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ABSTRACT 37 

Background 38 

Fibrodysplasia ossificans progressiva (FOP), an ultra-rare disorder caused by mutations 39 

in the gene encoding activin A receptor type 1 (ACVR1), is characterized by painful 40 

flare-ups and cumulative heterotopic ossification (HO). Garetosmab, a fully-human 41 

monoclonal antibody blocking activin A, prevents HO in FOP mice. 42 

Methods 43 

LUMINA-1 (NCT03188666) was a phase 2 , multi-center, randomized, double-blind, 44 

placebo-controlled study evaluating the safety, tolerability, and effects on HO of 45 

intravenous (IV) garetosmab 10 mg/kg every 4 weeks (Q4W). Adult patients with FOP 46 

were randomized to garetosmab or placebo for 28 weeks (Period_1), followed by an 47 

open-label period (Period_2). After Period_2, patients were allowed to stay on 48 

garetosmab in an open-label extension. For Period_1, primary endpoints were HO total 49 

lesion activity (HO-TLA) by 18F-sodium fluoride positron emission tomography (18F-NaF 50 

PET) and HO total lesion volume by computed tomography (CT). The Period_2 primary 51 

endpoint compared the number of new lesions in Period_2 versus Period_1. The safety 52 

primary endpoint was incidence and severity of TEAEs through the end of the Period 1 53 

at week 28. 54 

Findings 55 

Patients (n=44) were randomized to garetosmab (n=20) or placebo (n=24). In Period_1, 56 

there was a trend for garetosmab to decrease HO-TLA versus placebo (24.6%; P=0.07), 57 
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primarily driven by near complete prevention of new lesions (97% decrease by 18F-NaF 58 

PET, post-hoc P=0.009; 90% relative reduction by CT, post-hoc P=0.017); flare-ups 59 

were significantly reduced (P=0.0005). For placebo patients transitioning to garetosmab 60 

in Period_2, no patients developed new HO lesions (0% in Period_2 versus 40.9% in 61 

Period_1; P=0.0027) by CT. All 44 patients met primary safety endpoint of at least one 62 

TEAE during Period 1. Garetosmab was associated with more adverse events than 63 

placebo: mild recurrent epistaxis, madarosis, and skin/soft tissue infections. Overall, the 64 

AEs were predominantly mild in severity, with no effect on patients’ ability to receive 65 

garetosmab. Five deaths (5/44; 11.4%) occurred either in Period_2 or the open-label 66 

extension. The deaths were associated with baseline disease severity in some, 67 

preexisting comorbidities in others and occurred following 8-16 doses (median: 15) of 68 

garetosmab in the open label/follow-up periods. 69 

Interpretation 70 

Garetosmab reduced flare-ups and prevented new HO lesions in FOP patients. 71 

Although side effects were mild to moderate, there were a relatively high number of 72 

deaths for a small study; the deaths were not related to epistaxis and considered 73 

unlikely to be related to garetosmab. 74 

Funding: Regeneron Pharmaceuticals, Inc. 75 
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Introduction 76 

Fibrodysplasia ossificans progressiva (FOP; MIM#135100) is an ultra-rare, autosomal 77 

dominant disorder1 with an estimated prevalence of 0.36–1.36 per million.2-5 The most 78 

common and debilitating manifestation of FOP is the heterotopic ossification (HO) of 79 

connective tissues, such as tendons, ligaments, and skeletal muscles excepting the 80 

diaphragm, extraocular muscles and the tongue.6 HO typically presents during the first 81 

decade of life and may be accompanied by painful, soft tissue inflammatory swellings, 82 

known as flare-ups, however, this feature of the disease is variable.7 A diagnostic 83 

hallmark of FOP at birth is bilateral malformation of the great toes, which is often missed 84 

and can lead to a delay in diagnosis.8 85 

HO in FOP is seemingly episodic, and may be precipitated by trauma.9 The 86 

resulting HO lesions accumulate, leading to joint immobility, skeletal deformity, severe 87 

pain, disability, and early mortality.6,10,11 Patients with FOP experience significant 88 

disease burden including restriction of activity as well as hearing loss which worsens 89 

social isolation leading to decreased quality of life. Surgical removal of bone is 90 

ineffective as it causes new HO and is associated with high anesthetic challenges.12 91 

The degree of immobility can be captured by the cumulative analog joint involvement 92 

scale (CAJIS) score, measuring mobility across 15 anatomic locations, and ranging 93 

from 0 to 30 (higher scores indicating more severe limitations in mobility and other 94 

function).13 On the basis of FOP features related to joint dysfunction (flare-up activity, 95 

body regions affected, thoracic insufficiency, and other complications) as well as its 96 

consequences (assistance in activities of daily living, ambulation, and CAJIS score), 5 97 

clinical stages of FOP have been defined: early, moderate, severe, profound, and end 98 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 13, 2023. ; https://doi.org/10.1101/2023.01.11.23284254doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.11.23284254
http://creativecommons.org/licenses/by-nc-nd/4.0/


DiRocco LUMINA1 ms 

of life.14 Estimated median age of survival for patients with FOP is 56 years.15 Mortality 99 

is correlated with disease severity and CAJIS score and is primarily due to 100 

cardiorespiratory failure from thoracic insufficiency syndrome, pneumonia, and 101 

complications of falls.15 With no globally-approved disease-modifying therapies, clinical 102 

management is mostly limited to symptomatic flare-up treatment with corticosteroids or 103 

non-steroidal anti-inflammatory agents, evidence of which is anecdotal.7  104 

FOP is caused by heterozygous missense mutations in ACVR1, the gene encoding 105 

activin A receptor type 1, a bone morphogenetic protein (BMP) type I receptor.16 A 106 

significant breakthrough in understanding the molecular mechanism of HO in FOP was 107 

the discovery that FOP-causing variants of ACVR1 recognize activin A as an agonist 108 

