in vitro and in vivo studies inves-

tigating the role of GM-CSF in RA are reported in Table 1.

As a demonstration, GM-CSF levels were found elevated 

in inflamed synovial membrane and fluid from patients with 

RA when compared with control group.34,35 Moreover, in vitro 

studies reported a significant TNFα/IL-1-induced GM-CSF 

production by resident fibroblast, macrophage-like synovio-

cytes, and chondrocytes,36–39 and a similar overexpression of 

M-CSF by synovial endothelial cells from rheumatoid joints.40 

In addition, GM-CSF and M-CSF administration exacerbated 

experimental arthritis in mice models,41 and flares of RA were 

described in patients receiving recombinant GM-CSF as 

growth factor after chemotherapy and in patients affected by 

Felty’s syndrome.42,43 Mice models of experimental arthritis 

provided the first confirmation that GM-CSF and M-CSF 

blockade could produce a therapeutic effect in autoimmune 

diseases.44 In a collagen-induced arthritis (CIA) model, 

GM-CSF knockout rodents did not develop arthritis despite 

a normal humoral response to the arthritogenic stimulation.45 

Moreover, GM-CSF and M-CSF receptor blockade by a mono-

clonal antibody reduces overall progression of clinical scores, 

macrophage number in the synovial tissue, and development of 

α α

β β

Figure 1 Mavrilimumab mechanism of action.
Notes: Granulocyte-macrophage colony stimulating factor receptor (GM‑CSFR) is constituted by two receptor subunits: the α-chain (GM‑CSFRα) which is responsible for 
binding the granulocyte-macrophage colony stimulating factor (GM‑CSF) and the β-chain (GM‑CSFRβ), which promotes the intracellular signaling when the ternary complexes 
of GM‑CSF–GM‑CSFRα–GM‑CSFRβ is assembled. Mavrilimumab is a human monoclonal antibody directed against the GM‑CSFRα, thus competing with GM-CSF for binding 
its own receptor. Mavrilimumab interferes with ligand-receptor complex formation and prevents the activation of the pro-inflammatory pathways mediated by GM-CSF.
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joint erosions.46 Finally, other in vitro studies suggest a role for 

GM-CSF pathway inhibition in TNFi-resistant arthritis.47

Overall, the results of previously described in vitro and 

in vivo studies supported the hypothesis that GM-CSF may play 

a crucial role in the pathogenesis of RA and that the inhibition 

of its activity might represent a novel therapeutic approach for 

the treatment of the disease,13 leading to the development of 

GM-CSF blockers targeted on both the cytokine (nalimumab 

[MT203], MOR103, lenzilumab [KB003], and MORAb-022) 

or its receptor (mavrilimumab).

Preclinical development of anti-GM-
CSF-R treatment
As discussed, GM-CSF-R is a heterodimer constituted by α 

(GM-CSF-α) and β-chains (GM-CSF-β). While the latter 

guides the intracellular signaling through JAK2/STAT3/

STAT5, GM-CSF-α is responsible for binding the cytokine 

with high specificity and low affinity, representing a good tar-

get for the antibody-based approach adopted in human clinical 

trials.22,48,49 Thus, the identification and cloning of the gene 

encoding for GM-CSF-α – CSF2RA – led to the development 

of mavrilimumab (CAM-3001), a competitive antagonist of 

GM-CSF signaling.48 This human IgG4 monoclonal antibody 

(isolated by phage display) has low ability of complement 

activation because of its IgG4 Fc isotype, while it binds 

GM-CSF-α with high affinity that, in turn, results in a potent 

antagonism of GM-CSF.50 In Greven et al’s preclinical study, 

mavrilimumab was adopted as a detection agent. The immu-

nohistochemistry analysis showed an increased expression 

of GM-CSF-α in CD68+ and CD163+ synovial macrophages 

resident in tissue samples from RA and psoriatic arthritis 

patients as compared with samples from osteoarthritis patients 

and from healthy controls.51 In the same study, an analogous 

antibody – CAM-3003 – which targets mouse GM-CSF-α 

was developed and adopted in an in vivo experimental model. 

