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Huntington’s disease is a progressive fatal neurodegenerative 
disease that affects between five and ten per 100,000 people of 
European descent, but is less prevalent in Asian and African 

countries. More than 30,000 Americans are diagnosed with manifest 
disease and approximately another 150,000 are at risk of having inher-
ited the dominant mutation, with approximately equal prevalence in 
Europe and Australia. To date, no potential disease-modifying ther-
apy has demonstrated efficacy. Currently available treatments focus 
on managing psychiatric and motor symptoms such as chorea, but 
may be limited by poor tolerability and short duration and they may 
not produce meaningful functional benefits. Patients and caregiv-
ers have identified cognitive and emotional impairment as the most 
substantial issues impacting their lives1,2. Neuropathologic changes 
associated with toxic aggregates of mutant huntingtin protein are 
characterized by brain atrophy, neuronal loss and dysfunction. The 
most pronounced changes occur in striatal medium spiny neurons 
but spread to other brain regions (for example, cortex and white mat-
ter)3. Evidence from imaging studies in patients with HD and ani-
mal models suggests that neuronal dysfunction is accompanied by 
major changes in glial cells, including loss of normal functions and 
gain of reactive neurotoxic and neuroinflammatory responses. These 
changes occur early in disease progression, before substantial neu-
ronal loss and the onset of motor, cognitive and behavioral deficits4.

SEMA4D plays a critical role in regulating the transition between 
homeostatic and reactive states of glial cells. SEMA4D binds to its 
plexin receptors (plexins B1 and B2) expressed on glial cells, including 
astrocytes, microglia, and glial progenitor cells, as well as endothelial 
cells, and signals through small-membrane Rho GTPases5–7 to regu-
late the actin cytoskeleton and activate NFκB, a master regulator of 
inflammatory cytokines8–12. In the central nervous system, SEMA4D 
is upregulated in stressed or damaged neurons and signals through 
plexin-B1/B2 receptors to (1) activate glial cells13,14; (2) disrupt nor-
mal astrocyte metabolic and synaptic functions, including glucose 
and glutamate transport (E.E.E. et al., in press, J Neuroinflammation, 
SEMA4D is upregulated in neurons of diseased brains and trig-
gers astrocyte reactivity); (3) inhibit migration and differentiation 
of glial progenitor cells that can replace damaged oligodendrocytes 
and replenish astrocytes5,6,15,16; and (4) disrupt endothelial tight junc-
tions that are required for the integrity of the blood–brain barrier 
(BBB)13. Glial cells are increasingly recognized for their important 
contribution to the onset and progression of neurodegenerative dis-
eases17. Given the multifaceted mechanism of action of SEMA4D and 
the crosstalk between affected glial cells, blockade of this pathway 
may prevent loss of normal astrocytic functions, reprogram microg-
lia, promote myelin repair and restore vascular changes associated 
with neuronal dysfunction and degeneration in HD4. We previously 
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reported that an anti-SEMA4D antibody ameliorated neuropatho-
logical brain atrophy and reduced anxiety-like behavior and cogni-
tive deficits in YAC128 HD knock-in mice10.

Based on the mechanism of action, activity in preclinical mod-
els of HD and other neurological diseases10,13 and a favorable safety 
profile in previous clinical studies18–20, the SIGNAL study was ini-
tiated to evaluate prespecified measures of safety, tolerability and 
potential efficacy of pepinemab as a potential therapy for HD. 
Efficacy endpoints were selected based on previous natural history 
data from the PREDICT-HD and TRACK-HD studies21–23, as well 
as results of a completed randomized pilot study in HD (cohort A, 
15 EM and 21 LP participants). Magnetic resonance imaging (MRI) 
has been used extensively as a measure of brain atrophy in HD24. 
Fluorodeoxyglucose–positron-emission tomography (FDG–PET) 
detects changes in glucose transport and is a measure of overall 
brain metabolic activity. Decline in FDG–PET standardized uptake 
value ratio (SUVR) has previously been shown to correlate with 
cognitive and functional decline during HD disease progression25–27, 
and correlates with cognitive decline and clinical progression in 
other neurodegenerative diseases28,29.

Herein we report the results of the SIGNAL cohort B study in 
265 participants known to have ≥36 cytosine-adenine-guanine 
repeats in one huntingtin gene and total functional capacity (TFC) 
11–13, with HD diagnostic confidence level (DCL) 4 (EM) or DCL 
2–3 (LP). DCL is determined by clinician assessment of motor func-
tion on the Unified Huntington’s Disease Rating Scale (UHDRS): 
DCL4 is defined as motor abnormalities that are unequivocal signs of 
HD while DCL2 and 3 are defined, respectively, as motor signs that 
may be (50–89% confident) or are probable (90–98% confident) signs 
of HD. Although the study did not meet its coprimary clinical efficacy 
endpoints, a favorable safety profile, significant changes in imaging 
measures and multiple prespecified exploratory assessments support-
ing cognitive benefit to patients encourage further development. The 
organization of data presented here is, first, to focus on prespecified 
endpoints stipulated in the hierarchical testing plan and, second, to 
report prespecified endpoints of special interest, including imaging 
measures of brain atrophy and metabolic activity and, given that cog-
nitive decline is of particular concern to patients and their families, 
the HD–cognitive assessment battery (HD–CAB) Index. Finally, 
because of its importance in guiding the design of a subsequent 
phase 3 study, we present key post hoc subgroup analyses in support 
of the hypothesis that patients at a mildly advanced stage of disease, as 
defined below, may be more responsive to treatment with pepinemab.

Results
Study design and baseline demographics. The SIGNAL phase 
2 trial was designed to determine whether treatment with a 
SEMA4D-blocking antibody, pepinemab, is safe and well-tolerated 
in participants with EM or LP HD, and to assess efficacy in the 

EM cohort, as determined by cognitive, global (CGIC), func-
tional and neuroimaging measures. The SIGNAL cohort B phase 2 
study enrolled 179 EM participants (cohort B1) with diagnosed 
HD (DCL 4) and with minimal to modest functional impairment 
(TFC 11–13), and 86 LP participants (cohort B2) with DCL 2 or 3 
and cytosine-adenine-guanine (CAG) repeat/age product (CAP) 
score ≥200. Cohorts B1 and B2 were independently randomized 1:1 
to either pepinemab (PEPI), administered intravenously (i.v.) every 
four weeks at a dose of 20 mg kg–1, or placebo (PBO) for 18 months 
of treatment followed by ~3 months of safety follow-up. Participants 
were enrolled at 30 clinical sites in the United States and Canada 
from 28 December 2015 to 31 December 2018. Participants, care-
givers and clinician raters were blinded to treatment. Database lock 
and unblinding occurred in September 2020.

Study completion was high, with only 13/265 (n = 9 PBO, n = 4 
PEPI) study discontinuations, as shown in the CONSORT diagram 
(Extended Data Fig. 1). There was limited impact of the Covid-19 
pandemic, which occurred late in the study and that, as described 
in greater detail in Methods, was accommodated by allowing some 
flexibility in data collection at clinical study sites. Demographics 
and baseline characteristics were generally balanced between the 
treatment groups with respect to age, age of onset and other clinical 
measures obtained at screening or baseline (Extended Data Table 1 
and Supplementary Fig. 1).

Safety and tolerability. Table 1 is a summary of treatment-emergent 
adverse events (TEAEs). No clinically significant group differ-
ences were observed in the frequency of participants experienc-
ing ≥1 TEAE (P = 0.57, 0.12 and 0.81 for B1, B2 and B overall, 
respectively), TEAEs of grade ≥3 (P = 0.7, 0.57 and 0.52) or serious 
adverse events (P = 0.24, 0.68 and 0.16). During the safety analysis 
period (up to 18 months of treatment), fewer subjects overall had at 
least one TEAE considered probably or definitely related to study 
drug in the placebo group compared with pepinemab (14% versus 
25%, respectively). This difference was predominantly in certain 
mild (grades 1 and 2) TEAEs in pepinemab-treated subjects, among 
which headache was most frequent. One suicide death was observed 
in an individual with EM disease following pepinemab treatment, 
but was deemed unrelated to treatment.

Extended Data Table 2 shows the percentage of most common 
TEAEs (>10%). Most TEAEs were considered mild to moderate in 
severity by the investigator. The percentage of subjects with a TEAE 
considered severe (Common Terminology Criteria for Adverse 
Events (CTCAE) grade ≥3) was marginally higher for pepinemab- 
than placebo-treated subjects (19% versus 15%, P = 0.52). For each 
treatment group, the frequency of severe TEAEs was ≤5% within 
each system organ class. Results were consistent in a subset of 
patients evaluated for a total of 36 months of treatment and safety 
follow-up (Extended Data Table 2).

