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Abstract: Rheumatoid arthritis (RA) management has greatly improved with the development 

of biologic disease modifying antirheumatic drugs, but a proportion of patients do not improve 

despite the biologic drugs currently available. We need new biologic agents with novel 

mechanisms of action for the treatment of refractory patients. Recent evidence has shown that 

granulocyte-macrophage colony-stimulating factor (GM-CSF) is involved in the pathogenesis 

of RA. GM-CSF can exacerbate RA and elevated levels of this cytokine have been observed 

in synovial fluid from RA patients. Antagonism of GM-CSF can strikingly reduce established 

disease in mouse models of arthritis. Mavrilimumab, a human monoclonal antibody to GM-

CSF receptor α, is a competitive antagonist of GM-CSF signaling. Phase I and II studies have 

shown good clinical response with a good safety profile in patients with mild to moderate RA, 

suggesting encouraging effects of mavrilimumab for the treatment of RA. This paper reviews 

the preclinical and clinical data evaluating the safety, tolerability, and efficacy of mavrilimumab 

in the treatment of RA.
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Clinical impact summary for mavrilimumab/rheumatoid arthritis

Outcome  
measure

Evidence Implications

Disease-oriented  
evidence

Granulocyte-macrophage colony- 
stimulating factor (GM-CSF)  
administration can exacerbate  
rheumatoid arthritis (RA) and it is  
found in the joints of patients  
with RA
Antagonism of GM-CSF can  
markedly reduce established  
disease in mouse models of RA

Patient-oriented  
evidence

Phase I and II trials have defined  
well the maximal tolerated  
doses and schedules

Recommended doses and  
schedules can be evaluated  
in ongoing studies 

Generally well 
tolerated

Safety and adverse event profiles  
have been defined by Phase I  
and II trials

Mild or moderate adverse  
events reported

Good efficacy Good clinical response  
in Phase II trial

Economic  
evidence

Unknown as mavrilimumab has  
not been approved for marketing
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Introduction
Rheumatoid arthritis (RA) is a systemic chronic autoimmune 

disease characterized by persistent and erosive inflammatory 

polyarthritis. It can also affect other organs, such as the lungs, 

cardiovascular system, skin, and eyes. RA affects approxi-

mately 1% of the world population and if not properly treated, 

leads to progressive destruction of joints with consequent dis-

ability, loss of function and mobility or work incapacity, and 

decreased quality of life and life expectancy.1 Traditional dis-

ease modifying antirheumatic drugs (DMARDs) have become 

the cornerstone of treatment for RA, with methotrexate (MTX) 

at present considered as the “gold standard” in RA therapy, in 

monotherapy or in combination with other drugs.  However, 

patients with an inadequate response to treatment with tra-

ditional DMARDs or MTX may be treated with biologic 

agents targeting tumor necrosis factor (TNF) and interleukins  

(IL)-6 and -1, which play a pivotal role during pathological 

processes active in RA, and with biologic agents targeting 

T- and B-cells (eg, abatacept, rituximab). Biologic DMARDs 

(eg, TNF inhibitors, abatacept, rituximab, tocilizumab) have 

shown greater efficacy than traditional DMARDs (eg, metho-

trexate, sulfasalazine) in controlling joint damage. Significant 

improvement of physical function and quality of life has been 

reported, although a recent study demonstrated similar effects 

with triple traditional DMARDs treatment.2,3 Nonetheless, 

the combination of conventional and biologic DMARDs may 

provide an earlier resolution of the inflammatory process and 

may increase the response rate. The introduction of biologic 

agents with different immunological targets into clinical 

routine has been associated with a significant improvement 

in RA treatment, however a substantial proportion of patients 

do not achieve appropriate disease control and some of them 

interrupt treatment due to inefficacy or adverse events.4 New 

therapeutic strategies with different mechanisms of action 

are mandatory in nonresponder patients or patients who 

experience adverse events. Recent evidence supports the role 

of granulocyte-macrophage colony-stimulating factor (GM-

CSF) in the pathogenesis of RA and suggests the inhibition of 

its receptor as a novel therapeutic approach in RA. This paper 

reviews the preclinical and clinical data for mavrilimumab 

when used in the treatment of RA.