CAM-3003 dose-dependently inhibited both GM-CSF–in-

duced upregulation of CD11b on mouse granulocytes in vitro 

and margination response to GM-CSF of peripheral blood 

monocytes and neutrophils in vivo. In the CIA model, the 

administration of CAM-3003 at the onset of arthritis inhibited 

disease progression with reduced synovial inflammation and 

joint destruction. CAM-3003-treated mice had less cellular 

infiltrations, cartilage damage, and bone erosion, and a 

significant reduction in F4/80 (adhesion G-protein–coupled 

Table 1 The main in vitro and in vivo studies on GM-CSF in RA

Authors Main results

In vitro studies
Xu et al37 GM-CSF levels are increased in synovial fluid from RA patients
Leizer et al38 IL-1β and TNFα induce a synergistic production of GM-CSF in synovial fibroblasts
Alvaro-Gracia et al36 Macrophage-like synoviocytes spontaneously secrete GM-CSF. IL-1β and TNFα induce GM-CSF production in both 

resident fibroblasts and macrophage-like synoviocytes
Campbell et al39 IL-1 stimulates a dose-dependent production of GM-CSF and G-CSF by chondrocytes
Fiehn et al76 GM-CSF levels are elevated in plasma from patients with severe RA
Berenbaum et al34 GM-CSF receptor is expressed in the synovial tissues from RA and OA patients
Wright et al35 GM-CSF and G-CSF levels are elevated in synovial fluids from RA patients as compared to other inflammatory arthritis
In vivo studies
Campbell et al41 CIA mice treated with GM-CSF had a significantly greater incidence and more rapid onset of disease than the vehicle-

treated control mice
Campbell et al45 Intradermal injection of GM-CSF in CIA murine models showed higher average clinical scores and greater paw swelling 

than controls
Campbell et al44 Daily injections of M-CSF or GM-CSF in CIA murine models exacerbated disease symptoms
Bischof et al77 Subcutaneous injection of GM-CSF in mBSA-induced murine arthritis model exacerbated the disease, resulting in 

synovial hyperplasia, joint inflammation, and erosive pannus tissue
Yang et al78 GM-CSF−/− mice and normal mice treated with anti-GM-CSF Ab did not experience mBSA/IL-1-induced arthritis 

progression, showing a reduction of synovial cellularity
Cook et al46 CIA murine models treated with anti-GM-CSF mAb experienced a reduction in disease severity of both clinical scores 

and number of limbs affected. Levels of TNFα and IL-1 were reduced in joint tissues obtained from treated mice 
Plater-Zyberk et al79 Administration of anti-GM-CSF mAb showed a dose-related decrease in swelling in joints in SCW-induced arthritis 

mice model and a reduction in proteoglycan loss from the animal cartilage
Plater-Zyberk et al80 Cartilage damage and joint swelling were significantly reduced in SCW-induced arthritis mice model, which were IL-17 

receptor knockout and treated with anti-GM-CSF neutralizing mAb
Van Nieuwenhuijze et al47 CIA mice treated with combined anti-IL-17 and anti-GM-CSF showed significantly reduced joint damage and arthritis 

progression compared with those treated with anti-IL-17 and anti-GM-CSF separately

Abbreviations: CIA, collagen-induced arthritis; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-1β, 
interleukin-1β; mAb, monoclonal antibody; mBSA, methylated bovine serum albumin; M-CSF, macrophage colony-stimulating factor; OA, osteoarthritis; RA, rheumatoid 
arthritis; SCW, streptococcal cell wall; TNFα, tumor necrosis factor α.
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receptor E1) positive macrophages. These findings are con-