Table 1 | Overview of TEAEs for the safety analysis period

Category Cohort B1, n = 179 Cohort B2, n = 86 Cohort B, overall n = 265

PBO, n = 87 PEPI, n = 92 PBO, n = 45 PEPI, n = 41 PBO, n = 132 PEPI, n = 133

Subjects with ≥1 TEAE, n (%)a 82 (94%) 84 (91%) 41 (91%) 41 (100%) 123 (93%) 125 (94%)

Probably or definitely relatedb 10 (11%) 16 (17%) 9 (20%) 17 (41%) 19 (14%) 33 (25%)

Study drug discontinuation 2 (2%) 5 (5%) 1 (2%) 0 3 (2%) 5 (4%)

Serious TEAE 8 (9%) 4 (4%) 4 (9%) 2 (5%) 12 (9%) 6 (5%)

Probably/definitely relatedb 0 0 0 0 0 0

Grade ≥3 TEAEc 14 (16%) 17 (18%) 6 (13%) 8 (20%) 20 (15%) 25 (19%)

Column header counts are the number of subjects in the safety population; TEAEs are those that occurred during the safety analysis period with onset on or after the date of the first exposure to study drug 
(PEPI or PBO). aSubjects are counted at most once in each cell, regardless of the number of events they may have had; denominators are the number of subjects in the safety population, unless otherwise 
specified. bRelatedness to study drug is defined as any of attribution of probable or definite as reported by the investigator. cGrade ≥3 refers to any severe, life-threatening or fatal event.
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Immunogenicity was evaluated by measuring the presence of 
anti-drug antibodies (ADA). Only eight subjects (n = 0 PBO, n = 8 
PEPI) were confirmed positive for ADA, and all responses were 
transient and of low titer (<20). No relationship between immu-
nogenicity status and safety outcomes was observed. No subject 
exhibited symptoms of cytokine release syndrome during the study. 
Three pepinemab- and two placebo-treated subjects had six TEAEs 
of infusion site reaction or infusion-related reaction, but none 
were considered serious, led to permanent discontinuation of the 
study drug, nor resulted in early study withdrawal. There were no 
clinically meaningful changes in any hematology, serum chemistry, 
urinalysis, vital signs or electrocardiogram (ECG) parameters over 
time. No clinically notable differences in HADS anxiety or suicidal 
ideation (Columbia–Suicide Severity Rating Scale) were observed 
between pepinemab- and placebo-treated subjects.

Efficacy. The coprimary efficacy measures for EM cohort B1 were a 
cognitive assessment family consisting of OTS and PTAP, two of the 
six components of the HD–CAB index, and the CGIC score evalu-
ated by the treating physician. A summary of results from prespeci-
fied hierarchical testing of coprimary and secondary endpoints for 
cohort B1 is shown in Table 2. We had planned to analyze other 
UHDRS performance scales, as well as efficacy analysis of the com-
bined B1 and B2 population (B-pooled) if the coprimary endpoints 
were successful. Since that was not the case, results for B-pooled are 
presented primarily for safety parameters in this report.

Efficacy: cognition. The HD–CAB is designed specifically for use 
in clinical studies of individuals with early HD30 and offers suffi-
cient range for detection of both symptomatic improvement and 
slowing of decline. The HD–CAB consists of six performance 
measures of different cognitive domains, including executive func-
tion, attention, memory, visuospatial processing, timing and emo-
tion processing: OTS31, PTAP32, the symbol digit modalities test 
(SDMT)33, the emotion recognition test (EMO)34,35, the Hopkins 
verbal learning test–revised (HVLT-r)36 and the trail-making test–
part B (TMT-B)37. Although the HD–CAB index derived from the 
average z-scores of the six components above was determined to 
be the most sensitive cognitive endpoint based on analysis of the 
pilot cohort A data, US regulators did not favor composite scores 
and recommended that we instead employ a smaller cognitive fam-
ily evaluated without resorting to the use of z-scores. Results of the 

pilot cohort A study indicated that OTS and PTAP had the highest 
effect sizes (0.43 and 0.38, respectively) of the six HD–CAB compo-
nents. This was consistent with the relative HD–CAB component 
effect sizes reported by Stout et al.30 Further, OTS and PTAP cor-
related with HD–CAB index (Pearson correlation coefficient for the 
change from baseline at 18 months, r = −0.24, P = 0.034 and r = 0.57, 
P < 0.001, respectively). We therefore selected a two-member cogni-
tive family consisting of OTS and PTAP as a prespecified coprimary 
endpoint for cohort B1 evaluated using the Hochberg procedure38 
and, as discussed below, retained the HD–CAB index as an explor-
atory endpoint.

In the two-member cognitive family, OTS, a test of executive 
function, assesses both spatial planning and working memory39 
while PTAP, an assessment of timing and psychomotor coordina-
tion, assesses the ability to maintain a preset rhythm by consistent 
inter-tap intervals in the absence of continuing aural cues. EM 
individuals treated with pepinemab demonstrated, on average, 
improved performance in OTS over the 18-month treatment dura-
tion (Fig. 1a and Table 2). Improvement is reflected in lower scores 
in this assessment (reduced latency to correct answer in seconds), 
and the change from baseline at month 17 resulted in least-squares 
(LS) mean difference (95% confidence interval (CI)) = −1.98 
(−4.00, 0.05) (one-sided P = 0.028). Similarly, change from base-
line at month 17 in PTAP (improvement reflected in higher scores) 
resulted in LS mean difference (95% CI) = 1.43 (−0.37, 3.23) 
(one-sided P = 0.06; Fig. 1b and Table 2). Because neither OTS nor 
PTAP attained the significance threshold of one-sided P = 0.025, 
and neither member independently met the higher standard 
of P = 0.0125 required by the prespecified Hochberg analysis38, 
the results did not meet the prespecified coprimary hypothesis 
that pepinemab is superior to placebo in EM cohort B1 for this 
two-member cognitive family.

Efficacy: clinical global impression of change. The second copri-
mary hypothesis was that pepinemab would be superior to placebo 
in EM cohort B1 with respect to CGIC score at month 17 relative 
to baseline. CGIC is considered meaningful because it is a generic 
global measure40 consisting of a single-item assessment of the indi-
vidual’s overall disease status from the clinician’s perspective based 
on a seven-point Likert scale. This coprimary endpoint was not 
met because the overall treatment effect did not reach the critical 
one-sided P value (Table 2).

Table 2 | Results from hierarchical testing of coprimary and secondary endpoints

Populationa Endpoint analysisb PBO, n PEPI, n LS mean diff. (95% CI) PEPI 
versus PBO

One-sided P value Favors PEPIc

Coprimary efficacy endpoints

Cohort B1 mITT Two-item 
cognitive family

OTS (s)d 88 90 −1.98 (−4.00, 0.05) 0.028 (+)

PTAP (1 s–1)e 87 89 1.43 (−0.37, 3.23) 0.060 (+)

Cohort B1 CGIC CGICf 83 84 0.06 (−0.24, 0.37) 0.35 (+)

Secondary efficacy endpoints

Cohort B1 mITT Q-motor tap speed IOI  
duration (ms)g

87 89 −1.44 (−24.26, 21.38) 0.46 (+)

UHDRS–TFCh 88 88 −0.29 (−0.81, 0.23) 0.87 (−)
aThe cohort B1 mITT population comprised 178 participants (PBO, 88; PEPI, 90) while the CGIC population comprised 169 participants (PBO, 83; PEPI, 86). The number of subjects included in an analysis 
may differ from the full analysis population (for example, mITT or CGIC) size if any subjects do not have both baseline (if applicable) and post-baseline observation. bAnalysis results are from an MMRM 
of change from baseline values unless otherwise specified, with estimation of the difference in means between groups at month 17. cThe sign next to the P value indicates whether the direction of the 
estimated difference indicates better (+) or worse (–) performance for PEPI relative to PBO. dTime to a correct response (averaged over all trials per visit); lower values indicate better performance. eTapping 
consistency measured as the reciprocal of the average standard deviation of inter-tap interval (ITI) durations (over all trials per visit); higher scores indicate better performance. fA seven-point Likert scale, 
ranging from very much worse (−3) to very much improved (+3); values are set to −3 following deaths adjudged by a blinded data review committee to be related to HD. gIOI duration in the more-affected 
hand at baseline (averaged over all trials per visit); lower values indicate better performance. The more affected hand at baseline is defined for each outcome as the side with the worse score at baseline; if 
both hands have the same baseline score, the more affected hand will be the self-reported dominant hand; if the dominant hand is mixed, the right hand will be reported. If a subject has a baseline score for 
only one hand, that hand will be the more affected hand. hScore ranging from 0 to 13; higher scores indicate better functioning.
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UHDRS scales and motor activity. As shown in Table 2 and 
further detailed in Extended Data Table 3, treatment effects on 
UHDRS–total functional capacity (TFC) and measures of motor 
activity, including UHDRS–total motor score (TMS) and multiple 
separate quantitative measures of motor activity (Q-motor)41, were  
not significant.

MRI measures of brain atrophy. Volumetric MRI (vMRI) as a mea-
sure of brain atrophy was evaluated as a key secondary objective. 
Changes in brain vMRI (ml, %) detected by boundary shift integral 
(BSI)42, an analytic method employed in other HD studies21–23,43, 
showed a nominally significant 26% reduction in caudate atrophy 
for EM subjects (PEPI, n = 90; PBO, n = 88) treated with pepinemab 
relative to placebo, and the percentage change from baseline at 
month 17 resulted in LS mean difference (95% CI) = −1.54 (−2.79, 
−0.29) (two-sided P = 0.017; Fig. 2a and Extended Data Table 4). 
During that same period, the percentage change in ventricular vol-
ume BSI resulted in LS mean difference (95% CI) = −2.47 (−5.04, 
0.10) (two-sided P = 0.06; Fig. 2b). Changes in the same direction 
were observed in EM subjects for reduction in white matter volume 
(Fig. 2c) and whole-brain atrophy (Fig. 2d) (Extended Data Table 4) 
but were not significant. LP participants (cohort B2: PEPI, n = 41; 
PBO, n = 45) did not demonstrate meaningful differences between 
drug and placebo in vMRI during the 18-month treatment duration 
in any of these same brain regions (Extended Data Table 4).