GM-CSF
GM-CSF, as the name suggests, is a soluble cytokine that 

promotes the proliferation and differentiation of granulocytes 

and macrophages from bone marrow precursor cells and 

stimulates their activation. In some cases, it regulates  survival 

and activation of eosinophils.5 In addition, it controls numer-

ous functions of mature tissue macrophages, such as cell 

adhesion, expression of pathogen recognition receptors, 

and proinflammatory cytokines (TNFα, IL-12, IL-18, IL-6, 

monocyte chemotactic protein 1, and macrophage colony 

stimulating factor), phagocytosis, and microbial killing.6 As 

shown below, GM-CSF aids the normal pulmonary physiol-

ogy by stimulating macrophages in clearing surfactant lipids 

and proteins from the lung surface.7 Upon appropriate stimula-

tion, it is secreted by different cell types including fibroblasts, 

endothelial cells, T-cells, macrophages, mesothelial cells, and 

epithelial cells. In vitro studies have shown that the proinflam-

matory cytokines IL-1 and TNF-α induce GM-CSF secretion 

from fibroblasts, endothelial cells, chondrocytes, and smooth 

muscle cells.8–11  Lipopolysaccharide can stimulate GM-CSF 

formation from monocytes or macrophages, which in turn take 

part in the cellular response to lipopolysaccharide.12

GM-CSF binds specifically to its receptor composed 

of a cytokine specific α-chain (GM-CSF receptor α chain 

[GMRα]) and β-chain, which are in common with the 

 receptors for IL-3 and IL-5. It associates with GMRα with 

low affinity and rapid dissociation kinetics, but the formation 

of the αβ heterodimeric complex mediates a stable interaction 

with high affinity and slow dissociation kinetics. The binding 

of GM-CSF activates the Janus kinase-signal transducers and 

activators of transcription-suppressor of cytokine signaling 

(JAK-STAT-SOCS) 3 signaling pathway.13

In a murine model,7 GM-CSF deficient mice grow up 

seemingly healthy and fertile up to 12 weeks of age. Although 

they do not show any significant hematopoietic alterations, 

all of them develop lung pathology. This is characterized by 

peribronchovascular infiltration with lymphocytes, predomi-

nantly B-cells, and intra-alveolar infiltration of phagocytic 

macrophages, granular eosinophilic material, and lamellar 

bodies, indicative of surfactant accumulation. Some mice 

have subclinical lung infections involving bacterial or fungal 

organisms. Certain histological features of lungs from GM-

CSF deficient mice resemble those of human alveolar pro-

teinosis, a heterogeneous group of congenital and acquired 

lung disorders characterized by accumulation of surfactant 

protein within alveoli and often complicated by infection. 

These data suggest that GM-CSF may have a pivotal role in 

lung physiology and resistance to local infection.7

Conversely, transgenic mice for GM-CSF with elevated 

levels of GM-CSF in the serum, urine, peritoneal cavity, 

and eyes develop accumulation of macrophages in the eyes, 

together with retinal damage. Similar lesions are observed in 

the striated muscle and in the peritoneal and pleural  cavities.14 

A high proportion of transgenic mice die with muscle wasting 

at 2–4 months of age, probably due to macrophage activation 

as a result of the high levels of GM-CSF.14
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GM-CSF and RA
In an animal study, GM-CSF deficient mice with collagen-