sistent with the inhibition of inflammatory cell trafficking to 

the inflamed synovium and might be the result of reduced 

survival and differentiation of these cells within the joint.51 

In another study, mavrilimumab was internalized along 

with GM-CSF-R, a process that might reduce both receptor 

recycling and expression of the receptor itself on the cell 

surface.52 In  vitro data showed that GM-CSF stimulated 

peripheral blood mononuclear cells to produce TNF in a 

dose-dependent manner, whereas mavrilimumab inhibited the 

production of proinflammatory cytokines, such as IL-8, IL-6, 

and TNF.50 Moreover, mavrilimumab demonstrated analog 

potency in GM-CSF inhibition in human and cynomolgus 

monkeys as reported by Ryan et al in the toxicology evalu-

ation of the drug.53 Given the well-known role of GM-CSF 

as a key molecule in the regulation of pulmonary surfactant 

homeostasis, major concerns have been raised about lung 

toxicity secondary to the use of agents that target the GM-

CSF pathway, such as mavrilimumab.24 The nonclinical 

safety of mavrilimumab was evaluated with comprehensive 

toxicology studies performed on cynomolgus monkeys. These 

animals were selected for the similar binding affinity of the 

monoclonal antibody to monkeys’ GM-CSF-Rα compared 

to the human receptor. According to the toxicology evalu-

ation, the repeated intravenous administration of mavrili-

mumab for 4–26 weeks showed minimal changes, as in the 

microscopic findings, which were reversible and considered 

not adverse. However, at the highest dose (.30 mg/kg each 

week), accumulation of lung foreign material, cholesterol 

clefts, and observation of granulomatous inflammation were 

reported in some of the studies. Despite these findings, the 

study supported the wide clinical safety margins of mavrili-

mumab compared with the doses that cause adverse modi-

fications in lung.53 More recently, another study was aimed 

to model systemic versus pulmonary pharmacodynamics 

of an anti-GM-CSF-Rα antibody to better understand the 

pharmacology that contributes to the therapeutic margin 

of mavrilimumab.54 Mice received intraperitoneal anti-

GM-CSF-Rα antibody, and pharmacodynamics bioassays 

for GM-CSF-Rα blockade was performed on blood and  

bronchoalveolar lavage cells to quantify the effect in the 

circulation and lung, respectively. Partial inhibition of 

GM-CSF-Rα function on cells from the bronchoalveolar 

lavage was only observed after administration of 30 mg/kg 

for 5 or 7 consecutive days, 10-fold higher than the proposed 

therapeutic dose for mavrilimumab in RA.54

Overall, these data supported the development process 

of mavrilimumab toward in-human studies conducted in RA 

patients, and are summarized in Table 2. T
ab
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vs 40%, P=0.005; 30.8% vs 12%, P=0.021; 17.9% vs 4%, 

P=0.030, respectively).

The EARTH study was separately conducted with the 

same design in Japan also, enrolling 51 RA patients treated 

with placebo (n=17) or ascending subcutaneous mavrili-

mumab (10, 30, 50, or 100 mg eow, n=34) in combination 

with MTX. DAS28-CRP response (.1.2-point reduction) 

at week 12 was observed more frequently, although not sig-

nificantly, in subjects receiving mavrilimumab as compared 

to placebo (50.0% vs 23.5%, P=0.081).57

To facilitate the design of a phase IIb trial, an exposure–

response relationship for mavrilimumab was evaluated by 

clinical simulations through a pharmacokinetics-efficacy 

dropout model based on the described efficacy results 

(DAS28-CRP, ACR20/50) of the phase IIa studies. This 

explorative analysis indicated a priori that the maximum 

Table 3 Efficacy of mavrilimumab (100 and 150 mg) versus 
placebo

Mavrilimumab Placebo (n=75)

100 mg (n=39) 150 mg (n=0)

EARTH (NCT01050998)56

Response at 12 weeks % (P-value)
ACR20 69.2 (0.005) – 40.0
ACR50 30.8 (0.021) – 12.0
ACR70 17.9 (0.030) – 4.0

100 mg (n=8) 150 mg (n=0) Placebo (n=17)

EARTH (Japan) (NCT01050998)57

Response at 12 weeks % (P-value)
ACR20 75.0 (0.028) – 23.5
ACR50 50.0 (0.059) – 11.8
ACR70 NR – NR

100 mg (n=85) 150 mg (n=79) Placebo (n=81)

EARTH EXPLORER 1 (NCT01706926)61

Response at 24 weeks % (P-value)
ACR20 61.2 (,0.001) 73.4 (,0.001) 24.7
ACR50 25.8 (0.030) 40.5 (,0.001) 12.3
ACR70 10.6 (0.133) 13.9 (0.026) 3.7

100 mg (n=70) 150 mg (n=0)
Golimumab
50 mg (n=68)

EARTH EXPLORER 2 (NCT01715896)62

Response at 24 weeks % (P-value)
ACR20 62.0 (NA) – 65.6
ACR50 34.8 (NA) – 43.4
ACR70 16.1 (NA) – 25.9

100 mg (n=180)

Open-label extension* (NCT01712399)64

Response at 122 weeks %
ACR20 79.2
ACR50 50.3
ACR70 26.8 

Note: *Open-label extension study enrolled RA patients who had completed the 
EARTH EXPLORER 1 and 2.
Abbreviations: ACR, American College Rheumatology; NA, not available; NR, 
not reached.