Pepinemab treatment may reverse decline in FDG–PET SUVR. 
Change from baseline to month 17 in FDG–PET SUVR was 
assessed as a prespecified secondary endpoint in 23 brain regions of 
interest (ROIs), plus total white matter and two composite regions 
of extended frontal and additional cortical brain regions (ROIs and 
composite regions listed in Methods). Subsets of EM subjects (n = 40 
PEPI, n = 36 PBO) and LP subjects (n = 22 PEPI, n = 29 PBO) were 
analyzed for FDG–PET imaging, dependent on the ability to per-
form imaging at each site and subsequent imaging quality control. 
The longitudinal change in SUVR was calculated for each EM sub-
ject in each ROI, and group mean changes are plotted in Fig. 2e. 
As expected from previous natural history studies, SUVR declined 
across all ROIs in the placebo group and this is also reflected in the 
composite regions. In striking contrast, an increase in SUVR was 
observed in almost all ROIs following treatment with pepinemab, 
with the exception of regions of the basal ganglia including striatum 

(caudate, putamen) and globus pallidus. The difference in mean 
percentage change in SUVR between pepinemab and placebo is 
plotted by rank order in Fig. 2f and listed alphabetically in Extended 
Data Table 5a. The estimate of the difference between pepinemab 
and placebo in percentage change from baseline in FDG–PET 
SUVR was quantitatively beneficial for pepinemab over placebo 
for all 26 regions in EM cohort B1, and significant for 15 regions 
(P ≤ 0.05). These data suggest that, after 18 months of treatment in 
EM subjects, pepinemab prevents and/or reverses the decline in 
metabolic activity in the majority of brain regions evaluated, par-
ticularly in the frontal and cortical regions.

Exploratory cognitive measures. Given the importance attached 
by patients and their families to cognitive decline during disease 
progression1,2, we investigated whether the HD–CAB index, a 
prespecified exploratory endpoint previously employed in obser-
vational studies, could provide additional information regarding 
cognitive decline. Each of the six HD–CAB components individu-
ally showed change in the direction of benefit favoring pepinemab 
over placebo for EM cohort B1 (Extended Data Table 6) and, under 
these conditions, the mean difference in HD–CAB index between 
drug and placebo, which is an average of the individual z-scores, can 
be substantially more significant than that of the individual com-
ponent scores due to reduced standard error. The HD–CAB index 
change from baseline at month 17 (95% CI) resulted in LS mean dif-
ference (95% CI) = 0.13 (0.03, 0.23) (one-sided nominal P = 0.007; 
Fig. 3 and Extended Data Table 6). In a post hoc sensitivity analy-
sis of EM cohort B1, the same analyses were repeated on HD–CAB 
index modified by omission of OTS, resulting in LS mean difference 
(95% CI) = 0.12 (0.00, 0.23) (nominal one-sided P = 0.023), omis-
sion of PTAP (LS mean difference (95% CI) = 0.09 (0.01, 0.18) nom-
inal (one-sided P = 0.019)) or omission of both OTS and PTAP (LS 
mean difference (95% CI) = 0.10 (−0.03, 0.22) (nominal one-sided 
P = 0.064)). These data highlight that the HD–CAB index captures 
the trend of change in HD–CAB assessments beyond the signifi-
cance of just the one or two leading individual assessments.

An important consideration for evaluation of cognitive perfor-
mance is the role of ‘learning effects’ during early evaluation ses-
sions. It has previously been reported for Alzheimer’s disease that 
reduced learning effects are associated with increased levels of 
biomarker burden and greater cognitive decline44,45. A comparison 
of change in HD–CAB index for EM cohort B1 and LP cohort B2 
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Fig. 1 | Effects of pepinemab treatment on primary cognitive assessments in EM cohort B1. a,b, Observed mean changes from baseline (BL) by treatment 
group over time for the mITT sample of EM cohort B1. a, OTS measures time to a correct response (averaged over all trials per visit). b, PTAP measures 
tapping consistency as the reciprocal of the average standard deviation of inter-tap interval durations following cessation of aural cues (over all trials per 
visit). a,b, Error bars show one standard error on either side of the mean, with sample sizes at each time point for each group listed above the profile lines.
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subjects treated with placebo only (Fig. 3a) suggests that there is 
a greater learning effect for LP than for EM subjects. Importantly, 
pepinemab treatment preserves this learning ability in EM subjects 
(Fig. 3b,c). Because the ability to learn is itself an important cogni-
tive function, this suggests that improvement in the HD–CAB index 
of EM subjects during the first months of treatment with pepinemab 
may be due to preservation of learning effects that are otherwise lost 
in EM patients. Treatment effects do, however, appear to continue 
through 18 months of exposure as detected by longitudinal changes 
in MRI (Fig. 2a–d), and are also suggested by increasing separation 
in HD–CAB index between drug and placebo for months 12–17 
(Fig. 3b,d).

Finally, in regard to other changes related to cognition, the apathy 
severity subscore of the problem behaviors assessment (PBA-s) has 
previously been reported to correlate with cognitive deficits during 
early HD progression46. In a post hoc analysis of the PBA-s apathy 
severity subscore for EM cohort B1, the proportion of subjects with 
increased apathy severity at month 17 was nominally significantly 
lower in the pepinemab group compared with placebo (23% PEPI 
versus 40% PBO), with an odds ratio (95% CI): 0.46 (0.22, 0.94), 
one-sided P = 0.017. Subscores for the three other most prevalent 
problematic behaviors in HD—depressed mood, anxiety and irrita-
bility—did not show significant change from baseline at month 17 
(Extended Data Table 7). Treatment-related changes in PBA-s sub-
scores including apathy were not evident in LP cohort B2.

Imaging and cognitive effects in LP cohort B2. The SIGNAL study 
tested a clinical intervention in both a prodromal and a manifest 
HD population. Cohort B2 enrolled LP subjects to explore which, 
if any, outcomes might indicate efficacy signals in this population. 
As reported in Extended Data Table 4, there was no evidence of 
a significant treatment effect on caudate atrophy (n = 78) or ven-
tricular volume (n = 75) in LP subjects. The magnitude of changes 
in FDG–PET SUVR for LP cohort B2 (Extended Data Table 5b) 
was much reduced compared with EM cohort B1 (Extended Data  
Table 5a). The average percentage change between baseline and 
month 17 across all 26 indicated brain ROIs for the LP B2 pla-
cebo group was −0.21%, and for B1 was −1.79%. Further, no sig-
nificant treatment effect was observed in any brain ROI for B2 
(Extended Data Table 5b) whereas P ≤ 0.05 for B1 in 15 of 26 ROIs 
(Fig. 2f and Extended Data Table 5a). Similarly, for LP cohort B2, 
treatment-related changes in individual-component HD–CAB 
cognitive assessments were not consistent in either magnitude or 
direction, and the difference in HD–CAB index between drug and 
placebo was not significant for this prodromal population, with LS 
mean difference (95% CI) = −0.11 (−0.27, 0.06) (nominal one-sided 
P = 0.90; Extended Data Table 6 and Fig. 3c). We discuss below how 
this may be consistent with our understanding of a principal mech-
anism of action of SEMA4D blockade on glial cell reactivity.

Post hoc analysis: contribution of baseline disease state. It 
became evident in the analysis of treatment outcomes that some 

effects of pepinemab treatment were detectable in EM but not in 
LP subjects. We therefore tested the hypothesis that the ability to 
detect change over the 18-month study duration might be improved 
in participants already showing deficits at baseline: an important 
consideration for clinical trial design. We first investigated whether 
cognitive change in HD–CAB is differentially detectable in sub-
jects with early signs of cognitive decline. The Montreal Cognitive 
Assessment (MoCA) is a validated rapid-screening instrument for 
assessment of cognitive dysfunction, and was administered to deter-
mine subject eligibility based on an exclusion criterion of MoCA 
score ≤22. The maximum possible MoCA score is 30 points; a score 
of ≥26 is considered normal and a score <26 indicates some degree 
of cognitive deficit. Using MoCA as an independent measure of 
cognition, we performed post hoc analyses to stratify outcomes of 
HD–CAB by baseline score of MoCA <26 or ≥26. Results for the 
HD–CAB index, PTAP and OTS are shown in Fig. 3d–f, and for 
the other HD–CAB components in Supplementary Fig. 2. The LS 
mean difference between treatment arms for HD–CAB index in 
the MoCA ≥26 subgroup was not significant. In contrast, in par-
ticipants with MoCA <26 at baseline there was a steady decline in 
HD–CAB scores in the placebo group during 18 months of treat-
ment, while the HD–CAB index in the pepinemab group did not 
fall below baseline at any time point (Fig. 3d). The change from 
baseline at month 17 in the MoCA <26 subgroup resulted in a LS 
mean difference (s.e.) of 0.24 (0.08) (nominal one-sided P = 0.0025). 
Similarly, for PTAP (Fig. 3e), the LS mean difference (s.e.) in 
the MoCA <26 subgroup was 1.89 (1.10) (nominal one-sided 
P = 0.044), compared with no significant change in the MoCA ≥26 
subgroup with LS mean difference (s.e.) of 1.09 (1.32) (one-sided 
P = 0.21). Stratification by baseline MoCA score, however, does 
not have a similar impact on mean difference and P value for OTS 
(Fig. 3f). It appears that decline in OTS begins earlier in disease 
progression than for other HD–CAB domains: LS mean difference 
(s.e.) = −1.87 (1.44) (one-sided P = 0.099) for MoCA <26 and, for 
MoCA ≥26 subgroups = −1.73 (1.34) (one-sided P = 0.101). Indeed, 
because of the smaller group sizes (n = 32 and 47), this resulted in 
less significant one-sided nominal P values (P = 0.099 and 0.101) 
relative to the total cohort B1 population (n = 79, P = 0.028). These 
results suggest that HD–CAB is an effective instrument for captur-
ing changes across different cognitive domains that may decline at 
different rates during disease progression.