induced arthritis (CIA) develop a milder disease in compari-

son with wild type mice, suggesting that GM-CSF plays an 

important role in inflammatory joint disease.15 However, in 

a murine model of CIA, neutralizing monoclonal antibod-

ies to GM-CSF ameliorates existing disease and prevents 

disease progression.16 In humans, flare up of RA in patients 

receiving recombinant GM-CSF after chemotherapy has been 

observed, as well as in Felty’s syndrome, after administration 

of GM-CSF to correct neutropenia.17,18

GM-CSF may be implicated in the pathogenesis of 

RA through the activation, differentiation, and survival 

of neutrophils and macrophages. Macrophages induce 

synovitis through release of cytokines, chemokines, reac-

tive oxygen and nitrogen intermediates, proteases, and 

microparticles.19

Xu et al reported higher levels of GM-CSF in the synovial 

fluid from patients with RA in comparison to those obtained 

from other chronic inflammatory forms of arthritis, suggest-

ing a local production of GM-CSF in rheumatoid synovitis.20 

Accordingly, Fiehn et al described elevated concentrations 

of GM-CSF in the plasma of patients with RA when com-

pared to the control group.21 The central role of GM-CSF 

in the pathogenesis of RA is also described in a study by 

Singh and colleagues.22 They reported an early macrophage 

infiltration in synovium in eight patients with very early 

RA (,6 weeks duration) even prior to the development of 

lymphoid aggregates or increased vascularity.22 Indeed, it has 

been demonstrated that the number of synovial macrophages 

correlates significantly with radiologic erosion and changes in 

the number of synovial sublining macrophages during therapy 

with anti-rheumatic drugs, and correlates significantly with 

reduction of Disease Activity Score (DAS) 28, supporting 

a role for synovial macrophages as a sensitive biomarker of 

clinical response to therapy of RA.19,23,24

Preclinical data
All these findings show that GM-CSF may have a crucial 

role in the pathogenesis of RA, leading to the hypothesis that 

inhibiting GM-CSF through its receptor (GM-CSFR-α) is a 

novel therapeutic approach. Mavrilimumab (CAM-3001) is 

a human monoclonal antibody IgG4 that competitively binds 

to GM-CSFR-α, inhibiting GM-CSF signaling.

An in vitro study has shown that peripheral blood mono-

nuclear cells produce TNF in a dose-dependent manner if 

stimulated by GM-CSF and the anti-GM-CSFR antibody, 

CAM-3001, inhibits IL-8, IL-6, and TNF in a dose-dependent 

manner.25

An in vitro study conducted in cynomolgus mon-

keys has demonstrated that leukocyte margination and 

leukocytosis induced by GM-CSF is inhibited by CAM-3001. 

 Mavrilimumab demonstrated equipotency in GM-CSF inhibi-

tion in humans and in cynomolgus monkeys.25

Clinical trials
To date, Phase I/II studies have demonstrated a good safety 

profile and efficacy of mavrilimumab in patients affected 

by RA. In a randomized, double-blind, placebo-controlled, 

dose escalating Phase I study (NCT00771420), Burmester 

et al26 evaluated the safety, tolerability, and pharmacoki-

netic and pharmacodynamic profiles of mavrilimumab in 

32 subjects with mild to moderate RA (DAS28 #4.8) of $6 

months duration and who had received a stable dose of MTX 

for $3 months. Patients were randomized to receive a single, 

escalating intravenous dose of mavrilimumab (0.01, 0.03, 

0.1, 0.3, 1.0, 3.0, and 10.0 mg/kg) or placebo. Subjects were 

followed for 24 weeks after infusion. Over the 24-week study 

period, the most commonly reported adverse events across 

cohorts were nasopharyngitis, headache, diarrhea, and back 

pain. Mild and moderate adverse events were described with 

similar frequency within all treatment groups. One subject, 

who received the dose of 10.0 mg/kg, experienced face and 

neck urticaria that resolved after symptomatic treatment. Lung 

function tests did not show any differences at baseline and 

at week 12. No clinical viral infections were reported and no 

patient experienced clinically significant laboratory abnor-

malities or changes in vital signs during the study. No evidence 

of anti-mavrilimumab antibodies was observed. Systemic 

clearance of mavrilimumab was similar to that of endogenous 

IgG at doses .1.0 mg/kg and pharmacodynamic activity was 

confirmed in the 1.0 and 3.0 mg/kg groups by SOCS3 mRNA 

transcripts. As this was a Phase I study designed to evaluate 

the safety and tolerability profile of mavrilimumab, clinical 

activity was not formally  determined. Even though no sig-

nificant change was observed in DAS28, C-reactive protein 

(CRP) levels, and erythrocyte sedimentation rate (ESR), 

a significant reduction of CRP in patients with elevated CRP 

at  baseline and a significant reduction of DAS28 in patients 

with DAS28 .3.2 at baseline was described.26

In a randomized, double-blind, placebo-controlled 

Phase II study (NCT01050998),27 the same authors 

tested the efficacy and safety of mavrilimumab in 233 

patients with at least moderate RA (DAS28-CRP $3.2) of 

$3 months duration receiving stable MTX for $4 weeks. 

Subjects, recruited at 53 centers across Eastern  European 

 countries, were randomized within each cohort and 

received either 10 (n=39), 30 (n=41), 50 (n=39), or 100 mg 
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(n=39)  subcutaneous doses of mavrilimumab or placebo 

(n=75) every other week for 12 weeks. The proportion 

of subjects achieving a reduction of DAS 28-CRP $1.2, 

the primary endpoint, was higher in treated patients (all 

doses combined, n=158) when compared to placebo 

(n=75) at 12 weeks (55.7% versus 34.7%; P=0.003). 