Clinical efficacy of mavrilimumab in RA
The earliest evidence of the clinical efficacy of mavrilimumab 

in RA has been shown in a phase I, randomized, double-

blind, placebo-controlled, clinical study conducted in 32 RA 

patients enrolled to receive a single intravenous dose of mavr-

ilimumab (n=27; 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, or 10.0 mg/kg) 

or placebo (n=5).55 The half-life of mavrilimumab was 

proportional to the administered dose, being ~15  days in 

the 10 mg/kg subgroup. Moreover, the GM-CSF-stimulated 

expression of suppressor of cytokine signaling 3 (SOCS3) 

mRNA was analyzed in placebo, 0.3, 1, and 3 mg/kg sub-

groups. In the latter two groups, the induction of SOCS3 

mRNA by GM-CSF was suppressed from 4 to 336 hours 

after the administration. Although the aim of the trial was to 

evaluate safety, tolerability, and pharmacokinetic and phar-

macodynamic profile of mavrilimumab, the authors observed 

in the active treatment group a significant proportion (33%) 

of subjects achieving a disease activity score of 28 (DAS28) 

remission at week 4. Moreover, all patients treated with 

mavrilimumab with high baseline C-reactive protein (CRP) 

showed a significant reduction for 4 weeks.55

Subsequently, mavrilimumab has been extensively 

tested in the EARTH development program including three 

main RCTs (Table 3). In the first one, the EARTH study, 

an Eastern Europe multicenter, randomized, double-blind, 

placebo-controlled phase IIa trial, 233 RA patients (with at 

least moderate activity as defined by DAS28-CRP .3.2) 

were enrolled to receive placebo (n=79) or ascending 

subcutaneous mavrilimumab (10, 30, 50, or 100 mg every 

other week [eow], n=158) in association with methotrex-

ate (MTX).56 The peak serum concentration was observed 

3 days after the subcutaneous injection of 100 mg mavrili-

mumab with a half-life of ~13 days, whereas the pharma-

cokinetic steady state was reached by day 57. Treatment 

with mavrilimumab was associated with a significantly 

higher proportion of subjects achieving a $1.2-point reduc-

tion in DAS28-CRP when compared to placebo (55.7% 

vs 34.7%, P=0.003). Furthermore, a EULAR moderate or 

good response was observed more frequently in mavrili-

mumab versus placebo group (67.7% vs 50.7%, P=0.025). 

By week 2, in the 50 and 100 mg mavrilimumab group, 

DAS28-CRP mean change from baseline was significantly 

different when compared to placebo (P=0.013 and P=0.003, 

respectively), whereas swollen and tender joints count 

showed significant improvement since week 4. At the end 

of the treatment period (week 12), 100 mg mavrilimumab-

treated patients showed a higher clinical response according 

to the American College of Rheumatology criteria (ACR20, 

ACR50, and ACR70) when compared to placebo (69.2% 
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efficacy may be reached at the 150 mg eow dosage, although 