We next considered the possibility that a treating physician’s ability 
to detect change, as reflected in CGIC, might be greater in subjects 
with somewhat more advanced disease. UHDRS–TFC is a 13-point, 
standardized disease-staging scale that rates a person’s functional 
capacity and level of independence in five domains: occupation, abil-
ity to manage finances, ability to perform domestic chores, ability to 
perform personal activities of daily living and level of care47. Higher 
scores indicate higher functioning capacity, with a maximum score 
of 13. Subjects with TFC 11 would, therefore, be expected to have 
more advanced presentation of symptoms than those enrolling at the 
highest end of the scale, TFC 12–13. Using TFC as an independent 

Fig. 2 | Pepinemab delays brain atrophy and restores loss of metabolic activity in EM subjects. a–d, Mean percentage changes from baseline by 
treatment group over time for the mITT sample of EM cohort B1 (PEPI, n = 90: PBO, n = 88) in vMRI measurement. a, Caudate BSI (atrophy); b, ventricular 
BSI (expansion); c, white matter (preservation); d, whole-brain BSI (atrophy). e, FDG–PET SUVR change from baseline to month 17 for each treatment 
group (mean and 1 s.d.) in each brain ROI for EM cohort B1. f. Treatment effect at month 17 calculated as difference between pepinemab (n = 40) and 
placebo groups (n = 36) as mean percentage change in SUVR. *P ≤ 0.05; exact two-sided P values for 15 brain regions (listed from top to bottom) are: 
extended frontal composite, 0.031; expanded cortical composite, 0.028; posterior cingulate, 0.008; lingual gyrus, 0.014; thalamus, 0.011; middle frontal 
gyrus, 0.033; occipital lobe, 0.029; precentral gyrus, 0.010, paracentral lobule, 0.014; post central gyrus, 0.028; precuneus cortex, 0.048; middle temporal 
gryus, 0.044; inferior temporal gyrus, 0.033; superior parietal, 0.050; superior temporal gyrus, 0.037; P values for all regions are shown in Extended Data 
Table 5. Analysis results were determined from MMRM of scheduled measurements at months 2, 6 and 17, with estimation of the difference in means 
between groups at month 17. P values are indicated (two-sided); as described in Methods, stated P values for all statistical tests, besides the coprimary 
efficacy analyses, were not corrected for multiplicity and are thus presented as nominal and not under alpha control. Error bars show one standard error on 
either side of the mean, with sample sizes at each time point for each group listed above the profile lines.
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functional measure to stratify CGIC scores, among the subgroup of 
patients with baseline TFC 11, significantly fewer subjects had a wors-
ened disease CGIC status in the pepinemab group: specifically, 44% 
PEPI versus 71% PBO, with an odds ratio (95% CI) of 0.31 (0.09, 1.12) 
(nominal one-sided P = 0.041), as compared with 45% PEPI versus 

47% PBO for the TFC 12–13 subpopulation of EM cohort B1 (Fig. 4). 
Although the TFC 11 subgroup sample size is small, this is consistent 
with the hypothesis that potentially greater treatment benefit can be 
detected in subjects with somewhat more advanced disease and could 
be an important consideration in the design of subsequent studies.
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Pharmacokinetics/pharmacodynamics. The 20 mg kg–1 dose of 
pepinemab administered i.v. every four weeks was selected to achieve 
a projected dose in cerebrospinal fluid (CSF) of 100–300 ng ml–1, 
estimated as the effective range from earlier dose-titration stud-
ies. Pepinemab drug levels and total soluble SEMA4D were mea-
sured in CSF in a subset of 54 subjects (n = 28 placebo and n = 26 
pepinemab) predominantly during months 13–18 (mean, 15.6; 
median, 15). Pepinemab was detected in CSF at a mean level (95% 
CI) of 348 ng ml–1 (220.7, 437.2) and the average CSF/serum con-
centration ratio of pepinemab was 0.38 (0.39)% (Extended Data 
Fig. 2a). No drug was detected in subjects treated with placebo,  
as expected. Evidence of target engagement in CSF based on 
increased concentration of soluble SEMA4D is reported in Extended  
Data Fig. 2b.

Discussion
Predefined primary efficacy endpoints did not achieve statisti-
cal significance in the SIGNAL study. Nevertheless, a significant 
pepinemab treatment-related reduction in caudate brain atrophy 
and increase in FDG–PET SUVR in most brain ROIs, along with 
multiple prespecified exploratory assessments that suggest a cog-
nitive benefit of treatment, encourage continued development of 
pepinemab as a potential therapy for EM HD.

In two broad surveys, patients with HD have identified cogni-
tive decline as a major concern. Even subtle cognitive changes can 
affect functional abilities such as work performance, driving and 
financial management21,48,49. While predefined primary endpoints 

of cognition, OTS and PTAP, failed to achieve statistical signifi-
cance (one-sided P = 0.028 and 0.06, respectively) other indications 
of cognitive benefit of pepinemab treatment include a nominally 
significant effect on the HD–CAB index (one-sided P = 0.007), a 
prespecified exploratory endpoint, as well as post hoc analysis dem-
onstrating a nominally significant treatment effect on apathy sever-
ity (P = 0.017), a component of the prespecified exploratory PBA-s 
that has been reported to correlate with cognitive decline. It was 
also of particular interest that learning effects appear to be com-
promised early in HD progression, as previously reported for early 
Alzheimer’s disease44,45, and that pepinemab treatment appears to 
improve or rescue this cognitive feature. It would be desirable to add 
a direct assessment of ability to learn in future studies.

The SIGNAL clinical study has established the safety and toler-
ability of pepinemab immunotherapy in individuals with HD. No 
concerning clinically relevant safety issues were identified, concor-
dant with other completed clinical studies of pepinemab in indi-
viduals with multiple sclerosis and advanced solid tumors18–20. One 
suicide death was observed in an individual with EM disease follow-
ing treatment with pepinemab, but was deemed unrelated to treat-
ment. Natural history studies report that the prevalence of suicidal 
ideation is a common symptom of HD and occurs in about 24% of 
individuals during the early stage of the disease50. Nevertheless, sui-
cidal ideation and suicide attempts should be carefully monitored in 
future studies of pepinemab in HD.

A major goal of phase 2 studies is to identify the patient population 
likely to benefit from treatment. Post hoc subgroup analysis suggested 
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a potential treatment benefit to patients who were somewhat more 
advanced in disease progression, as indicated by improved CGIC score 
in patients with a baseline TFC score of 11 relative to less advanced 
TFC 12–13, and also supported by increased relative response to 
treatment for OTS, PTAP and the HD–CAB index in patients with 
MoCA <26 relative to MoCA ≥26 at baseline. This hypothesis, based 
on post hoc analysis of relatively reduced group sizes, will require 
empirical testing in a future phase 3 study of pepinemab that should 
include a broader TFC range—for example, enrollment of patients 
with baseline TFC 8–12. It may naturally occur that this population 
will also be substantially enriched for MoCA <26, but further stratifi-
cation could also be considered if that were not the case.

There are considerations related to the mechanism of action 
of pepinemab that may explain a delay in the ability to detect 
treatment-related changes very early in disease. As reported else-
where13 (and in E.E.E. et al., in press Ibid), SEMA4D plays an 
important role in the promotion of astroglial and microglial reac-
tivity. This entails complex interactions between astrocytes and 
microglia and among different subsets of each. Counterbalancing 
activity of different inflammatory cells may, in normal circum-
stances, maintain a homeostatic balance. However, under the influ-
ence of a disease-related disturbance, this process may fail to arrive 
at a healthy equilibrium. In a slowly progressive disease like HD it 
could, therefore, be a matter of time before the homeostatic pro-
cess is exhausted and the benefits of treatment become evident. As 
discussed below, it is, of course, also possible that there are other 
early-stage pathogenic events unrelated to glial reactivity that are 
not impacted by SEMA4D blockade.

Consistent with the natural history of HD, brain atrophy progressed 
and metabolic activity decreased in most brain ROIs in the placebo 
group for EM HD. This was in contrast to a pepinemab-associated 
decrease in caudate brain atrophy (95% CI) of −1.54% (−2.79, 
−0.29), P = 0.017 and a trend of reduced ventricular expansion 
(95% CI) of −2.47% (−5.04, 0.10), P = 0.060. Importantly, decline in 
metabolic activity detected by FDG–PET is a regular feature of other 
slowly progressive neurodegenerative diseases, and multiple studies 
in Alzheimer’s disease have demonstrated that decline in FDG–PET 
SUVR correlates with cognitive decline and clinical progression28,51. 
The observation that treatment with pepinemab results in a signifi-
cant increase in FDG–PET SUVR in most brain ROIs is a notable 
reversal of the previously reported decline in FDG–PET signal dur-
ing HD progression25–27. It was unexpected that regions of the basal 
ganglia, including caudate and putamen, did not manifest the same 
degree of treatment-related increase in FDG–PET SUVR observed in 
most other brain ROIs of EM HD subjects. Striatal regions are known 
to degenerate at a rate three- to fourfold greater than other brain 
regions even before the time of motor diagnosis22,52. Loss of neurons 
is certain to impact energy metabolism and may be triggered by 
mechanisms that directly affect medium spiny neurons in striatum 
and are independent of SEMA4D activity and, therefore, relatively 
unaffected by pepinemab treatment. In keeping with the absence of 
a treatment effect on glucose utilization in striatum, we also did not 
observe an effect on early motor dysfunction—for example, chorea—
in either EM or LP populations as detected by either UHDRS–TMS 
or Q-motor assessments. It is possible that later stages of motor pro-
gression could be affected by treatment but are less prominent in the 
TFC ≥11 population.

As might be expected, given their important role in glucose 
transport, recent reports demonstrate that astrocytes contribute 
substantially to the FDG–PET signal in the brain53. Normal astro-
cytes extend numerous cytoplasmic projections with endfeet that 
express glucose transporter and fully cover brain capillaries. These 
projections are reduced and glucose transport is downregulated in 
reactive astrocytes54,55. SEMA4D is known to trigger collapse of the 
cell cytoskeleton and to downregulate glucose transporters on astro-
cytes, while SEMA4D blockade restores glucose uptake (E.E.E. et al.  

in press, Ibid) and may, therefore, counteract decline in FDG–PET 
signal associated with astrocyte reactivity. There may be other 
potential effects of SEMA4D blockade that could impact FDG–PET. 
We have previously reported that SEMA4D blockade protects the 
integrity of the BBB13. Compromise to the BBB could have a pro-
found impact on transport and synaptic activity that may impact 
energy metabolism. We considered the possibility that changes in 
FDG–PET SUVR might reflect an undesirable increase in inflam-
mation, but evidence of our own and from others13,56 suggests that 
the effects of SEMA4D antibody blockade are anti-inflammatory. 
For example, we previously reported that SEMA4D antibody pre-
vents inflammatory activation of murine Iba-1+ microglia13, and 
others have recently demonstrated that the SEMA4D–plexin-B1/
B2 signaling pathway governs crosstalk between astrocytes and 
microglia that triggers glial activation56. SEMA4D blockade should, 
therefore, be expected to reduce inflammation. These novel findings 
suggest that FDG–PET may hold promise as an early biomarker of 
potentially effective treatments in HD.