Desired responses were seen in 41% of patients on 10 mg 

of mavrilimumab, in 61% of those on 30 mg, in 53.8% on 

50 mg, and in 66.7% on 100 mg. Patients started to show 

benefits after just 2 weeks on mavrilimumab and the effects 

increased throughout the 12-week treatment period. The 

researchers also found that levels of biomarkers associated 

with disease activity were lower at week 12 than at the 

beginning of the study, indicating that the drug was help-

ing to suppress patients’ RA. Positive effects were mainly 

observed at the highest dose (100 mg). In the 100 mg dose 

cohort the following were observed: a higher proportion 

of patients with DAS28-CRP ,2.6 compared to placebo 

at week 12 (23.1% versus 6.7%, P=0.016), improvement 

in the Health Assessment Questionnaire  Disability Index 

(HAQ-DI) score at week 12 compared to the placebo group 

(−0.48 versus −0.25, P=0.005), and a greater response 

rate versus placebo according to the American College of 

 Rheumatology (ACR) response criteria (ACR20: 69.2% 

versus 40.0%, P=0.005; ACR50: 30.8% versus 12.0%, 

P=0.021; ACR70: 17.9% versus 4.0%, P=0.030).28 In the 

treated group (all doses), a larger proportion of subjects had 

a moderate or good European League Against Rheumatism 

response versus placebo (67.7 versus 50.7%, P=0.025). 

The mavrilimumab group showed a significant reduction 

in CRP and ESR versus placebo from week 2 and a signifi-

cant change in swollen and tender joint count from week 4. 

According to the Phase I study, adverse events were mild 

to moderate: reduction in diffusing capacity of the lung for 

carbon monoxide (DLCO), mild to moderate nasopharyn-

gitis, and upper respiratory tract infections.26 In the 30, 50, 

and 100 mg cohorts, there was no difference in DLCO event 

rate when compared to placebo and no clinically significant 

or persistent changes in lung function tests performed by 

spirometry was observed. No significant hypersensitiv-

ity reactions, or serious or opportunistic infections, were 

reported. In this study, one placebo (1.3%) subject and ten 

mavrilimumab (6.3%; 3 at 10 mg, 4 at 30 mg, 1 at 50 mg, 

and 2 at 100 mg) subjects developed high titer antidrug 

antibodies. Even if this positivity was associated with a 

reduced pharmacokinetic exposure, no apparent correlation 

was observed between antidrug antibodies and hypersensi-

tivity or reduced clinical response27 (see Table 1). The data 

from the published Phase I/II studies support the potential 

clinical efficacy of mavrilimumab in RA.

Ongoing studies
There are three ongoing clinical trials testing mavrilimumab 

in RA. The first (NCT01706926) is a randomized, double-

blind, placebo-controlled, Phase IIb study to evaluate the effi-

cacy and safety of mavrilimumab in subjects with moderate to 

severe RA. It includes four arms: low dose mavrilimumab + 

MTX, medium dose mavrilimumab + MTX, high dose mavr-

ilimumab + MTX, and placebo group. This study is active, but 

not recruiting participants.29 The second trial (NCT01712399)  

is a nonrandomized, open label Phase II study to evaluate the 

long term safety and tolerability of mavrilimumab in adult 

subjects with RA. It is an extension study for patients who 

have participated in one of the qualifying development pro-

gram studies with mavrilimumab and, at present, is recruiting 

participants.30 The third trial (NCT01715896), a randomized, 

double-blind, placebo-controlled Phase II study, has been 

designed to compare the efficacy and safety of a subcutane-

ous dose of mavrilimumab with a marketed treatment for 

RA (golimumab) in 120 adult subjects with moderate to 

severe active RA who have had an inadequate response to 

one or two anti-TNF agents. It consists of two study arms: 

mavrilimumab and golimumab alternating with placebo. It 

is active and still recruiting31 (see Table 1).

Other GM-CSF antagonists, MOR103 and KB003, have 

been developed. MOR103 is a fully humanized monoclonal 

antibody to human GM-CSF. A randomized, double-blind, 

placebo-controlled Phase I/II clinical trial (NCT01023256) 

to evaluate the safety of MOR103 in active RA has been 

completed.32 KB003 is a humanized monoclonal antibody 

targeting GM-CSF and it has been tested in RA in a random-

ized Phase I clinical trial (NCT00995449).33

Future directions
In the last decade, RA management has changed drastically 

thanks to an enhanced understanding of the pathogenesis 

of the disease. A number of different cellular responses are 

involved in the pathogenesis of RA, including activation of 

immune inflammatory cells and expression of various cyto-

kines and local growth factors, as well as local angiogenesis. 