(Figure S1).17-20 In contrast, activin A normally inhibits BMP signalling via wild-type 109 

ACVR1.17,21 Garetosmab, a fully-human monoclonal antibody (generated using 110 

VelocImmune™ technology),1,2 binds activin A and blocks its ability to activate FOP-111 

mutant ACVR1. Inhibition of activin A with garetosmab blocked new HO lesions and 112 

resulted in stasis or partial reduction in the volume of pre-existing lesions in a 113 

genetically humanized murine FOP model in which FOP-mutant ACVR1 was 114 

introduced.17,18 As such, it was hypothesized that garetosmab may beneficially impact 115 

FOP disease progression in humans. LUMINA-1 was designed to assess the safety and 116 

efficacy of garetosmab as a potential disease-modifying treatment for FOP, and 117 

consequently also validate the role of activin A as a key driver of HO in FOP.  118 
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Methods 119 

Study design 120 

LUMINA-1 (NCT03188666) was a phase 2, randomized, double-blind, placebo-121 

controlled study evaluating the safety, tolerability, and effects on HO of intravenous (IV) 122 

garetosmab 10 mg/kg every 4 weeks (Q4W). The study was conducted at 11 sites in 8 123 

countries across North America and Europe, between February 26, 2018 and 124 

September 16, 2021. 18F-NaF PET and whole-body, low-dose X-ray computed 125 

tomography (CT)22 were used to measure and track HO. The study consisted of a 28-126 

day screening/baseline period followed by a 28-week randomized, double-blind, 127 

placebo-controlled period (Period_1), a 28-week open-label treatment period 128 

(Period_2), and a subsequent open-label extension from week 56 to end of study 129 

(Figure S2). The primary analysis was conducted when all patients completed 130 

Period_1. Further analyses were conducted at the end of Period_2. Amendments to the 131 

trial protocol are detailed in Table S1. Patient safety and welfare were monitored by an 132 

Independent Data Monitoring Committee. This study was conducted in accordance with 133 

the 2013 Declaration of Helsinki and the International Council for Harmonization 134 

guidelines for GCP. All patients provided written, informed consent. Detailed information 135 

and a full list of the Institutional Review Boards are in the Supplementary Methods. 136 

Patients 137 

Adult patients (aged 18–60 years) with a clinical diagnosis of FOP (based on congenital 138 

great toe malformation, episodic soft tissue swelling, and/or progressive HO) were 139 

included. Clinical diagnosis was confirmed with documentation of any FOP-causing 140 
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ACVR1 variant and disease activity (defined as pain, swelling, stiffness, and other 141 

signs/symptoms associated with FOP flare-ups; or worsening of joint function, or 142 

radiographic progression of HO) within 1 year of screening. Key inclusion/exclusion 143 

criteria are in Table S2 and Supplementary Methods. 144 

Randomization and masking 145 

Enrolled patients were randomized (1:1) to receive garetosmab 10 mg/kg Q4W as 146 

previously assessed,23 or placebo in Period_1, according to a central randomization 147 

scheme. Block randomization was done using an interactive response technology (IRT) 148 

provided to the designated study pharmacist or qualified designee. Randomization was 149 

stratified by presence/absence of baseline active HO lesions, gender, and mutation 150 

type. All PET/CT scans were reviewed by 2 independent readers and an adjudicator; all 151 

3 were blinded to treatment assignment. 152 

Procedures 153 

Patients were assigned to receive garetosmab 10 mg/kg or placebo Q4W for 28 weeks 154 

(Period_1). After week 28, all patients continued or were switched to receive 155 

garetosmab 10 mg/kg Q4W (Period_2). At the conclusion of Period_2, patients were 156 

given the option to continue on garetosmab in an open-label extension. Whole-body 157 

PET/CT scans were acquired to identify pre-existing target lesions at baseline, identify 158 

new HO lesions, and measure volume changes in pre-existing target and new HO 159 

lesions. Baseline imaging with PET/CT was performed at most 7 days prior to study 160 

drug administration and at Weeks 8, 28, 56, and 76 (Figure S2). Detailed information 161 

on imaging acquisition and read procedures are in the Supplementary Methods. 162 
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Outcomes 163 

Period_1: The pre-specified primary endpoint for efficacy was the effect of garetosmab 164 

versus placebo on time-weighted average (TWA) of the percentage change from 165 

baseline in total lesion activity (TLA) by PET; TLA is considered proportional to the 166 

deposition rate of bone mineral into actively forming HO lesions (definition in 167 

supplementary methods section). The next endpoint in the hierarchy was to assess 168 

percentage change of the total volume of HO lesions by CT in Period_1 relative to 169 

baseline. Other key secondary and exploratory endpoints are listed in Table S3. 170 

Exploratory endpoints in Period_1 included the percentage of patients with flare-ups as 171 

assessed by patient diary and investigator report.  172 

Period_2: Based on the outcomes of Period_1 (see Results), the primary endpoint for 173 

efficacy for Period_2 was prospectively changed to the number of new lesions in 174 

patients transitioning from placebo to garetosmab as assessed by CT.  175 

Safety: The primary safety endpoint for Period_1 and a primary endpoint for Period_2 176 

was the incidence and severity of adverse events, which included those not present at 177 

baseline or an exacerbation of a pre-existing condition.  178 

Statistical analyses 179 

Testing of primary and key secondary efficacy outcomes followed a pre-specified 180 

hierarchical testing procedure to address multiplicity at an overall 2-sided alpha=0.05 181 

significance for Period_1. Other secondary outcomes were tested at the nominal 2-182 

sided alpha=0.05 significance without multiplicity adjustment. In Period_2, a 2-sided 183 