In parallel with metabolic effects in multiple cortical regions, 
there appeared to be a clear effect of pepinemab treatment in EM 
disease on OTS (one-sided P = 0.028), a measure of executive func-
tion that is a key cognitive domain related to learning, as well as 
on direct learning effects evident during sequential HD–CAB 
assessments. In contrast to Alzheimer’s disease, for which the 
clinical dementia rating scale and Alzheimer’s disease assessment 
scale-cognitive subscale are well established as meaningful compos-
ite and cognitive endpoints, there is no established measure of cog-
nition in HD that is currently accepted as intrinsically meaningful 
by both US and European Union regulators. We suggest that direct 
measures of learning could constitute an intrinsically meaningful 
cognitive endpoint in manifest HD.

Important limitations of the SIGNAL study design include 
exclusion of patients with TFC <11. This was highlighted by post 
hoc subgroup analysis which suggested that pepinemab treatment 
effects appear to be more evident in patients with early cognitive or 
functional deficits. While MMRM analyses provided mathematical 
power for independent imaging and cognitive outcomes, power for 
correlation analysis with imaging endpoints was limited due to fur-
ther reduced group sizes associated with scheduling issues, quality 
control and a subset of sites unable to perform FDG–PET. Despite 
these limitations, key observations suggesting a trend of benefit in 
a two-item cognitive family, supported by significant change in pre-
specified exploratory analysis of the HD–CAB index, improved apa-
thy score, a reduction in caudate atrophy and increase in metabolic 
activity as reflected by FDG–PET SUVR, collectively suggest clini-
cally relevant changes in patients with early manifest Huntington’s 
disease. Further studies are warranted to confirm and extend these 
observations, with adjustments to enroll patients with early signs of 
cognitive or functional deficits.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41591-022-01919-8.

Received: 7 December 2021; Accepted: 27 June 2022;  
Published online: 8 August 2022

References
	1.	 Glidden, A. et al. in Movement Disorders Vol. 32 (ed A. Jon Stoessl), 

Supplement 2, S183 (Wiley, 2017).
	2.	 Simpson, J. A., Lovecky, D., Kogan, J., Vetter, L. A. & Yohrling, G. J. Survey of 

the Huntington’s disease patient and caregiver community reveals most 
impactful symptoms and treatment needs. J. Huntingt. Dis. 5, 395–403 (2016).

Nature Medicine | VOL 28 | October 2022 | 2183–2193 | www.nature.com/naturemedicine 2191

https://doi.org/10.1038/s41591-022-01919-8
https://doi.org/10.1038/s41591-022-01919-8
http://www.nature.com/naturemedicine


Articles Nature Medicine

	3.	 Rub, U. et al. Huntington’s disease (HD): the neuropathology of a  
multisystem neurodegenerative disorder of the human brain. Brain Pathol. 26, 
726–740 (2016).

	4.	 Wilton, D. K. & Stevens, B. The contribution of glial cells to Huntington’s 
disease pathogenesis. Neurobiol. Dis. 143, 104963 (2020).

	5.	 Basile, J. R., Gavard, J. & Gutkind, J. S. Plexin-B1 utilizes RHOA and ROK to 
promote the integrin-dependent activation of AKT and ERK, and endothelial 
cell motility. J. Biol. Chem. 282, 34888–34895 (2007).

	6.	 Liang, X., Draghi, N. A. & Resh, M. D. Signaling from integrins to Fyn to 
Rho family GTPases regulates morphologic differentiation of 
oligodendrocytes. J. Neurosci. 24, 7140–7149 (2004).

	7.	 Tamagnone, L. et al. Plexins are a large family of receptors for 
transmembrane, secreted, and GPI-anchored semaphorins in vertebrates. Cell 
99, 71–80 (1999).

	8.	 Denis, H. L., Lauruol, F. & Cicchetti, F. Are immunotherapies for 
Huntington’s disease a realistic option? Mol. Psychiatry 24, 364–377 (2019).

	9.	 Toguchi, M., Gonzalez, D., Furukawa, S. & Inagaki, S. Involvement of 
Sema4D in the control of microglia activation. Neurochem. Int. 55,  
573–580 (2009).

	10.	Southwell, A. L. et al. Anti-semaphorin 4D immunotherapy ameliorates 
neuropathology and some cognitive impairment in the YAC128 mouse model 
of Huntington disease. Neurobiol. Dis. 76, 46–56 (2015).

	11.	Chapoval, S. P., Vadasz, Z., Chapoval, A. I. & Toubi, E. Semaphorins  
4A and 4D in chronic inflammatory diseases. Inflamm. Res. 66,  
111–117 (2016).

	12.	Wu, M., Li, J., Gao, Q. & Ye, F. The role for Sema4D/CD100 as a therapeutic 
target for tumor microenvironments and for autoimmune, neuroimmune and 
bone diseases. Expert Opin. Ther. Targets 20, 885–901 (2016).

	13.	Smith, E. S. et al. SEMA4D compromises blood-brain barrier, activates 
microglia, and inhibits remyelination in neurodegenerative disease. Neurobiol. 
Dis. 73, 254–268 (2014).

	14.	Okuno, T. et al. Roles of SEMA4D-plexin-B1 interactions in the central 
nervous system for pathogenesis of experimental autoimmune 
encephalomyelitis. J. Immunol. 184, 1499–1506 (2010).

	15.	Giraudon, P. et al. Semaphorin CD100 from activated T lymphocytes induces 
process extension collapse in oligodendrocytes and death of immature neural 
cells. J. Immunol. 172, 1246–1255 (2004).

	16.	Giraudon, P., Vincent, P. & Vuaillat, C. T-cells in neuronal injury  
and repair: semaphorins and related T-cell signals. Neuromolecular. Med. 7, 
207–216 (2005).

	17.	Chen, W. W., Zhang, X. & Huang, W. J. Role of neuroinflammation in 
neurodegenerative diseases (Review). Mol. Med. Rep. 13, 3391–3396 (2016).

	18.	Patnaik, A. et al. Safety, pharmacokinetics, and pharmacodynamics of a 
humanized anti-semaphorin 4D antibody, in a first-in-human study  
of patients with advanced solid tumors. Clin. Cancer Res. 22,  
827–836 (2015).

	19.	LaGanke, C. et al. Safety/tolerability of the anti-semaphorin 4D antibody 
VX15/2503 in a randomized phase 1 trial. Neurol. Neuroimmunol. 
Neuroinflamm. 4, e367 (2017).

	20.	Shafique, M. et al. A Phase 1b/2 study of pepinemab in combination with 
avelumab in advanced non-small cell lung cancer. Clin. Cancer Res. 27, 
3630–3640 (2021).

	21.	Tabrizi, S. J. et al. Potential endpoints for clinical trials in premanifest and 
early Huntington’s disease in the TRACK-HD study: analysis of 24 month 
observational data. Lancet Neurol. 11, 42–53 (2012).

	22.	Tabrizi, S. J. et al. Predictors of phenotypic progression and disease onset in 
premanifest and early-stage Huntington’s disease in the TRACK-HD study: 
analysis of 36-month observational data. Lancet Neurol. 12, 637–649 (2013).

	23.	Reilmann, R. et al. Safety and efficacy of pridopidine in patients with 
Huntington’s disease (PRIDE-HD): a phase 2, randomised, 
placebo-controlled, multicentre, dose-ranging study. Lancet Neurol. 18, 
165–176 (2019).

	24.	Tabrizi, S. J. et al. Biological and clinical manifestations of Huntington’s 
disease in the longitudinal TRACK-HD study: cross-sectional analysis of 
baseline data. Lancet Neurol. 8, 791–801 (2009).

	25.	Wilson, H., De Micco, R., Niccolini, F. & Politis, M. Molecular imaging 
markers to track Huntington’s disease pathology. Front. Neurol. 8, 11 (2017).

	26.	Tang, C. C. et al. Metabolic network as a progression biomarker of 
premanifest Huntington’s disease. J. Clin. Invest. 123, 4076–4088 (2013).

	27.	Feigin, A. et al. Thalamic metabolism and symptom onset in preclinical 
Huntington’s disease. Brain 130, 2858–2867 (2007).

	28.	Landau, S. M. et al. Associations between cognitive, functional, and 
FDG-PET measures of decline in AD and MCI. Neurobiol. Aging 32, 
1207–1218 (2011).

	29.	Hanseeuw, B. J. et al. Fluorodeoxyglucose metabolism associated with 
tau-amyloid interaction predicts memory decline. Ann. Neurol. 81,  
583–596 (2017).

	30.	Stout, J. C. et al. HD-CAB: a cognitive assessment battery for clinical trials in 
Huntington’s disease 1,2,3. Mov. Disord. 29, 1281–1288 (2014).

	31.	Watkins, L. H. et al. Impaired planning but intact decision making in early 
Huntington’s disease: implications for specific fronto-striatal pathology. 
Neuropsychologia 38, 1112–1125 (2000).

	32.	Rowe, K. C. et al. Self-paced timing detects and tracks change in prodromal 
Huntington disease. Neuropsychology 24, 435–442 (2010).

	33.	Smith, A. Symbol Digit Modalities Test (Western Psychological Services, 1973).
	34.	Ekman, P. & Friesen, W. V. Measuring facial movement. Environ. Psychol. 