this mavrilimumab regimen was not evaluated in EARTH 

studies.58 According to these findings, in the subsequent 

24-week randomized, double-blind, placebo-controlled phase 

IIb EARTH EXPLORER 1 trial, 326 sDMARD-insufficient 

responder RA patients were randomized to receive three dif-

ferent mavrilimumab eow doses including 150 mg (30 mg, 

n=81; 100 mg, n=85; or 150 mg, n=79) or placebo (n=81) in 

association with MTX. As early as week 1 all mavrilimumab 

doses showed significant DAS28-CRP reduction when com-

pared to placebo (P,0.001).59 Treatment benefit appeared 

to improve till week 12. Patients treated with mavrilimumab 

150 mg showed the highest improvements on DAS28-CRP.60 

Moreover, at 24 weeks, a significantly greater proportion of 

all mavrilimumab-treated patients met the ACR20 co-primary 

end point versus placebo (50.6%, 61.8%, and 73.4% for 30, 

100, and 150 mg, respectively, against 24.7%; P,0.001 for 

all values). Similarly, ACR50 response was significantly 

lower in the placebo-treated patients (12.3%) compared with 

each mavrilimumab arm (28.4% [P=0.013], 25.8% [P=0.03], 

and 40.5% [P,0.001], respectively), whereas an evident, 

better ACR70 response was found only in the mavrilimumab 

150 mg subgroup (13.9% vs 3.7%, P,0.026).61

Finally, the development program has been completed 

by the EARTH EXPLORER 2 trial, an explorative, 24-week 

phase IIb, randomized, double-blind, comparative study, 

including 138 RA patients IR (insufficient responder) to 

at least one sDMARD and/or one TNFis, randomized to 

receive mavrilimumab 100 mg eow (n=70) or golimumab 

50 mg every 4 weeks (n=68) on top of MTX.62 Although the 

study was not powered to demonstrate statistical significance 

between mavrilimumab and golimumab, in sDMARD-IR 

subgroup, 24-week ACR20, ACR50, and ACR70 response 

rates seem to be apparently lower in the mavrilimumab-

treated patients compared with golimumab (53.8%, 35.9%, 

and 10.3% vs 69.4%, 44.4%, and 27.8%, respectively).62 

However, the authors argued that the dose adopted in this 

study might be suboptimal as compared to the one (150 mg 

eow) predicted as most effective by the previously described 

exposure–response relationship simulation58 and subse-

quently confirmed by the results of EARTH EXPLORER 1 

study.61 This argument is reasonable because ACR20, 

ACR50, and ACR70 response rates in the 150 mg group of 

EARTH EXPLORER 1 study seem to be higher (73.4%, 

40.5%, and 13.9%, respectively) compared with the 100 mg 

group of EARTH EXPLORER 2 study (53.8%, 35.9%, and 

10.3%, respectively) and comparable with the golimumab 

group of EARTH EXPLORER 2 study (69.4%, 44.4%, and 

27.8%, respectively). Moreover, despite the suboptimal 

dose, ACR20, ACR50, and ACR70 response rates were simi-

lar between mavrilimumab and golimumab in the TNFi-IR 

group of EARTH EXPLORER 2 study (72.3%, 33.5%, and 

23.5% vs 61.2%, 42.2%, and 24.2%, respectively).62

Interestingly, a subanalysis of the EARTH EXPLORER 2 

study pointed out that patients treated with mavrilimumab 

showed suppressed serum levels of CCL22 and CCL17, 

whereas patients receiving golimumab showed suppressed 

levels of CXCL13 and ICAM1, thus suggesting different 

specific pathogenic pathways affected by the two bDMARDs.63 

Moreover, it appeared that in the TNFi-IR group, only mavr-

ilimumab was able to induce a permanent suppression of 

inflammatory markers (such as CRP, SAA, MMP1, MMP3, 

IL6, VEGF, IL2R, and CD163) and extracellular matrix 

markers (C1M, C3M, and P4NP7S), whereas golimumab 

only induced a transient change,63 even if the clinical response 

was similar in the two subgroups. These findings might be 

explained by a hypothetic, more upstream, and widespread 

effect of GM-CSF modulation compared with TNF blockade, 

especially in RA irresponsive to a previous TNFi, but should 

be better clarified by further future analyses.

The long-term efficacy of mavrilimumab has been 

evaluated in the open-label extensions of both EARTH 

EXPLORER 1 and 2 studies, including 397 patients treated 

with mavrilimumab 100 mg eow. Two hundred seventy-nine 

RA patients were assessed for efficacy at week 74, 231 at 

week 98, and 180 at week 122. Overall, ACR20, ACR50, 

and ACR70 response rates at 74, 98, and 122 weeks were 

75.6%, 47.3%, and 27.6%; 80.1%, 50.2%, and 30.3%; 

and  79.2%,  50.3%, and 26.8%, respectively.64 Moreover, 

at 74 weeks, the mean (±standard deviation [SD]) change 

from baseline in modified-total Sharp score (mTSS) was 

1.3 (±6.8) and 67.9% of patients showed no radiographic 

progression (,0.5 change in mTSS) when compared to 

baseline (mean [±SD] mTSS 36.2 [±2.7]).65

More recently, the existence of biomarkers predictive 

of clinical response to mavrilimumab has been suggested. 

Specifically, the presence of antibodies directed to pepti-

dyl arginine deiminase 4 in serum of patients treated with 

mavrilimumab (150 mg) was associated with a worst clinical 

response as compared to patients who were negative for those 

antibodies.66 However, further investigations need to confirm 

these interesting preliminary data.