10% significant level was applied for the primary and key secondary endpoints. For the 184 
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Period_1 primary analysis, the TWA percent change from baseline in TLA 18F-NaF PET 185 

over 28 weeks was analyzed in AHO (baseline active HO analysis set) and AHOC 186 

(baseline active HO classic ACVR1[R206H] mutation analysis set) populations using an 187 

analysis of covariance model. The difference in least squares mean change from 188 

baseline, 95% confidence interval, and P-value were provided from the model to 189 

compare garetosmab against placebo group. For Period_2 primary analysis, the 190 

Wilcoxon signed-rank test was used to compare the number of new HO lesions as 191 

assessed by CT at week 56 (relative to week 28 scan) with the number of new HO 192 

lesions at week 28 (relative to baseline scan) in patients who crossed over from placebo 193 

to garetosmab. The estimate and 95% confidence interval of the rate of new HO lesions 194 

at week 56 and that of the rate ratio (comparing Period_2 versus Period_1) were based 195 

on a negative binomial model with repeated measures and using a generalized 196 

estimating equation. Safety outcomes were analyzed using descriptive statistics. 197 

Further details are provided in the Supplementary Methods and amendments to the 198 

statistical methodology are summarized in Table S1. 199 
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Results 200 

LUMINA-1 enrolled 44 patients with FOP, all of whom had active HO (AHO) at baseline 201 

(see full definition in the Supplementary Methods). Overall, 42/44 (95.5%) of patients 202 

had the “classic” FOP-causing variant of ACVR1 (c.617G>A, p.R206H) (AHOC 203 

population). Patients were randomized to garetosmab 10 mg/kg IV Q4W (n=20) or 204 

placebo (n=24) (Figure S2; Figure S3). Baseline demographics and disease 205 

characteristics were similar between groups (Table S4). The mean (SD) age was 27.6 206 

(8.5) years. The mean CAJIS score at baseline was 15.7 (SD: 6.6; range, 6–30; Median 207 

[Quartile1, Quartile3]: 15.0 [11, 19]). Data analyses presented are for the AHO 208 

population and were similar to the AHOC population (Table S5A). The study was 209 

initiated in February 2018; primary data cut-off was September 17, 2019 (week 28); 210 

additional data cut-off dates for efficacy analyses were August 11, 2020 (week 56), and 211 

October 30, 2020 (week 76); safety was reported until last patient last visit on 212 

September 16, 2021. 213 

Period_1 Results 214 

Forty-three (98%) patients completed Period_1. During Period_1, garetosmab reduced 215 

TLA (new and existing lesions) from baseline versus placebo by 24.6% (95% 216 

confidence interval [CI]: -51.8%–2.5%; P=0.07; Figure 1A; Supplementary Section: 217 

Results). Although this did not meet the pre-specified statistical threshold of P≤0.05, 218 

patients treated with garetosmab had a ~97% relative reduction in new lesion activity, a 219 

~90% relative reduction in new HO lesion volume compared with the placebo arm 220 

(Figure 1B,C; Table S6). Additionally, a reduction in both the number of new HO 221 
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lesions per patient as assessed by PET (mean of 0.15 new lesions/patient for 222 

garetosmab versus 1.19 for placebo; post-hoc analysis, nominal P=0.006) and CT (0.15 223 

versus 1.13, respectively; post-hoc analysis, nominal P=0.009; Table S6) were 224 

observed. The total number of new HO lesions in Period_1 for placebo was 27 by CT 225 

and 29 by PET compared with 3 by CT and PET for garetosmab (Figure 1B). The 226 

percentage of patients who developed new lesions in Period_1 was lower with 227 

garetosmab (15% by CT; 15% by PET) versus placebo (45.8% by CT and PET; nominal 228 

P=0.05; Figure S4).  229 

Given that garetosmab appears to block the formation of new HO in patients with 230 

FOP, its effects on normal bone were also examined as reference using PET. 231 

Assessment of percent change from baseline of the mean [standard error] SUVmean of 232 

selected normotopic bones (as defined in the protocol), showed no differences between 233 

treatments at week 8 (garetosmab: 42.0% [9.9]; placebo: 20.3% [9.2]; nominal P=0.12) 234 

or week 28 (garetosmab: 24.6% [8.4]; placebo: 28.9% [7.7]; nominal P=0.71; data not 235 

shown), indicating that garetosmab does not affect bone turnover. 236 

In addition to the reduction in the number of new HO lesions, an effect of 237 

garetosmab was also observed on reported flare-ups. A marked reduction was 238 

observed during Period_1 in patients reporting flare-ups on garetosmab versus placebo 239 

based on patient diary entries (35.0% versus 70.8%, respectively; relative risk 240 

[RR]=0.49; nominal P=0.03) and investigator adverse event reports (10.0% versus 241 

41.7%, respectively; RR=0.24; post-hoc analysis, nominal P=0.039; Table 1A; Figure 242 

S5A, B).  243 
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Since garetosmab’s most pronounced effect on HO during Period_1 was the 244 

suppression of new HO lesions formation, the study hypothesis for Period_2 was 245 

redefined to be that garetosmab prevents formation of new HO lesions.  246 

Period_2 Results 247 

Of the 43 patients who completed Period_1, all entered Period_2 and 42 patients 248 

completed Period_2. Patients randomized in Period_1 to placebo crossed-over to 249 

receive garetosmab. In Period_2, the total number of new lesions measured by CT for 250 

patients who crossed over from placebo to garetosmab was reduced 100% relative to 251 