Nonverbal Behav. 1, 56–75 (1976).
	35.	Johnson, S. A. et al. Beyond disgust: impaired recognition of negative 

emotions prior to diagnosis in Huntington’s disease. Brain 130,  
1732–1744 (2007).

	36.	Brandt, J. & Benedict, R. H. Hopkins Verbal Learning Test–Revised: 
Professional Manual (Psychological Assessment Resources, 2001).

	37.	Reitan, R. M. Validity of the Trail Making Test as an indicator of organic 
brain damage. Percept. Mot. Skills 8, 271–276 (1958).

	38.	Hochberg, Y. A sharper Bonferroni procedure for multiple tests of 
significance. Biometrika 75, 800–802 (1988).

	39.	Cognition, C. CANTABeclipse. Test Administration Guide/Manual version 
3.0.0 (Cambridge Cognition Ltd, 2006).

	40.	Guy, W. Assessment Manual for Psychopharmacology (US Government 
Printing Office, 1976).

	41.	Reilmann, R. & Schubert, R. Motor outcome measures in Huntington disease 
clinical trials. Handb. Clin. Neurol. 144, 209–225 (2017).

	42.	Freeborough, P. A. & Fox, N. C. The boundary shift integral: an accurate  
and robust measure of cerebral volume changes from registered repeat MRI. 
IEEE Trans. Med. Imaging 16, 623–629 (1997).

	43.	Schobel, S. Preliminary results from GENERATION HD1, a phase III trial of 
tominersen in individuals with manifest HD. In CHDI 16th Annual HD 
Therapeutics Conference (2021).

	44.	Jutten, R. J. et al. Monthly at-home computerized cognitive testing to detect 
diminished practice effects in preclinical Alzheimer’s disease. Front. Aging 
Neurosci. 13, 800126 (2021).

	45.	Samaroo, A. et al. Diminished Learning Over Repeated Exposures  
(LORE) in preclinical Alzheimer’s disease. Alzheimers Dement. (Amst.) 12, 
e12132 (2020).

	46.	Baudic, S. et al. Cognitive impairment related to apathy in early Huntington’s 
disease. Dement. Geriatr. Cogn. Disord. 21, 316–321 (2006).

	47.	Kremer, H. & Group, H. S. Unified Huntington’s disease rating scale: 
reliability and consistency. Mov. Disord. 11, 136–142 (1996).

	48.	Stout, J. C. et al. Evaluation of longitudinal 12 and 24 month cognitive 
outcomes in premanifest and early Huntington’s disease. J. Neurol. Neurosurg. 
Psychiatry 83, 687–694 (2012).

	49.	Tabrizi, S. J. et al. Biological and clinical changes in premanifest and early 
stage Huntington’s disease in the TRACK-HD study: the 12-month 
longitudinal analysis. Lancet Neurol. 10, 31–42 (2011).

	50.	Posner, K. et al. The Columbia-Suicide Severity Rating Scale: initial validity 
and internal consistency findings from three multisite studies with 
adolescents and adults. Am. J. Psychiatry 168, 1266–1277 (2011).

	51.	Khosravi, M. et al. 18F-FDG is a superior indicator of cognitive performance 
compared to 18F-florbetapir in Alzheimer’s disease and mild cognitive 
impairment evaluation: a global quantitative analysis. J. Alzheimers Dis. 70, 
1197–1207 (2019).

	52.	Johnson, E. B. et al. Dynamics of cortical degeneration over a decade in 
Huntington’s disease. Biol. Psychiatry 89, 807–816 (2021).

	53.	Zimmer, E. R. et al. [(18)F]FDG PET signal is driven by astroglial glutamate 
transport. Nat. Neurosci. 20, 393–395 (2017).

	54.	Boussicault, L. et al. Impaired brain energy metabolism in the BACHD 
mouse model of Huntington’s disease: critical role of astrocyte-neuron 
interactions. J. Cereb. Blood Flow. Metab. 34, 1500–1510 (2014).

	55.	Polyzos, A. A. et al. Metabolic reprogramming in astrocytes distinguishes 
region-specific neuronal susceptibility in Huntington mice. Cell Metab. 29, 
1258–1273 (2019).

	56.	Clark, I. C. et al. Barcoded viral tracing of single-cell interactions in central 
nervous system inflammation. Science 372, eabf1230(2021).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons license and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2022, corrected publication 2022

Nature Medicine | VOL 28 | October 2022 | 2183–2193 | www.nature.com/naturemedicine2192

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturemedicine


ArticlesNature Medicine

the Huntington Study Group SIGNAL investigators

Elise Kayson7, Jody Goldstein7, Richard Barbano5, Karen Marder8, Praveen Dayalu9, 
Herminia Diana Rosas10, Sandra Kostyk11, John Kamholz12, Brad Racette13, Jee Bang14, 
Daniel Claassen15, Katherine McDonell15, Stewart Factor16, Francis Walker17, Clarisse Goas17, 
Joanne Wojcieszek18, Lynn A. Raymond19, Jody Corey-Bloom20, Victor Sung21, Marissa Dean21, 
Michael Geshwind22, Alexandra Nelson22, Samuel Frank23, Kathrin LaFaver24, Andrew Duker25, 
Lawrence Elmer26, Ali Samii27, Yi-Han Lin27, Sylvain Chouinard28, Lauren Seeberger29, Burton Scott30, 
James Boyd31, Nikolaus McFarland32, Erin Furr Stimming33, Oksana Suchowersky34, Claudia Testa35 
and Karen Anderson36

7Clinical Trials Coordination Center, University of Rochester, Rochester, NY, USA. 8Columbia University, New York, NY, USA. 9University of Michigan, Ann 
Arbor, MI, USA. 10Massachusetts General Hospital, Boston, MA, USA. 11Ohio State University, Columbus, OH, USA. 12University of Iowa, Iowa City, IA, 
USA. 13Washington University, St. Louis, MO, USA. 14Johns Hopkins University, Baltimore, MD, USA. 15Vanderbuilt University, Nashville, TN, USA. 16Emory 
University, Atlanta, GA, USA. 17Wake Forest University, Winston-Salem, NC, USA. 18Indiana University, Bloomington, IN, USA. 19University of British 
Columbia, Vancouver, British Columbia, Canada. 20UCSD, San Diego, CA, USA. 21University of Alabama at Birmingham, Birmingham, AL, USA. 22UCSF, San 
Francisco, CA, USA. 23Beth Israel Deaconess Medical Center, Boston, MA, USA. 24University of Louisville, Louisville, KY, USA. 25University of Cincinnati, 
Cincinnati, OH, USA. 26University of Toledo, Toledo, OH, USA. 27University of Washington, Seattle, WA, USA. 28CHUM, Montreal, Quebec, Canada. 
29University of Colorado, Aurora, CO, USA. 30Duke University, Durham, NC, USA. 31University of Vermont, South Burlington, VT, USA. 32University of Florida 
Gainesville, Gainesville, FL, USA. 33University of Texas Houston, Houston, TX, USA. 34University of Alberta, Edmonton, Alberta, Canada. 35University of 
North Carolina at Chapel Hill, Chapel Hill, NC, USA. 36Georgetown University, Washington, DC, USA. 

Nature Medicine | VOL 28 | October 2022 | 2183–2193 | www.nature.com/naturemedicine 2193

http://www.nature.com/naturemedicine


Articles Nature Medicine

Methods
SIGNAL study design and participants. SIGNAL cohort B is a phase 2, multicenter, 
randomized (1:1), double-blind, placebo-controlled, parallel-group study of 
pepinemab in subjects with EM (cohort B1) and LP (cohort B2) HD (https://
clinicaltrials.gov/ct2/show/NCT02481674) (no. VX15-2503-N-131B). A total of 
265 subjects (179 EM and 86 LP) were enrolled at 30 outpatient clinical sites in the 
United States and Canada. Only a subset of sites (n = 25) were able to perform 
FDG–PET imaging. All subjects received at least 17 planned monthly infusions.

Eligible participants were aged 21 years and older, had genetically confirmed 
presence of ≥36 CAG repeats in one huntingtin gene and no features of juvenile 
HD (Westphal variant). EM participants were defined by UHDRS–TFC ≥11; 
they were determined by the site investigator to have a clinical diagnosis of HD 
as defined by a DCL of 4. LP was defined as DCL of 2 or 3 and a CAP score 
of >200. CAP score, a measure of HD mutation burden, was calculated as the 
product of age and (CAG-33.66)57. Stable dosages of concomitant medications 
(including tetrabenazine and deutetrabenazine) were permitted if initiated at least 
1 month before baseline (visit 0), as were newly prescribed anxiolytics for use as 
premedication before imaging at screening, which were permitted on a case-by-case 
basis. Exclusion criteria included participation in an investigational drug or device 
study within 30 days of baseline (or 180 days if the previous investigational drug was 
a monoclonal antibody therapeutic), suicide risk (as determined by the Columbia–
Suicide Severity Rating Scale), MoCA score ≤22, ECG abnormalities at screening, 
pregnancy and conditions that would exclude MRI participation.

Randomization and blinding. Subjects who satisfied all eligibility criteria were 
participants and were randomized to one of two treatment arms through an 
interactive web response system. The subjects, site investigators, site personnel 
and study statisticians—as well as representatives of these organizations and staff 
at Vaccinex—were blinded as to treatment assignments until database lock. The 
investigational agent and placebo were in vials of identical appearance. During 
the course of the study, the Safety Monitoring Committee maintained access to 
treatment code information. Omnicomm Inc. eClinical Solutions v.5.2 was utilized 
for data collection on SIGNAL.