Safety profile of mavrilimumab in RA
The safety profile of mavrilimumab in RA patients has been 

evaluated in several phase I/II trials (Table 4). Overall, 

these RCTs did not highlight unexpected safety issues or 

specific organ-related toxicities. A well-known possible 
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concern regarding GM-CSF blockade is pulmonary alveolar 

proteinosis caused by the abnormal accumulation  in the 

alveoli of lung surfactant proteins as the result of an impaired 

clearance by alveolar macrophages,24 as demonstrated in 

GM-CSF-deficient mice.23 However, no clinically significant 

changes in serum surfactant D and KL-6 levels – which 

are established biomarkers for lung damage – were found 

in mavrilimumab-exposed patients in the EARTH study.56 

Moreover, no serious lung toxicities were observed in the 

overall population exposed to GM-CSF blockade in the devel-

opment program of mavrilimumab (625 RA patients treated 

for up to 158 weeks).55–57,62,65 In particular, a recent compre-

hensive review of pulmonary safety has been conducted in 

the phase IIb clinical program of mavrilimumab (EARTH 

EXPLORER 1 and 2 double-blind and open-label extensions), 

including 442 RA-treated patients over a 158-week follow-up 

period (~900 patient-years with a median [min–max] 

exposure of 2.5 [0.1–3.3] years).67 Pulmonary monitoring 

included chest X-rays, standardized lung function testing 

(spirometry and diffusing capacity of lung carbon monoxide 

[DLCO]), and assessments of dyspnea and pulmonary AEs. 

Mean forced expiratory volume in 1 second (FEV
1
), forced 

vital capacity (FVC), and DLCO were mostly maintained 

within 5% of baseline values and only ,7% patients showed 

mostly transient clinically significant (.20% from baseline 

and ,80% predicted) decreases in predicted FEV
1
 and FVC. 

Overall, only 83 patients (9.24/100 patient-years) reported $1 

pulmonary AE (mainly bronchitis [3.78/100 patient-years] 

and respiratory tract infection [1.56/100 patient-years]), with 

a stable incidence over time and no significant difference 

compared to golimumab comparator arm. No pulmonary-

related deaths, no suspected/confirmed pulmonary alveolar 

proteinosis cases, and only one treatment-related pulmonary 

serious AE (acute bronchitis) were reported.67

Table 4 Safety profile of mavrilimumab (100 and 150 mg) versus placebo in EARTH and Japanese studies

Mavrilimumab Placebo (n=75)

100 mg (n=39) 150 mg (n=0)

EARTH (NCT01050998)56

Safety data at 12 weeks n (%)
Total subjects reporting $1 AE 23 (57.5) – 36 (45.6)
Total subjects reporting $1 treatment-related AE 7 (17.5) – 11 (13.9)
Total subjects reporting $1 related SAE 0 – 1 (1.2)

100 mg (n=8) 150 mg (n=0) Placebo (n=17)

EARTH (Japan) (NCT01050998)57

Safety data at 12 weeks n (%)
Total subjects reporting $1 AE 5 (62.5) 10 (58.8)
Total subjects reporting $1 treatment-related AE 4 (50.0) 6 (35.3)
Total subjects reporting $1 related SAE 0 0

100 mg (n=85) 150 mg (n=79) Placebo (n=81)

EARTH EXPLORER 1 (NCT01706926)61

Safety data at 24 weeks n (%)
Total subjects reporting $1 AE NA NA NA
Total subjects reporting $1 treatment-related AE NA NA NA
Total subjects reporting $1 related SAE 0 0 NA

100 mg (n=70) 150 mg (n=0)

Golimumab

50 mg (n=68)

EARTH EXPLORER 2 (NCT01715896)62

Safety data at 24 weeks n (%)
Total subjects reporting $1 AE NA NA
Total subjects reporting $1 treatment-related AE NA NA
Total subjects reporting $1 related SAE NA 2 (3.0)

100 mg (n=442)

Open-label extension* (NCT01712399)64

Safety data at 158 weeks n (%)
Total subjects reporting $1 AE NA –
Total subjects reporting $1 treatment-related AE 114 (25.8) –
Total subjects reporting $1 related SAE 60 (13.6) –