Period_1, (0 versus 22, respectively; P=0.0039) and 95% by PET (1 versus 23, 252 

respectively; P=0.0039; Figure 2A, B; Table S5B). Mean new lesion volume and 253 

activity were significantly lower for Period_2 versus Period_1 (volume: 0.05 cm3 versus 254 

9.29 cm3, respectively, P=0.0039; activity: 13.20 versus 204.45, respectively; P=0.0273; 255 

Figure 2C, D). This reduction was also reflected in the percentage of patients who 256 

developed new lesions, which was significantly lower during Period_2 compared with 257 

Period_1 by CT (0% versus 40.9%, respectively; P=0.0027) and PET (4.5% versus 258 

40.9%, respectively; P=0.0047; Figure 2E, F).  259 

For patients originally randomized to garetosmab and who remained on garetosmab 260 

in Period_2, garetosmab’s efficacy in preventing new HO lesions was maintained (0 261 

new lesions by CT and PET in Period_2 versus 2 by CT and 1 by PET in Period_1; 262 

Figure S6. Additionally, the percentage of patients with new lesions was 0% for 263 

Period_2 by PET and CT (Figure S6) for patients remaining on garetosmab. 264 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 13, 2023. ; https://doi.org/10.1101/2023.01.11.23284254doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.11.23284254
http://creativecommons.org/licenses/by-nc-nd/4.0/


DiRocco LUMINA1 ms 

Open-Label Extension Results 265 

During the subsequent open-label extension, 0 new lesions at week 76 were observed 266 

in patients crossing to garetosmab after week 28 (n=17) while one new lesion was 267 

observed by both PET and CT at 76 weeks among patients continuing garetosmab 268 

since baseline (n=15). Overall, treatment with garetosmab resulted in a sustained and 269 

pronounced effect in preventing new HO lesions from forming up to 76 weeks (the time 270 

of last imaging scan assessments in the study). Thirty-four (77%) patients continued in 271 

the study, after the open-label extension. 272 

Flare-Ups and CAJIS 273 

For patients switching to garetosmab after week 28, the proportion with new flare-ups 274 

was significantly lower in Period_2 compared to Period_1 as reported by both patients 275 

(13.6% versus 68.2%, respectively; P=0.0005) and investigators (13.6% versus 45.5%, 276 

respectively; P=0.0196; Table 1B; Figure S5C, D). The total number of new flare-ups 277 

by patient diary was 11 in Period_2 compared with 31 in Period_1 and by investigator 278 

report was 4 and 22, respectively (Figure S5E, F). The relationship between baseline 279 

age and CAJIS score is depicted in Figure 3A. 280 

Safety 281 

All patients in the LUMINA-1 trial reported ≥1 AE during Period_1 (Table 2). One patient 282 

with a medical history of restrictive lung disease, pulmonary congestion, and mucus 283 

plugging discontinued during Period_1 due to an TEAE of mild pyrexia that followed 284 

recurrent episodes of pneumonia and hemoptysis. Most AEs were considered by 285 

investigators to be mild to moderate in severity. In Period_1, notable imbalances in AEs 286 
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with garetosmab versus placebo included epistaxis (50.0% versus 16.7%), madarosis 287 

(loss of eyebrows/eyelashes; 30.0% versus 0%), and a composite of skin and soft 288 

tissue infections that included acne (65% versus 12.5%; Table S7; Table S8). Nine 289 

serious adverse events (SAEs) in Period_1 occurred in 6 (13.6%) patients; of these, 4 290 

(20.0%) patients received garetosmab versus 2 (8.3%) patients who received placebo 291 

(Table S9). SAEs in the garetosmab group included 3 (15.0%) patients with infections 292 

and infestations, 1 (5.0%) patient with epistaxis (5.0%), and 1 (5.0%) with intestinal 293 

obstruction. The SAE of epistaxis resulted in hospitalization for nasal packing and was 294 

assessed as related to garetosmab by the investigator, but patient required no 295 

transfusions and had no drop in hemoglobin. The patient fully recovered and continued 296 

in the study without recurrence. This SAE of epistaxis led to a protocol amendment to 297 

include additional exclusion criteria (Table S2) and baseline (if applicable) and post-298 

treatment laboratory measures of coagulation parameters and platelet effector function 299 

to exclude patients who may have existing propensity for bleeding or mitigate the 300 

potential risk for epistaxis.  301 

Coagulation tests and platelet functional assays including activated prothrombin 302 

time (aPTT), prothrombin time (PTT), and prothrombin international normalized ratio 303 

(INR), measured in a subset of patients at baseline and post treatment, were in the 304 

normal range at baseline and fluctuations observed in placebo or in the garetosmab 305 

treatment group remained within the normal ranges (Figure S7 ). In Period_1, 13 306 

(65.0%) patients in the garetosmab treatment group experienced a bleeding event 307 

compared to 9 (37.5%) patients in the placebo treatment group (Table S10).The only 308 

bleeding event reported in more than two patients in the garetosmab group was 309 
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epistaxis. Except for the single epistaxis SAE, other events of epistaxis were non-310 

serious and the majority mild in severity. Other non-epistaxis bleeding events were 311 

balanced between garetosmab and placebo recipients and non-serious. None of the 312 

patients discontinued therapy due to a bleeding AE. 313 

All patients reported ≥1 AE during Period_2 and subsequent open label extension, 314 

which involved patients receiving garetosmab. The most frequently reported AEs were 315 

consistent with those reported in Period_1, comprising of skin and soft tissue infections 316 

(81.4%; acne (32.6%), madarosis (46.5%)) and epistaxis (34.9%), and were mostly 317 

mild/moderate in severity (Table S8; Table S11; Figure 3B and 3C). During Period_2 318 

and subsequent treatment until end of study, epistaxis was reported in 15 patients 319 