Investigational agent and treatment. Pepinemab (VX15/2503) is a humanized 
IgG4 monoclonal antibody58 with a hinge mutation that prevents in vivo Fab arm 
recombination59. Bulk pepinemab (Catalent Pharma Solutions) was produced 
using a proprietary CHO cell line. The bulk antibody was purified using standard 
techniques and formulated at approximately 20 mg ml–1 in preservative-free 
20 mM sodium acetate pH 5.4, containing 130 mM sodium chloride and 0.02% 
polysorbate 80. Pepinemab and matching placebo were supplied by the sponsor as 
single-use vials. Subjects enrolled in cohort B were randomized to receive monthly 
i.v. 60-min infusions of either placebo or 20 mg kg–1 pepinemab. Selection of the 
20 mg kg–1 i.v. dose of pepinemab for the SIGNAL cohort A study was based on 
findings from nonclinical studies60, as well as on single- and repeat-dose Phase 1 
and 2 studies of pepinemab up to 20 mg kg–1 in subjects with multiple sclerosis19 
and in subjects with advanced solid tumors18, respectively. Placebo or drug was 
administered for up to 18 months of treatment. Subjects were treated at baseline 
through to visit 17. Efficacy endpoints were assessed on visit 17 after 18 months 
of study drug exposure, and a month 18 visit or phone call at the end of the safety 
analysis period, which spans a total of 18 months. Subjects were then followed for an 
additional ~3 months (minimum of 2 months and up to 6 months after last infusion) 
for safety and laboratory assessments. Additionally, under protocol amendments 1–3, 
the first 53 subjects enrolled in cohorts B1 or B2 were offered the option to receive 
18 additional months of treatment for a total of up to 36 months safety evaluation. 
From protocol amendments 4−6, the treatment period was 18 months. Of the 
53 subjects who were offered entry into the extended treatment period, 42 agreed.

Outcome measures. Primary outcome measures were defined as: (1) to evaluate the 
safety and tolerability of monthly i.v. administration of pepinemab relative to placebo 
over 18 months of double-blind treatment in the entire study population (cohorts B1 
and B2); and (2) to evaluate the efficacy of monthly i.v. administration of pepinemab 
relative to placebo over 18 months of double-blind treatment in EM subjects (cohort 
B1), including change from baseline to month 17 in the two-item cognitive family 
(PTAP and OTS components of the HD–CAB) and CGIC at month 17 relative 
to baseline. Secondary and exploratory outcome measures reported here include 
UHDRS–TFC and TMS, Q-motor, pharmacokinetics (PK), pharmacodynamics 
(PD) and immunogenicity; additional cognitive assessments, in particular the HD–
CAB index; and imaging assessments, including change from baseline to visit 17 in 
FDG–PET SUVR and in brain volume as measured by volumetric MRI.

The ITT population consisted of all randomized subjects categorized by their 
randomized treatment assignment. The mITT population consisted of all randomized 
subjects who had received at least one complete infusion of study drug and had 
at least one post-infusion efficacy evaluation for one of the coprimary efficacy 
outcomes—that is, cognition or CGIC. The safety population consisted of subjects 
who had received at least one dose of study drug (including one patient who received 
a partial infusion); efficacy analyses was performed on the mITT population. A 
subset of subjects in the mITT population were assessed for CGIC, due to addition of 
this outcome measure in amendment 5, and a different subset were assessed by FDG–

PET due to the limited number of participating sites and consenting individuals, as 
described in the CONSORT diagram (Extended Data Fig. 1).

Description of outcomes. Tolerability, defined as the ability to complete the study 
on the assigned study arm, accounted for subjects’ study disposition (for example, 
reason for study discontinuation of ‘Did not tolerate study drug’), treatment 
disposition and duration of exposure. Adverse events were monitored monthly 
for each subject during the study period, defined as from signing informed 
consent through to final study contact. A TEAE was defined as an adverse 
event with onset on or after the date of first dose of study drug. AEs were coded 
using the Medical Dictionary for Regulatory Activities v.16.1. The investigator 
assessed the causality of each AE to the study drug and the severity of each AE 
using his/her clinical expertise, and designated a grade to each AE according to 
the current CTCAE. The Columbia–Suicide Severity Rating Scale and Hospital 
Anxiety and Depression Scale were both assessed. The HD–CAB was measured 
at six visits during the primary analysis period: screening, baseline and months 
2, 6, 12 and 17. The HD–CAB comprises six component tests30, among which 
are PTAP and OTS, and is described in the table below. PTAP measures the 
consistency of tapping rate, measured as the reciprocal of the standard deviation 
of ITI duration. OTS measures the mean time (in seconds) to a correct response. 
CGIC40 is a single-item questionnaire that asks the investigator to assess a subject’s 
HD symptoms compared with those immediately before starting the study drug, 
using a seven-point Likert scale ranging from very much worse (−3) to very 
much improved (+3), to assess overall response to the study drug relative to 
baseline. CGIC was evaluated at four visits during the primary analysis period: 
months 3, 5, 11 and 17. The TFC scale and TMS are components of the UHDRS, 
including UHDRS–TFC and UHDRS–TMS, and have been used in observational 
studies and randomized controlled trials in both premanifest and manifest HD 
populations47,61,62. The UHDRS–TFC score is the sum of five items ranging from 
0 to 13, with a higher score representing better functioning. Q-motor and TMS 
allow objective monitoring of motor effects. The UHDRS–TMS score is the 
sum of scores of 31 items in four domains, the response to each being rated on a 
four-point scale for a maximum score of 124, with higher scores indicating more 
severe motor impairment47. The Q-motor battery is composed of precalibrated and 
temperature-controlled force transducers and three-dimensional position sensors 
that are used to assess (1) grasping forces, (2) involuntary choreatic movements, 
(3) regularity of index finger tapping and (4) regularity of alternating pronation/
supination hand movements. PBA-s is a semistructured clinical interview that 
contains 11 items, each measuring a different behavioral problem rated for both 
severity and frequency on a five-point scale (0–4)63. HD–CAB component tests and 
variables of interest were as follows.

Test 
name

Cognitive function 
assessed

Variable of interest Value range 
for variable 
of interest

HVLT-r Verbal memory Total correct recall trials over 
three learning and one delayed 
recall trials; higher score 
indicates better performance

0–48

SDMT Visuospatial 
attention, 
processing speed, 
working memory

Number of correctly coded 
terms; higher score indicates 
better performance

0–110

TMT-B* Flexibility, 
visuospatial 
attention, 
psychomotor 
speed

Time (seconds) to complete 
the task; higher value indicates 
poorer performance

0–240

EMO Emotion 
recognition

Number of negative emotions 
correctly identified; higher 
score indicates better 
performance

0–24

PTAP Timing, 
psychomotor 
coordination

Reciprocal of the standard 
deviation of the ITI duration 
that occurred following 
cessation of pacing tones over 
all trials taken; higher value 
indicates better performance

Not defined

OTS* Planning, working 
memory

Mean time to reach a correct 
response (seconds), averaged 
across ten trials; higher values 
indicate poorer performance

Not defined

Bold font indicates membership in the HD–CAB two-item cognitive family for coprimary endpoint 
in EM cohort B1. For tests with an asterisk (*), a lower value of the variable of interest indicates 
better performance; for all others, a higher value indicates better performance.
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COVID considerations. As a result of the COVID-19 pandemic declared by 
the World Health Organization in March 2020, and in accordance with the FDA 
Guidance ‘Conduct of Clinical Trials of Medical Products during COVID-19 
Pandemic’, released in March 2020 and updated in June 2020, changes were made 
to allow flexibility in data collection at clinical study sites while maintaining 
participant safety and clinical trial integrity. Visit windows and visit schedule were 
updated to allow less time between visits and to permit key data collection planned 
for the final visit to be collected at an earlier or later visit within an allowed time 
frame (plus or minus one visit) if a site was open; if a site had closed, the site could 
collect these data when local guidance permitted. Subjects able to attend visit 16 or 
17 received an infusion at the investigator’s discretion. The date 11 March 2020 was 
selected as the date on or after which the COVID-19 pandemic was likely to have 
influenced data collection for this study.

MRI imaging. A subset of 178 EM subjects (90 pepinemab, 88 placebo) and 
86 LP subjects (41 pepinemab, 45 placebo) participated in MRI imaging. MRI 
neuroimaging was scheduled at screening and months 6 and 17. IXICO, Ltd 
(www.ixico.com) reported volumes at screening and changes from baseline at 
postscreening visits according to the BSI analysis method42. White matter volume 
change was calculated with a Jacobian method. Other region segmentations were 
calculated with the ‘Learning Embeddings for Atlas Propagation’ (LEAP) method, 
both for volume measures and for use in the FDG–PET SUVR pipeline. All sites 
and their respective 3T MRI scanners were qualified before the start of the study. 
The protocol included the following scan sequences: (1), localizer; (2), T1w; (3), 
field map DTI; (4), DWI; (5), T2_SPACE; (6), T2_FLAIR; (7) field map functional 
MRI; (8), resting state functional MRI; and (9) PD, but analysis involved only 
analysis of volumetric changes (T1w). IXICO reports the pseudo-total intracranial 
volume (pTIV) factor, which is a measure of how a subject’s head size compares 
with the standard template. Screening results were normalized to the pTIV to 
account for differences in head size. The normalized screening result for each brain 
region was calculated as screening volume/pTIV factor. At each post-baseline time 
point, percentage change from baseline was calculated as (reported change value/
reported screening value) × 100. MRI preprocessing software included MRIcron 
DICOM to NIfTI conversion (v.6/2013), DCMTK extraction of orientation 
information (v.3.5.4), image registration toolkit (IRTK, v.1.95) for multiatlas 
brain extraction and registrations, N4BiasFieldCorrection (v.1.9 from the ANTs 
package), MIDAS for semiautomated delineation (v.5.11.1), KN-BSI for boundary 
shift integral calculation of volume change (v.1.2), NiftyReg/NiftiSeg (v.0.9.4) and 
NifTK for BSI computation (v.12.11).