Note: *Open-label extension study enrolled RA patients who had completed the EARTH EXPLORER 1 and 2.
Abbreviations: AE, adverse events; NA, data not available; SAE, serious adverse events.
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The majority of AEs observed in patients with RA treated 

with mavrilimumab were mild to moderate in severity. In the 

EARTH study, five serious AEs were reported: one (worsen-

ing of RA) in the placebo group and four (one intervertebral 

disc disorder, one spontaneous abortion, one fracture of the 

humerus, and one fracture of the patella) in the mavrilimumab 

group, and none considered treatment related. Low-titer and 

transient anti-mavrilimumab antibodies were observed in 

23 subjects (3 of 75 in the placebo and 20 of 158 in the active 

treatment groups) and they did not impact the pharmacokinet-

ics. High-titer antidrug antibodies were reported in 1 placebo 

(1.3%) subject and 10 mavrilimumab (6.3%; 3 at 10 mg, 

4 at 30 mg, 1 at 50 mg, and 2 at 100 mg) subjects, with no 

correlation with tolerability and tachyphylaxis.56 Similarly, in 

the Japanese EARTH study, 22 treatment-emergent adverse 

events (TEAEs) were reported (6 [35.3%] in the placebo group 

and 16 [47.1%] in the mavrilimumab group). Only one serious 

AE (pneumonia) was reported, leading to mavrilimumab dis-

continuation, whereas no antidrug antibodies were detected.57 

However, in this Japanese cohort study, duration was shorter 

(12 weeks) and sample size smaller than in the European one, 

thus limiting the broader extrapolation of data. Moreover, 

methods for detection of antidrug antibodies were different 

between the two studies (electrochemiluminescence assay in 

the Japanese population and a two-step approach including 

electrochemiluminescence screening plus a confirmatory 

immunoassay inhibition in the European one), potentially 

explaining the different incidence of antidrug antibodies 

development reported in Europe and Japan.

The EARTH EXPLORER 1 and 2 studies confirmed 

the overall good safety profile of mavrilimumab. The most 

common TEAEs reported were headache, nasopharyngitis, 

and upper respiratory tract infections.61,62,68 In the first study, 

two cases of pneumonia were observed (one in the mavrili-

mumab 30 mg eow group and one in the placebo group),61 

whereas in the second study, one pneumocystis pneumonia 

and one lung disorder were observed in the golimumab 

group.68 During the open-label long-term extension of both 

phase IIb studies, the most common TEAEs were bronchitis 

(4.8%), respiratory tract infection (2%), cholelithiasis (1%), 

cough (0.8%), and neutropenia (0.8%).65

GM-CSF pathway blockade in RA beyond 
mavrilimumab
As previously described, four monoclonal antibodies target-

ing GM-CSF have been developed: lenzilumab (KB003), 

MORAb-022, MOR103, and namilumab (MT203; Table 5). 

The only one study conducted with lenzilumab in RA was 

Table 5 Clinical trials of monoclonal antibodies targeting GM-CSF in rheumatoid arthritis

Drug Clinical trials status  
(trial registration number)

Clinical trial design References

KB003 Phase II terminated 
(NCT00995449)

Randomized, placebo-controlled, dose-ranging trial investigating five IV infusions 
of KB003 (70, 20, 0 or 600 mg doses) at weeks 0, 2, 4, 8, and 12 in patients with 
active RA and inadequate response to prior biologic therapy. Safety evaluation was 
performed at 14 and 30 weeks

69

MORAb-002 Phase I completed 
(NCT01357759)

Randomized, double-blind, placebo-controlled, single-dose trial investigating dose-
escalation of IV MORAb-022 for safety and tolerability evaluation in patients with RA

70

MOR103 Phase Ib/IIa published 
(NCT01023256)

Randomized, multicenter, double-blind, placebo-controlled trial investigating 
weekly dose-escalation of IV MOR103 (0.3, 1.0, or 1.5 mg/kg) with follow-up to 
16 weeks, for safety evaluation in RA patients

71

Namilumab Phase I completed 
(NCT02354599)

Randomized, single-center, double-blind, placebo-controlled trial investigating SC 
administration of single dose of namilumab (80, 150, and 300 mg) for safety and 
pharmacokinetics evaluations in healthy subjects

72

Phase Ib completed 
(NCT01317797)

Randomized, double-blind, placebo-controlled trial investigating three SC 
injections of dose-escalating namilumab (150 and 300 mg) plus MTX with 
12 weeks’ follow-up for safety and tolerability evaluation in patients with active RA

73

Phase II ongoing not recruiting 
(NCT02379091)