(34.9%). Most events were mild, and no patients discontinued treatment with 320 

garetosmab due to epistaxis. Twenty SAEs in 13 (30.2%) patients were reported during 321 

Period_2 until end of study, including infections and infestations (16.3%) and 322 

gastrointestinal disorders (4.7%; Table S12). Five (11.6%) patients experienced 6 SAEs 323 

of abscess requiring a hospital admission or ER visit for incision and drainage. These 324 

events resolved and patients continued garetosmab after a temporary interruption of 325 

study drug; 5 of these 6 SAEs were deemed related to garetosmab by the investigator.  326 

In order to determine if epistaxis events were related to changes in BMP/TGFß 327 

family members other than activin A known to regulate angiogenesis and vascular 328 

endothelium homeostasis, levels of BMP9 were measured.24,25 Minor fluctuations in 329 

serum BMP-9 were observed in both the placebo and in the garetosmab treatment 330 

group. The onset of epistaxis occurred in patients with stable and fluctuating serum 331 

BMP-9 concentrations. (Figure S8). 332 
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The percentage of patients with infusion reactions was balanced between 333 

garetosmab (5/20 [25%]) and placebo (6/24 [25%]). Except for two infusion reactions of 334 

moderate severity that occurred in patients who received garetosmab during Period_1, 335 

the other infusion reactions were reported as mild. Some reactions required a temporary 336 

infusion interruption or antihistamine (loratadine) pre-medication (n=2), but all infusions 337 

were completed. No patient discontinued treatment due to infusion reactions and none 338 

of the infusion reactions were associated with signs or symptoms of anaphylaxis or 339 

development of antidrug antibodies.  340 

There were five deaths (5/44; 11.4%) during the study, all of which occurred in 341 

Period_2 (Open label) or in the open label extension between 8-16 (median-15) doses 342 

of garetosmab; none occurred during the double-blind period (Period_1). The deaths 343 

were reported by investigators as unrelated to garetosmab. The case summaries can be 344 

found in Supplement Table S13. As can be seen in Figure 3B and 3D, there was no 345 

relationship between subjects who died and the frequency or severity of epistaxis. The 346 

causes of death were head and brain trauma due to a fall in the setting of severe motor 347 

disability; hemorragic stroke in the setting of poorly controlled hypertension and 348 

previous strokes; fatal intestinal obstruction in the setting of a previous episode of 349 

intestinal obstruction; cardiac arrest during surgery procedure for traumatic spleen 350 

rupture due to fall; sudden cardiac death in a patient with lung granulomatous 351 

inflammation most likely attributable to chronic pulmonary aspiration. 352 

Of the five deaths, three patients had a CAJIS score ≥24 and either profound or 353 

end-of-life disease severity as measured by the clinical staging of FOP developed by 354 

Pignolo & Kaplan.14 Among the fatal events in study participants with lower CAJIS 355 
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scores, one occurred in a 26 to 30-year-old patient with a CAJIS score of 16 (moderate 356 

disease staging) who died from a fall resulting in severe head and brain trauma. This 357 

individual had significant rigidity and walking disability at baseline. Another was a 36 to 358 

40-year-old patient with a CAJIS score of 19 (severe disease staging) who died from 359 

apparent sudden cardiac arrest with extensive granulomatous formation in the lungs 360 

consistent with chronic aspiration of foreign material.  361 
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Discussion 362 

This phase 2 study was conducted to assess the safety and efficacy of garetosmab in 363 

patients with FOP. The initial hypothesis for Period_1 was that garetosmab prevents 364 

formation of new lesions and progression of pre-existing lesions. This was based on 365 

preclinical data demonstrating that activin A is required for the formation of new 366 

heterotopic bone lesions, as well as continued growth and expansion of pre-existing, yet 367 

nascent lesions.17,18 Data from Period_1 demonstrated that the most pronounced effect 368 

of garetosmab was the suppression of the formation of new HO lesions. Garetosmab 369 

did not significantly affect the continued growth and expansion of pre-exisiting HO 370 

lesions. Contrary to our apriori hypothesis, these established lesions had already 371 

achieved maturity prior to the administration of garetosmab as evidenced by no 372 

significant growth in the placebo arm (Table S14). This finding led to prospective 373 

redefining of the study hypothesis for Period_2 to be that garetosmab prevents 374 

formation of new HO lesions in patients switching from placebo to garetosmab. The 375 

hypothesis was agreed upon with the US Food and Drug Administration, along with 376 

concordance that patients exposed to placebo during Period_1 could serve as the 377 

control group when they transitioned to receive garetosmab during Period_2 given the 378 

ultra-rare nature of FOP and striking results in Period_1. Notably, no new lesions were 379 

detected in Period_2 by CT in patients transitioning to garetosmab, while efficacy 380 

persisted in those who received garetosmab during Period_1 and continued 381 

garetosmab in Period_2. This study also demonstrated that PET and CT scans were 382 

similarly well correlated in the detection of new lesions. 383 
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In addition to the significant reduction in the number of new HO lesions, treatment 384 

with garetosmab demonstrated a significant effect on the incidence and frequency of 385 

soft-tissue inflammatory flare-ups based upon both patient diary and investigator 386 

adverse event reporting. Flare-ups are a significant burden for patients with FOP, often 387 

are painful and debilitating and require the use of corticosteroids in high doses or during 388 

prolonged periods of time. The reduction in flare ups by garetosmab suggests that flare-389 

ups are also associated with the activin A pathway and highlights an additional potential 390 

utility of garetosmab as a disease-modifying and steroid-sparing treatment for patients 391 

with FOP.  392 

Data from patients treated with garetosmab in both Period_1 and Period_2 highlight 393 

the durability of garetosmab in preventing the formation of new HO lesions, as evident 394 

from both CT and PET scan results. This effect by garetosmab was sustained through 395 

