
1176  |   	﻿�  Clin Transl Sci. 2021;14:1176–1184.www.cts-journal.com

Received: 27 October 2020  |  Revised: 8 December 2020  |  Accepted: 20 December 2020

DOI: 10.1111/cts.12977  

A R T I C L E

Gene therapy for diabetic peripheral neuropathy: A randomized, 
placebo-controlled phase III study of VM202, a plasmid DNA 
encoding human hepatocyte growth factor

John A. Kessler1  |   Aziz Shaibani2  |   Christine N. Sang3  |   Mark Christiansen4  |   
David Kudrow5  |   Aaron Vinik6  |   Nari Shin7  |   the VM202 study group*

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of the American Society for Clinical Pharmacology and Therapeutics.

*VM202 Study Group (in alphabetical order): Senda Ajroud-Driss, Jeffrey Allen, Victor Biton, Michael Bowman, Thomas Brannagan, Joe Chehade, 
Richard S. Cherlin, Mazen Dimachkie, Joseph S. Gimbel, Maria Kasper, Leslie Klaff, Lon D. Lynn, Alexander Reyzelman, Rob Singleton, Elias Siraj, 
Thomas Toothaker, Miguel Trevino, Judith L White, James Wymer, Douglas Young, Tomasz Ziedalski. 

1Department of Neurology, Northwestern 
University, Chicago, Illinois, USA
2Nerve and Muscle Center of Texas, 
Texas Medical Center, Houston, Texas, 
USA
3Department of Neurology, Brigham 
and Women's Hospital, Boston, 
Massachusetts, USA
4Diablo Clinical Research Center, Walnut 
Creek, California, USA
5Neurological Research Institute, Santa 
Monica, California, USA
6Strelitz Diabetes Center, Eastern Virginia 
Medical School, Norfolk, Virginia, USA
7Helixmith Inc, Seoul, Korea

Correspondence
John A. Kessler, Department of 
Neurology, Northwestern University, 
Chicago, IL 60611, USA.
Email: jakessler@northwestern.edu

Funding information
Helixmith Inc. provided funding for 
Aziz Shaibani, Christine Sang, Mark 
Christiansen, David Kudrow, Aaron 
Vinik, and Nari Shin. Helixmith paid the 
costs of performing the trial and paid the 
salary of the statistician, Nari Shin.

Abstract
VM202 is a plasmid DNA encoding two isoforms of hepatocyte growth factor (HGF). 
A previous phase II study in subjects with painful diabetic peripheral neuropathy 
(DPN) showed significant reductions in pain. A phase III study was conducted to eval-
uate the safety and efficacy of VM202 in DPN. The trial was conducted in two parts, 
one for 9 months (DPN 3-1) with 500 subjects (VM202: 336 subjects; and placebo: 
164) and a preplanned subset of 101 subjects (VM202: 65 subjects; and placebo: 36) 
with a noninterventional extension to 12 months (DPN 3-1b). VM202 or placebo was 
administered to calf muscles on days 0 and 14, and on days 90 and 104. The primary 
end point in DPN 3-1 was change from baseline in the mean 24-h Numerical Rating 
Scale (NRS) pain score. In DPN 3-1b, the primary end point was safety, whereas 
the secondary efficacy end point was change in the mean pain score. VM202 was 
well-tolerated in both studies without significant adverse events. VM202 failed to 
meet its efficacy end points in DPN 3-1. In DPN 3-1b, however, VM202 showed 
significant and clinically meaningful pain reduction versus placebo. Pain reduction in 
DPN 3-1b was even greater in subjects not receiving gabapentin or pregabalin, con-
firming an observation noted in the phase II study. In DPN 3-1b, symptomatic relief 
was maintained for 8 months after the last injection suggesting that VM202 treatment 
might change disease progression. Despite the perplexing discrepancy between the 
two studies, the safety and long-lasting pain-relieving effects of VM202 observed in 
DPN 3-1b warrant another rigorous phase III study.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Current therapies for painful diabetic peripheral neuropathy (DPN) are palliative 
and do not target the underlying mechanisms. Moreover, symptomatic relief is often 
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INTRODUCTION

Painful diabetic peripheral neuropathy (painful DPN) is a 
common and debilitating complication of diabetes mellitus 
that has a profound negative impact on quality of life, sleep, 
and mood.1-3 Current therapies are palliative and do not tar-
get the mechanisms underlying painful DPN. Moreover, 
symptomatic relief is often limited with existing neuropathic 
pain drugs, and many patients still use opioids.4-6 Thus, there 
is a great medical need for safer and effective treatments for 
painful DPN.