Randomized, double-blind, placebo-controlled trial investigating three SC doses of 
namilumab (20, 80, and 150 mg) plus MTX with 24 weeks’ follow-up for efficacy 
and safety evaluation in patients with active RA and inadequate response to MTX 
and antitumor necrosis factor inhibitors

74

Phase II ongoing not recruiting 
(NCT02393378)

Randomized, open-label, parallel-group, active-controlled trial investigating 
SC injections of namilimumab 300 mg at week 0 followed by 150 mg eow or 
adalimumab 40 mg eow, plus MTX. Efficacy evaluation at 24 weeks with magnetic 
resonance imaging scan for changes in synovitis, erosion, and bone marrow edema 
(osteitis) from baseline

75

Abbreviations: eow, every other week; GM-CSF, granulocyte-macrophage colony-stimulating factor; IV, intravenous; MTX, methotrexate; RA, rheumatoid arthritis; SC, 
subcutaneous.
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early terminated upon completion of safety run-in because of 

the development program refocus.69 MORAb-022 has been 

evaluated in a phase I study completed in July 2014, but up 

to date no results have been published yet.70 MOR103 was 

analyzed in phase Ib/IIa clinical trials with safety end points, 

involving 96 RA patients with moderately active disease 

(DAS28 #5.1) randomized to receive MOR103 (0.3, 1.0, 

or 1.5 mg/kg intravenously) or placebo.71 TEAEs were mild 

or moderate in intensity and reported in similar frequencies 

among the four groups, with nasopharyngitis being the 

most common one. Moreover, subjects in the MOR103 1.0 

and 1.5  mg/kg groups showed significant improvements 

in DAS28 scores when compared with subjects receiving 

placebo.71 Namilumab has been evaluated in a phase Ia 

study72 and in the PRIORA trial, a phase Ib study involving 

24 patients with mild-to-moderate RA randomized to receive 

three single injections of namilumab (150 or 300 mg) or pla-

cebo eow in combination with MTX, with a follow-up period 

of 12 weeks.73 Nasopharyngitis, exacerbation/worsening of 

RA, and musculoskeletal pain were the most commonly 

reported TEAEs, with a similar incidence among the three 

groups of treatment. Greater improvement in DAS28-CRP 

was observed in both the namilumab groups compared with 

placebo from day 27 until the end of the study.73 Two phase II 

studies (NEXUS74 and TELLUS75) have been initiated in 

patients with moderate-to-severe RA, but no results have 

been reported yet.

Taken together, data on anti-GM-CSF monoclonal anti-

bodies seem to be promising, but further future analyses are 

required to better clarify the role of this drug class in the 

treatment of RA.

Conclusion
The introduction of biological therapies has completely trans-

formed the paradigm of RA treatment, improving the real-life 

application of treat-to-target approach. However, ~30% of 

RA patients are unresponsive to available bDMARDs, result-

ing in high disability and increased morbidity and mortality. 

In the last few decades, the scientific knowledge on RA 

pathogenesis vastly improved, leading to the identification of 

new proinflammatory molecules and new therapeutic targets. 

Several in vitro and in vivo studies showed that GM-CSF, 

besides a hematopoietic factor, is one of the proinflam-

matory cytokines involved in myeloid cells (mainly mac-

rophages) activation in autoimmune processes, such as RA. 

Mavrilimumab, a human monoclonal antibody targeting 

the subunit α of CM-CSF-R, was recently developed as a 

competitive antagonist of GM-CSF and adopted in human 

trials for moderate RA. The very first experiences with 

mavrilimumab demonstrated an overall good safety profile 

of this novel bDMARD. In particular, no cases of pulmonary 

alveolar proteinosis have been observed in over 600 patients 

exposed to mavrilimumab, similar to that observed in the 

preclinical studies. Moreover, phase II studies demonstrated 

a very rapid clinical response (since week 1 after administra-

tion) with a progressive improvement through week 12, and 

highlighted a dose-dependent successful clinical outcome, 

probably with mavrilimumab 150 mg eow being the most 

effective. Interestingly, in the EARTH EXPLORER 2 study, 

mavrilimumab 100 mg eow showed an overall good efficacy 

in TNFi failures when compared to golimumab. Although 

the observed clinical response is comparable to available 

bDMARDs, the novel mode of action of GM-CSF blockade 

may provide an alternative treatment option for patients 

resistant to other biologics. However, these findings should 

be confirmed by ongoing worldwide phase III trials on 

mavrilimumab in RA.
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