week 76.  396 

The clinical program for garetosmab included two previous phase 1 first-in-human 397 

studies conducted in healthy volunteers (Clinicaltrials.gov: NCT02870400, 398 

NCT02943239) that showed garetosmab in multiple doses up to 10 mg/kg (single dose) 399 

and 10 mg/kg Q4W for 4 doses were well-tolerated. In one study of 30 healthy females 400 

treated with garetosmab and 10 randomized to placebo, there were no occurrences of 401 

epistaxis or skin and soft tissue infections, suggesting that these effects of garetosmab 402 

maybe specific to FOP.23 In another phase 1 study (NCT02943239) combining 403 

garetosmab with an anti-myostatin, GDF8 mAb (n=82), there was a single epistaxis 404 

event and 2 episodes of postmenopausal bleeding events. Overall there were 3 (3.75%) 405 

bleeding event AEs (1 epistaxis and 2 episodes of postmenopausal bleeding) amongst 406 
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122 volunteers which were all non-serious and mild in severity. The review of the 407 

healthy volunteer data from Phase I clinical trials did not suggest a signal between 408 

garetosmab and epistaxis although the exposure to garetosmab was brief. 409 

Overall, in this study, the AEs were predominantly mild in severity, with no effect on 410 

patients’ ability to receive garetosmab. Notable AE imbalances with garetosmab during 411 

Period_1 included epistaxis, madarosis, and a composite of skin and soft tissue 412 

infections (which included skin abscesses, folliculitis, cellulitis, furuncles and 413 

carbuncles). Based on results from Period_1, higher incidences of epistaxis, madarosis, 414 

and skin and soft tissue infections were determined to be associated with garetosmab.  415 

Further investigation shows that while there was an apparent link between 416 

garetosmab and epistaxis, there is no apparent link between garetosmab and bleeding 417 

events in other organs or systems; these events were balanced during Period_1. The 418 

great majority of epistaxis events throughout the study were mild in severity, with only 4 419 

moderate events and one severe event. The biological mechanism behind inhibition of 420 

activin A with garetosmab and the occurrence of epistaxis in a subset of FOP patients is 421 

not understood. While activin A utilizes the same type II receptors as BMP9, which is 422 

associated with angiogenesis and vascular endothelium homeostasis,24,25 treatment-423 

related changes or epistaxis events did not correlate with fluctuations in serum BMP-9 424 

levels. Furthermore, there was no difference in serum BMP9 levels among patients with 425 

a fatal outcome. Coagulation tests and platelet functional assays were also in the 426 

normal ranges. Based on available data, no abnormalities were reported suggesting 427 

that the patients enrolled did not have coagulation defects at study entry or post 428 

garetosmab treatment.  429 
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Five fatal events were observed during Period_2 and subsequent open-label 430 

extension; in both periods patients received only garetosmab. Three of the 5 patients 431 

who died experienced epistaxis and all events were mild to moderate in severity. Two of 432 

these patients experienced one event (one of them had history of epistaxis prior to 433 

study enrollment, and the other had medical history of brain cavernoma hemorrhage as 434 

well as pigmented purpuric dermatosis, which is an inflammatory dermatitis with 435 

vascular fragility); the third patient reported 2 epistaxis events (Figure 3B).  436 

Of the five fatalites, two of the deaths were due to complications resulting from falls, 437 

which is common in patients with FOP. One death was due to intestinal obstruction 438 

which has been previously reported as a complication of FOP.15 One death occurred as 439 

a result of a hemorrhagic stroke to the deep structures of the brain leading to acute 440 

respiratory failure. This patient presented with difficult-to-control arterial hypertension 441 

and interpretation of the brain CT by two independent neuroradiologists concluded 442 

evidence of chronic hypertensive effects and the findings suggested death was likely a 443 

consequence of hypertension. One death was initially considered to be related to a 444 

hemorrhagic event in the lung, which generated concern around the possible 445 

association between bleeding and deaths, given that early in the course of the study 446 

epistaxis had already been identified as a risk associated with garetosmab. As a result, 447 

a temporary pause in patient dosing was instituted to allow the sponsor time to conduct 448 

thorough investigations into the deaths, evaluate the autopsy reports performed in 2 of 449 

the 5 patients with a fatal outcome, and further assess a potential association between 450 

garetosmab and bleeding risk. The cause of death of the patient initially thought to have 451 

experienced lung hemorrhage was ultimately determined to be sudden cardiac arrest 452 
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secondary to recurrent aspiration. There was no evidence of any bleeding which was 453 

further confirmed by a second independent autopsy report from a pathologist at a 454 

separate institution.  455 

While there are published reports of mortality in FOP, there are no published 456 

reports of annualized rates of death in this community.13 With this in mind, post-hoc 457 

assessment of safety data by all the authors concluded: 1) While epistaxis events were 458 

related to garetosmab 2) there was no apparent association between epistaxis and 459 

patient deaths; 3) causes of death appeared consistent with known causes of death and 460 

life expectancy for patients with FOP of similar age and disease severity as measured 461 

by clinical staging.15 Four of the 5 patients who died on study had advanced CAJIS 462 

scores. The one relatively young patient with a lower CAJIS score was known to have 463 

significant gait difficulties due to FOP, and died from a fall down a flight of stairs not 464 

believed to be precipitated by an antecedent bleed. Garetosmab was considered 465 

unlikely to be the cause of death in these cases, which appeared more likely to have 466 

been related to the underlying severity of their FOP disease. Although a definitive link to 467 

garetosmab could not be established in this population with advanced disease, the 468 

number of deaths was relatively high for this small study. As these deaths were in the 469 

open label period, although a contribution by the drug can not be excluded, no common 470 

pathogenetic mechanism of deaths related to garetosmab has been identified. 471 

 The major impact of garetosmab in reducing new HO suggests that the greatest 472 

utility of garetosmab may be early in the disease course before substantial HO has 473 

occurred and before permanent disability ensues. Together with previously published 474 

preclinical data in murine models of FOP, these data indicate that activin A is also 475 
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required for the continued growth and progression of new lesions. The reduction in 476 

flare-ups provides an additional and important benefit by significantly reducing disease 477 

burden. Together, the data generated during LUMINA-1 demonstrate that activin A is a 478 

required ligand for HO in FOP, and provides strong evidence that inhibition of activin A 479 

using garetosmab is a promising disease-modifying therapy with the ability to not only 480 

block HO but also reduce the number and severity of flare-ups. In the context of this 481 

ultra-rare disease setting, the patient population was small with limited patient exposure. 482 