To overcome the limitations of currently used medicines, 
all based on small molecules, gene therapy technology has 
been explored with an aim to effectively manage pain.7,8 
Almost all studies used viral vectors, although a few nonviral 
approaches also have been tested.9-11 Despite intense efforts, 
however, most investigations have been at the nonclinical 
level. VM202 (Engensis), a nonviral plasmid DNA product, 
is the first gene medicine to enter advanced clinical trials for 
treatment of painful DPN.

VM202 is designed to express two isoforms of HGF, 
HGF728 (cHGF) and HGF723 (dHGF), at biologically mean-
ingful levels in vivo as well as in vitro.12 HGF is a multi-
functional protein with potent neurotrophic and angiogenic 
activities. HGF promotes neuronal survival and axonal out-
growth from sensory and motor neurons.13-23 In addition, it 
induces formation of collateral vessels and increases blood 
flow in animal diabetic models.24-27 However, HGF has a 
short serum half-life of 5 min or less,28-31 so the potential 
use of injectable recombinant HGF protein is unlikely to be 
a viable approach toward restoring sensory neurons dam-
aged by progressive DPN. However, intramuscular injection 
of VM202 to hind limb muscles in rodents drives HGF ex-
pression for about 2 weeks with peak protein expression at 
day 7 and a gradual decrease over the next week.12 In previ-
ous studies, VM202 produced therapeutic benefits in exper-
imental models and clinical trials in a variety of diseases, 
including critical limb ischemia, myocardial infarction, and 
amyotrophic lateral sclerosis, as well as painful DPN.10,32-40

Phase I and phase II clinical studies of VM202 in pain-
ful DPN demonstrated both safety and efficacy in reduc-
ing pain and improving quality of life.10,32 In the phase II 
study,10 administration of VM202 reduced pain for 3 to 
9 months after treatment even though plasmid DNAs are 
rapidly degraded in plasma and intracellular protein ex-
pression lasts only for 2 weeks. The persistence of such 
long-lasting therapeutic benefits suggested a possible dis-
ease-modifying effect. Of particular interest was the finding 
in the phase II study that VM202 appeared to work more ef-
fectively in subjects not receiving concurrent pregabalin or  
gabapentin.

Encouraged by the efficacy and safety data from the 
phase I and II studies for painful DPN, a large scale dou-
ble-blind placebo-controlled phase III study was conducted 
in two parts: (a) in the main study for 9 months (DPN 3-1, 
N = 500 subjects), and (b) in a subset of later-enrolling sub-
jects from the main study who participated in a noninter-
ventional 3-month safety and efficacy extension (DPN 3-1b, 
N = 101 subjects). The specific objective of the DPN 3-1 
study was to evaluate the safety and efficacy of intramuscu-
lar administration of VM202 in subjects with painful DPN 
in lower extremities. The primary statistical hypothesis was 
that VM202 administration would reduce average daily 
DPN scores more that placebo administration at the pri-
mary efficacy end point, the mean 24-h Numerical Rating 
Scale (NRS) pain score on the daily pain and sleep diary at 
3 months.