Macrophages, T-cells, B-cells, and neutrophils concentrate 

mainly in synovial tissue and produce both inflammatory 

and degradative mediators that break down the extracellular 

matrix of cartilage and bone.1 The introduction over the last 

decade of novel targeted therapies for RA, such as biologic 

DMARDs, has led to achievement of the “goal” of disease 
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remission better than older drugs. Several biologic agents, 

which block cytokines other than TNF or cells involved 

in the pathogenesis of RA, have been developed, and at 

present, a vast therapeutic armamentarium is available. 

However, about 30% of RA patients do not respond to the 

first biologic agent, in most cases an inhibitor of TNFα, and 

40% discontinue these drugs within a year and 50% within 

2 years.4,34–38 In addition, even in patients fulfilling criteria 

for clinical remission, joint destruction may continue with 

repair of bone erosions rarely occurring, suggesting residual 

subclinical inflammation.39 Moreover, currently available bio-

logic DMARDs are associated with potential adverse events, 

including increased risk of infections such as tuberculosis, 

lymphoma, and other malignancies.40

The development of additional therapeutic strategies is 

necessary to prevent joint damage and improve quality of 

life in refractory patients or subjects who experience adverse 

effects. Moreover, the “treat to target” strategy, a patient-

 centered therapy which focuses on achieving remission 

through tight control of the disease, increasingly requires new 

drugs that act in different stages of disease pathogenesis.41 

Nonresponders or partial responders may have less TNF-

dependent disease and may benefit from subsequent treatment 

with a targeted therapy of a different class. Mavrilimumab is 

the first biologic agent that selectively blocks GM-CSF which 

is involved in the activation, differentiation, and survival of 

neutrophils and macrophages. This mechanism of action 

results in inhibition of what may be a central pathogenetic 

pathway underlying inflammation in RA.

Although the clinical studies available are limited, the data 

are encouraging. In the Phase I trial,26 mavrilimumab has shown 

good tolerability and safety. In the Phase II clinical trial,27  

mavrilimumab achieved the primary endpoint  (reduction of 

DAS28-CRP $1.2) when compared with placebo at week 

12 and an improvement in HAQ-DI and ACR responses 

was observed. This positive result was mainly driven by the 

higher dose (100 mg), with clinical effects observed within 

the first 2 weeks of treatment. In the Phase I and II clinical 

studies,26,27 mild or moderate adverse events were reported. 

No significant lung test abnormalities were observed. Even 

though the Phase II study was a short term study with a small 

number of subjects in each treatment group, it suggests that 

mavrilimumab may be a novel approach for RA treatment.27

The safety of mavrilimumab needs to be evaluated in a 

larger number of patients who have received treatment for 

longer periods. At present, an ongoing trial is evaluating the 

long term safety of the drug.30 Trials to date have reported 

clinical efficacy in patients with mild to moderate disease, and 

a study to test the efficacy of mavrilimumab in patients with 

moderate to severe disease is currently underway.29 Moreover, 

it is important to know what the risk of infections is, and 

specifically, the risk of reactivation of latent mycobacterial 

infection, as established for other biologics, as well as the 

risk of malignancy during therapy with mavrilimumab. In 

addition, its efficacy should also be monitored using imaging 

techniques to evaluate effects on structural progression and 

head-to-head studies with other biologic agents are  necessary. 

In the Phase II trial subjects were randomized mainly in East-

ern European countries.27 Future studies should evaluate the 

efficacy and adverse events in a wider population.

Direct head-to-head trials and/or further appropriately 

powered clinical experiences (including long term safety data), 

along with robust pharmacoeconomic studies, are mandatory 

to more definitively position mavrilimumab relative to other 

currently available DMARDs. If the positive results observed 

in the available studies can be sustained and replicated in 

Phase III trials, it could offer another treatment option for 

patients.

Since RA is a lifelong disease often evolving into  disability, 

development of new treatment strategies remains crucial. 

Mavrilimumab may be an additional option for patients who 

fail to respond to currently available traditional and biologic 

DMARDs or who experience serious adverse events.
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