A phase 3 adult study and a pediatric study are planned to continue to assess the 483 

benefits and risks of garetosmab intervention in people with FOP, and further validate 484 

the results from this small phase 2 study.  485 
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Conclusions 486 

Garetosmab treatment has demonstrated substantial and persistent reduction of new 487 

heterotopic bone lesion formation and flare-ups in adults with FOP. Although a definitive 488 

link between garetosmab and the five deaths was not established in this population with 489 

advanced disease, the number of deaths was relatively high for this small study, 490 

therefore the benefit-risk of garetosmab will be further evaluated in Phase 3 clinical 491 

studies. Garetosmab may provide a therapeutic option in this ultra-rare, severely 492 

debilitating, life-threatening disease and further studies are planned. 493 

 494 
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Figures and Tables 712 

Table 1. Percent of patients with flare-ups by patient diary and by investigator 713 

adverse event (AE) verbatim term in (A) Period_1 and (B) Period_2 (mITT) 714 

Incidence of flare-up events 

A 
Double-blind Period_1 (P1)* 

Inter-group comparison – n (%) 

Patient diary 
Placebo (n=24) Garetosmab (n=20) P value 

17 (70.8) 7 (35.0) 0.03 

Investigator AE 
verbatim term 

10 (41.7) 2 (10.0) 0.04 

B 
Period_2 (P2) compared to Period_1 (P1)**  

Intra-group comparison – n (%) 

 Placebo (P1) vs Garetosmab (P2) (n=22)# P value 

Patient diary 15 (68.2) 3 (13.6) 0.0005 

Investigator AE 
verbatim term 

10 (45.5) 3 (13.6) 0.019 

*Active HO analysis set; ** mITT analysis set; #No comparison performed since the intent is to evaluate persistency of 715 

garetosmab effect. mITT=modified intent-to-treat. *Of the 24 patients on placebo in Period_1, 22 went on to 716 

garetosmab in Period_2. Shown here are only those 22 patients who transitioned from placebo to garetosmab. 717 

718 
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Table 2. Summary of TEAEs during the double-blind period of the study 719 

(Period_1)* 720 

Patients, n (%) 
Placebo 
(n=24) 

Garetosmab 10 mg/kg Q4W 
(n=20) 

≥1 TEAE 24 (100) 20 (100) 

≥1 SAE 2 (8.3) 4 (20.0) 

≥1 severe TEAE 3 (12.5) 3 (15.0) 

≥1 drug-related TEAE 13 (54.2) 13 (65.0) 

≥1 TEAE resulting in discontinuation from study 0 1 (5.0) 

≥1 TEAE resulting in death 0 0 

≥1 TEAE of AESI† 0 1 (5.0) 

TEAEs occurring in ≥4 patients in any treatment 
group�   

     Headache 7 (29.2) 10 (50.0) 

     Epistaxis 4 (16.7) 10 (50.0) 

     Acne 3 (12.5) 6 (30.0) 

     Pain in extremity 9 (37.5) 5 (25.0) 

     Arthralgia 9 (37.5) 7 (35.0) 

     Diarrhea 6 (25.0) 5 (25.0) 

     Madarosis 0 6 (30) 

     Back pain 1 (4.2) 4 (20.0) 

     Neck pain 3 (12.5%) 4 (20.0%) 

     Toothache 0 4 (20.0) 

     Neck pain 3 (12.5) 4 (20.0) 

     Rhinitis 0 4 (20.0) 

     Dizziness 2 (8.3%) 4 (20.0%) 

     Nasopharyngitis 5 (20.8) 3 (15.0) 

     Rash 4 (16.7) 2 (10.0) 

AESI=adverse event of special interest; Q4W=every 4 weeks; SAE=serious adverse event; 721 
TEAE=treatment-emergent adverse event. *Safety analysis set. †AESI included epididymitis, orchitis, 722 
hydrocele, scrotum pain, scrotum swelling, moderate to severe episodes of non-traumatic bleeding, 723 
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moderate epistaxis (≥30 minutes or requiring professional medical intervention), and severe epistaxis 724 
(based on the definition of a severe TEAE). �Preferred term.  725 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 13, 2023. ; https://doi.org/10.1101/2023.01.11.23284254doi: medRxiv preprint 

https://doi.org/10.1101/2023.01.11.23284254
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Figure 1. Effect of garetosmab on the (A) change from baseline in TLA compared 726 

with placebo, (B) total number of new HO lesions assessed by quantitative 727 

imaging, and (C) total volume of new HO lesions by CT per patient in Period_1 728 

729 

 730 

  731 
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C. 732 

 733 

(A) Time-weighted average of the percent change from baseline in total lesion activity as assessed by 734 

18F-NaF PET over 28 weeks (active HO analysis set). (B) Total number of new lesions in all patients per 735 

group (combined) by CT and 18F-NaF PET during Period_1 relative to baseline (active HO analysis set). 736 