FDG–PET. A subset of 76 EM subjects (40 pepinemab, 36 placebo) and 51 LP 
subjects (22 pepinemab, 29 placebo) participated in FDG–PET imaging. 
[18]-Fluoro-2-deoxy-d-glucose was employed as ligand in FDG–PET. FDG–PET 
imaging was performed at screening and again post baseline, approximately 
at months 2, 6 and 17. Primary FDG–PET scans were analyzed without 
knowledge of treatment assignments by IXICO. For imaging data used for this 
investigation in regard to PET images specifically preprocessed with the IXICO 
PET Regional SUVR pipeline, PET dynamic average was registered to native 
3D–T1w space and WB–LEAP segmentation64–66 of the same subject to allow for 
regional uptake sampling. FDG–PET images underwent image quality control. 
All FDG–PET images that passed image quality control were entered into the 
quantitative SUVR workflow for computation of SUVR for a number of brain 
regions, using the pons as the reference region. This involved computation of 
regional PET tissue activity values, correcting for radioactive decay and patient 
weight and standardizing according to a tracer-specific reference region, to allow 
comparison between patients. Brain regions for which SUVR was calculated were 
found using LEAP with the subject 3D–T1w MR image, which is registered to 
the FDG–PET image. SUVR quantification was performed on standard FDG–
PET images acquired within 30-min intervals, 40 min after injection. FDG–PET 
data for the left and right hemispheres were averaged because within-subject 
changes in both hemispheres were strongly correlated (r = 0.98, P < 0.001). 
Prespecified brain ROIs (n = 26) were analyzed; additionally, composite SUVRs 
were computed using the mean SUVR in the masked region consisting of the 
following regions that comprise (1) the extended frontal composite: anterior 
orbital gyrus, central operculum, frontal operculum, postcentral gyrus medial 
segment, post central gyrus, opercular part of inferior frontal gyrus, triangular 
part of inferior frontal gyrus (pars triangularis), frontal pole, gyrus rectus, lateral 
orbital gyrus, precentral gyrus medial segment, precentral gyrus, superior frontal 
gyrus, supramarginal gyrus, medial frontal cortex, middle frontal gyrus, middle 
frontal gyrus, superior frontal gyrus medial segment, supplementary motor area; 
and (2) expanded cortical composite: extended frontal composite plus posterior 
cingulate cortex, inferior parietal lobule, superior temporal gyrus, anterior 
cingulate cortex, superior parietal lobule, middle temporal gyrus, precuneus 
cortex, paracentral lobule.

Statistics. According to the protocol, the planned cohort B sample size of 240 
allows a minimal detectable effect size of 0.38 (Cohen’s D) with two-sided alpha 
of 0.05, 80% power and 10% dropout. Power calculations and endpoint selection 
were based on a pilot study (cohort A) of 36 patients with HD (15 EM and 21 LP) 
treated with pepinemab or placebo in a double-blinded comparison for 6 months. 

The 2CARE study provided additional information on estimates of variance at 
month 18 (ref. 67).

The statistical analysis protocol, finalized before locking the database and 
unblinding, specified a plan to control the overall type I error rate in multiple 
testing of two coprimary analyses plus a series of secondary analyses to be tested 
in hierarchy. The coprimary endpoints were the two-item HD–CAB family (OTS 
and PTAP) and CGIC. Both coprimary endpoints were required to meet a critical 
one-sided P value of 0.025 (equivalent to two-sided alpha of 0.05) for a successful 
trial overall. The success of the two-item HD–CAB family was assessed according 
to the Hochberg procedure for multiple testing between two items. Because the 
coprimary endpoints did not collectively reach the threshold needed to declare 
a successful finding, the prespecified hierarchy of secondary endpoints was not 
tested formally. Thus, stated P values for all statistical tests besides the coprimary 
efficacy analyses were not corrected for multiplicity and are thus presented as 
nominal and not under alpha control.

The efficacy analyses for this study were performed in a mITT population. 
Missing values were not imputed before fitting the models for statistical testing, 
and estimation and inference were based on estimates of the difference or ratio 
between means (that is, PEPI versus PBO) at month 17. No data beyond month 17 
were included in the efficacy analyses.

For continuous outcomes, the dependent variable is generally change from 
baseline over time, and these values were analyzed using MMRM with categorical 
time, treatment group, screening value (if applicable) and time by treatment as 
explanatory variables and with an unstructured covariance structure. By contrast, 
CGIC is inherently a change score and does not have a baseline value for inclusion 
in the model. The relevant summary statistics presented for continuous outcomes 
include LS means, standard errors, 95% CI and the P value from an MMRM. 
For binary outcomes, the results presented include proportions by arm, an odds 
ratio, exact CIs and P values from Fisher’s exact test. The P values presented are 
generally one-sided to reflect the known direction of benefit; two-sided P values 
are presented only for exploratory outcomes where the direction of benefit was not 
necessarily established. Statistical analyses of clinical data were performed using 
SAS software v.9.4.

PK/PD. Blood samples for the analysis of pepinemab drug levels were obtained 
on a monthly basis through to the last visit. Blood was collected on all dosing 
days before the first and after the last infusion. Blood draw for SEMA4D 
saturation in whole blood, T cell SEMA4D levels, total soluble SEMA4D levels 
in serum and exploratory serum cytokine and biomarker analysis was collected 
at baseline, visits 1 and 3 and every 3 months thereafter. In a subset of subjects 
who volunteered (n = 54), CSF was collected by lumbar puncture during one 
visit among visits 13–18 (mean, 15.6; median, 15.0), within 24 h post infusion, 
to be evaluated for pepinemab concentration, total SEMA4D and other 
biomarkers. Validated assays were utilized. Briefly, pepinemab drug levels were 
measured using a sandwich ELISA format with an anti-idiotype antibody, and 
total soluble SEMA4D was measured using a sandwich ELISA format with two 
SEMA4D-specific monoclonal antibodies that do not react with the same  
epitope of pepinemab, thus allowing measurement of both free and bound 
soluble SEMA4D18,19.

Ethics. Institutional review board (IRB) approvals for the study protocol, 
amendments and informed consent documents were obtained before use in the 
study; written informed consent was obtained from study participants before 
the initiation of study procedures. This study utilized both a central IRB—
Western Institutional Review Board—as well as local IRBs at sites that did not 
utilize the central IRB. As per the International Classification of Functioning, 
Disability and Health, participants received US$450 for each routine visit, 
an additional US$250 for LP/CSF and an additional US$250 for radioligands 
targeting translocator protein (TSPO)-PET; an additional reimbursement 
for transportation or lodging costs was considered on a case-by-case basis. 
This study was conducted in accordance with the Declaration of Helsinki, 
International Conference on Harmonization guidelines and applicable 
portions of the United States Code of Federal Regulations. The ClinicalTrials.
gov identifier (no. NCT02481674) was obtained before study initiation. All 
experiments including human specimens were performed in compliance with 
the relevant ethical regulations.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Requests for access to the patient-level data from this study can be submitted via 
email to medinfo@vaccinex.com with detailed proposals for use of information. A 
signed data access agreement with the sponsor is required before accessing shared 
data. All requests for study protocol and data will be reviewed by the study sponsor, 
Vaccinex, to verify whether the request is subject to any intellectual property or 
confidentiality obligations. Patient-related data were generated as part of a clinical 
trial and may be subject to patient confidentiality. The SIGNAL study is registered 
with ClinicalTrials.gov (no. NCT02481674).
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Extended Data Fig. 1 | CONSORT diagram indicating participant numbers and disposition.
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Extended Data Fig. 2 | Pepinemab is detected in CSF at expected level for target engagement. a. Drug concentration in CSF of subjects treated with 
pepinemab. Mean+SEM is shown; dotted lines indicate target concentration (~100-300 ng/ml). b. Concentration of soluble SEMA4D (sSEMA4D) in CSF, 
mean+SEM are shown for each treatment group (n = 26 PEPI, n = 28 PBO). *** indicates statistical significance, p = 0.000000001855. As seen in previous 
trials18,19, levels of total soluble SEMA4D (including complex of drug bound to target) increased 1.7-fold upon dosing due to the increased half-life of the 
pepinemab/SEMA4D complex in subjects treated with pepinemab compared to those treated with placebo (average of 5.9 vs 3.5 ng/ml respectively, 
p < 0.001), demonstrating evidence of target engagement in CSF. The mean (SD) observed maximum serum concentration (Cmax) after all infusions post 
visit 12 in Cohort B overall was 218 (115) µg/mL and the AUCtau over the dosing interval was 68,900 (14,447) µg*hr/mL. Based on the empirical Bayesian 
estimates of the pharmacokinetic parameters, the terminal elimination half-lives for Cohorts B1 and B2 were calculated to be approximately 25 and 23 
days, respectively. In general, the clearance of pepinemab was low and the volume of distribution small, which is common to other therapeutic monoclonal 
antibodies and similar to observations in previously completed studies with pepinemab18,19.
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Extended Data Table 1 | Demographics and baseline characteristics for all cohorts (ITT population)
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Extended Data Table 2 | Common TEAEs (≥10% of Subjects) Cohort B overall for the safety analysis period*
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Extended Data Table 3 | Exploratory analysis of motor assessments in EM Cohort B1, mean change from Baseline to Month 17
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Extended Data Table 4 | Exploratory analyses of volumetric MRI in cortical brain regions of interest in EM Cohort B1 and LP Cohort 
B2, percent change from Baseline to Month 17
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Extended Data Table 5 | Exploratory analysis of FDG-PET SUVR in brain regions of interest in EM Cohort B1 and LP Cohort B2, 
percent change from Baseline to Month 17 a. EM Cohort B1. b. LP Cohort B2
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Extended Data Table 6 | Exploratory analyses of HD-CAB Index and six components in EM Cohort B1 and LP Cohort B2 (mITT 
Population), mean change from Baseline to Month 17
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Extended Data Table 7 | Post-hoc analyses of selected PBA-s severity subscores at Month 17 in EM Cohort B1
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