MATERIALS AND METHODS

DPN 3-1 (http://www.clini​caltr​ials.gov registration num-
ber: NCT02427464; Phase 3 Gene Therapy for Painful 
Diabetic Neuropathy) was a phase III, double-blind, ran-
domized, parallel design, placebo-controlled multicenter 
study with subjects recruited at 25 sites in the United 
States. Subjects were randomized by an unblinded study 
statistician via the EDC Master Randomization file in 

limited with existing neuropathic pain drugs. Thus, there is a great medical need for 
safer and effective treatments for DPN.
WHAT QUESTION DID THIS STUDY ADDRESS?
Can nonviral gene delivery of hepatocyte growth factor reduce pain in patients with 
DPN and potentially modify progression of the disorder?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Nonviral gene therapy can be used safely and practically to treat DPN.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
As the first gene medicine to enter advanced clinical trials for the treatment of DPN, this 
study provides the proof of concept of an entirely new potential approach to the disorder.

http://www.clinicaltrials.gov
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blocks of 6 subjects in a 2:1 ratio of VM202 to placebo, and 
further stratified by concomitant use of gabapentin and/or 
pregabalin. Two cycles of treatment were administered 
via intramuscular (i.m.) injections separated by 3 months 
(Figure 1). In each cycle, VM202 was delivered in equally 
divided doses administered 2 weeks apart. Subjects re-
ceived VM202 or placebo by deep i.m. injections in the 
calf of both legs on days 0 and 14 (first treatment), and on 
days 90 and 104 (second treatment). All subjects received 
16 injections of VM202 or placebo evenly distributed over 
each calf at each treatment visit. Subjects were followed 
from the first injection to day 270 to evaluate the efficacy 
and safety of treatment.

DPN 3-1b (registration number: NCT04055090; Extension 
of Phase 3 Gene Therapy for Painful Diabetic Neuropathy) 
was a noninterventional extension of DPN 3-1 designed to ex-
plore the longer-term safety profile of VM202 as well as the 
efficacy and durability of pain relief. One hundred one sub-
jects among those who participated in DPN 3-1 were followed 
for 3 additional months to 365 days after the first treatment. No 
further treatment was given during this period.

Supplementary Methods include details of the approvals, 
inclusion criteria, exclusion criteria, concurrent medications, 
description of the study participants, study material and ad-
ministration, end points and assessments, safety evaluations, 
and statistical analyses.

RESULTS

Study design and subject disposition

This phase III study, composed of two parts, was conducted 
from June 2016 to June 2019. The full study participation 
lasted 9  months for all subjects (DPN 3-1, N  =  500 sub-
jects). A subset of later-enrolling subjects participated in a 
noninterventional 3-month extension for a total duration of 
12 months (DPN 3-1b, N = 101 subjects; Figure 1). There 
were no selection criteria for this subset of patients, but rather 
all late enrolling patients were asked for permission to be fol-
lowed for an additional 3 months.

One thousand one hundred ninety-one subjects were con-
sented and screened for possible enrollment. Six hundred 
eighty-four subjects were screen failures and 507 eligible 
subjects were randomized into DPN 3-1 (Figure 2). The in-
tent-to-treat (ITT) population included all subjects that re-
ceived any study drug (DPN 3-1, N = 500), excluding seven 
subjects due to errors in randomizing subjects who were 
screen failures. Four hundred thirty-three subjects completed 
the study, and 48 subjects in the VM202 group and 19 in the 
placebo group were lost to follow-up or withdrew prior to 
the 9-month study visit. DPN 3-1b began in January 2019 
with the first subjects entering an additional 3-month study. 
One hundred one subjects consented to a total follow-up of 

F I G U R E  1   Study design. Consenting subjects who met eligibility criteria (ITT = 500) were treated with injections of VM202 or buffer into 
each leg on days 10 and 14 and then again on days 90 and 104. The DPN 3-1 study ended on day 270. At that time, 101 subjects were consented 
for DPN 3-1b for follow-up, including continuation of the daily pain diary but no further treatments until day 365. DPN, diabetic peripheral 
neuropathy; ITT, intent-to-treat

F I G U R E  2   Analysis populations in 
the study
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12 months (ITT population). All 36 subjects in the placebo 
group and 63 subjects in the VM202 group completed the 
study. Two subjects in the VM202 group withdrew prior to 
study completion.