(C) Total volume of new lesions per patient as assessed by CT in Period_1 (active HO analysis set). 18F-737 

NaF PET=fluorine-18-labelled sodium fluoride positron emission tomography; HO=heterotopic 738 

ossification; IV=intravenous; LS=least squares; Q4W=every 4 weeks; SE=standard error; TLA=total 739 

lesion activity; TWA=time-weighted average. 740 

  741 
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Figure 2. Effect of garetosmab in Period_2 relative to Period_1 on the (A, B) total 742 

number of new HO lesions, (C) mean total volume of new HO lesions (D) TLA in 743 

new HO lesions, and (E, F) percent of patients with new lesions assessed by 744 

quantitative imaging in patients originally randomized to placebo 745 

746 

(A) Total number of new lesions by CT during Period_2 relative to Period_1 (mITT analysis set). (B) Total 747 

number of new lesions by 18F-NaF PET during Period_2 relative to Period_1 (mITT analysis set). (C) 748 

 

al 
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Mean total volume of new lesions as assessed by CT in Period_2 relative to Period_1 (mITT analysis 749 

set). (D) TLA of new lesions by 18F-NaF PET in Period_2 relative to Period_1 (mITT analysis set). (E) 750 

Percent of patients with new lesions by CT during Period_2 relative to Period_1 (mITT analysis set). (F) 751 

Percent of patients with new lesions by 18F-NaF PET during Period_2 relative to Period_1 (mITT analysis 752 

set).18F-NaF PET=fluorine-18-labelled sodium fluoride positron emission tomography; CT=computed 753 

tomography; HO=heterotopic ossification; mITT=modified intent-to-treat; TLA=total lesion activity. 754 

A new flare-up was defined as a flare-up event starting in the corresponding period. Investigator-defined 755 

flare-ups were defined as TEAEs with the verbatim term containing “flare”. HO=heterotopic ossification; 756 

mITT=modified intent-to-treat; TEAE=treatment-emergent adverse event. 757 
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Figure 3 (A) Relationship between patient baseline age and disease severity as measured by the clinical staging 758 

of FOP (B) Lack of association of epistaxis events and deaths in LUMINA-1 study (C) madarosis events in the 759 

LUMINA-1 study (D) number of epistaxis TEAEs in patients with or without fatal SAE.  760 

A. Age vs Disease severity 761 

 762 
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*Cumulative Analog Joint Involvement Scale (CAJIS). CAJIS is an assessment of mobility limitation at 15 anatomic locations; scores are tabulated 763 

for each site as normal unaffected (0), affected (1), or completely functionally ankylosed (2). The total score ranges from 0 to 30. On the basis of 764 

FOP features (flare-up activity, body regions affected, thoracic insufficiency syndrome, other complications) and its consequences (impairments in 765 

activities of daily living [ADLs] and ambulation, increasing CAJIS), five clinical stages of disease severity have been defined.14 In early-stage FOP 766 

the total CAJIS score is usually ≤ 4, in moderate stage 5-18, severe stage 19-24, profound ≥ 24, and end of life stage ≥ 28.   767 

 . 
C

C
-B

Y
-N

C
-N

D
 4.0 International license

It is m
ade available under a 

 is the author/funder, w
ho has granted m

edR
xiv a license to display the preprint in perpetuity. 

(w
h

ich
 w

as n
o

t certified
 b

y p
eer review

)
T

he copyright holder for this preprint 
this version posted January 13, 2023. 

; 
https://doi.org/10.1101/2023.01.11.23284254

doi: 
m

edR
xiv preprint 

https://doi.org/10.1101/2023.01.11.23284254
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

 

 

B. Epistaxis events and deaths 768 
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C. Madarosis events 770 

  771 
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D. Epistaxis events 772 

Number of Epistaxis events 

Death 

(N=5) 

No Death 

(N=39) 

Total 

(N=44) 

0  2 (40.0%)  19 (48.7%)  21 (47.7%) 

1  2 (40.0%)  1  (2.6%)  3  (6.8%) 

2  1 (20.0%)  6 (15.4%)  7 (15.9%) 

>=3  0    13 (33.3%)  13 (29.5%) 

 

 773 

(A) Red triangles indicate patients with fatal SAEs. (B) In red are patients that received placebo during the 28-week Period_1, and in blue 774 

patients receiving garetosmab. Dots represent epistaxis events. Black dots are mild epistaxis events, yellow moderate (defined as any episode 775 

lasting longer than 30 minutes or requiring medical intervention) and red is severe. Red arrows indicate the patient experienced a fatal SAE. 776 

(C) In red are patients that received placebo during the 28-week Period_1, and in blue patients receiving garetosmab. Dots represent 777 

madarosis events. Black dots are mild madarosis events, yellow moderate. Red arrows indicate the patient experienced a fatal SAE. (D) The 778 

table shows the number of epistaxis TEAEs in patients with or without fatal SAE. No drug refers to period after dosing was discontinued 779 

following Clinical hold. CAJIS=Cumulative Analog Joint Involvement Scale; SAE=severe adverse event; TEAE=treatment-emergent adverse 780 

event. 781 
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Percent change over 28-week average TLA (TWA): P = 0.07 (primary)
Percent change in week 28 TLA: P = 0.04 (post-hoc ranked ANCOVA)
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LUMINA-1: Alive
LUMINA-1: Dead

End of life: ≥28

Profound: 25–27

Severe: 19–24

Moderate: 5–18

Clinical staging of FOP*

No drug Garetosmab 10 mg/kg Q4W Placebo Mild madarosis Moderate madarosisDeath

DeathNo drug Garetosmab 10 mg/kg Q4W Placebo Mild epistaxis Moderate epistaxis Severe epistaxis
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