Baseline demographics and medical history

Baseline demographics and characteristics of subjects in 
DPN 3-1 and DPN 3-1b are summarized in the Table S1. The 
majority of the subjects in both parts of the study were White 
(74.4% and 80.2%, respectively) and the overall mean age 
was 61.5 years. There was little difference in demographics 
or baseline characteristics between the DPN 3-1 and DPN 
3-1b studies or between active and placebo groups within 
each study. Further, there were no discernible differences 
between the 101 subjects in DPN 3-1b and the 399 subjects 
who were not part of DPN 3-1b other than a 0.5-point differ-
ence in the baseline average daily pain scores between the 2 
groups (NRS = 7.1 ± 1.4 for the 399 subjects who did not 
participate in DPN 3-1b vs. NRS = 6.6 ± 1.3 for the 101 sub-
jects in DPN 3-1b; Table S2). For both treatment groups, the 
mean body mass index (BMI) was greater than 30 and most 
subjects (≥92%) had type 2 diabetes.

At the time of randomization, about half of the subjects 
were not receiving pregabalin or gabapentin (VM202: 50.6% 
and placebo: 49.4%) to manage the pain associated with DPN. 
A large percentage of the subjects had other baseline medical 
conditions, including hypertension, dyslipidemia, and obesity.

Safety and tolerability

Adverse events

Safety was assessed based on the incidence of treatment-
emergent adverse events (TEAEs) and serious adverse events 
(SAEs), and their relationship to the study drug. Because of the 
theoretical angiogenic potential of VM202 and the macro-/mi-
crovascular complications of diabetes, adverse events of special 
interest (AESI) were also assessed. AESIs included five catego-
ries of TEAEs; injection site reactions, ophthalmologic events, 
acute cardiac events, foot ulcers, and symptoms of CNS depres-
sion commonly observed in gabapentinoid users.

Over the course of DPN 3-1 (with 493 subjects in the total 
safety population), 241 of 332 (72.6%) VM202-treated and 111 
of 161 (68.9%) placebo-treated subjects reported at least one 
TEAE (Table S3). The most common TEAEs categorized by 
system organ class (SOC) were infection and infestations, with 
similar incidences for VM202 (99/332, 29.8%) and placebo 
(43/161, 26.7%). A total of 57 of 332 (17.2%) VM202-treated 
and 27 of 161 (16.8%) placebo-treated subjects experienced 
AESI. The most frequent AESIs were diabetic retinopathy, 

peripheral edema, and skin ulcer (Table S4). Diabetic retinop-
athy was more common in the placebo group (10/161, 6.2%) 
than the VM202 group (7/332, 2.1%). The incidence of TEAEs 
and AESIs deemed potentially related to study drug was low, 
with no difference between the placebo and VM202 groups; 
the TEAEs for 13.3% and 12.4% of subjects, respectively, were 
considered possibly drug-related and the AESIs for 2.4% and 
3.1% of subjects were assessed as possibly drug-related.

Among the AESIs, injection site reactions (ISRs) were 
infrequent at all four study visits when treatments were ad-
ministered, similar between placebo and VM202-treated 
groups, and mild in all but three cases (one VM202 treated 
subject had a moderate ISR at day 0; another VM202-treated 
subject had a moderate ISR at day 14; one placebo-treated 
subject had a moderate ISR at day 104; all 3 subjects recov-
ered in <24 h).

SAEs were reported for 32 of 332 (9.6%) subjects in the 
VM202 group, and 16 of 161 (9.9%) subjects in the placebo 
group. The SAEs for two subjects in the VM202 group, ade-
nocarcinoma and vitreous hemorrhage, were deemed possibly 
related to the study drug, although the vitreous hemorrhage 
subject had a history of similar events. Myocardial infarc-
tions for two subjects in the VM202 group and one subject 
in the placebo group were considered not related to the study 
drug; all three subjects had histories of coronary or cerebro-
vascular disease.

In DPN 3-1b (101 subjects in the safety population), 
10 of 65 (15.4%) VM202-treated and 8 of 36 (22.2%) pla-
cebo-treated subjects experienced TEAEs, and AESI were 
experienced by 2 of 65 (3.1%) VM202-treated subjects (pe-
ripheral edema and chest pain) and 1 of 36 (2.8%) place-
bo-treated subjects (angina pectoris; Table S4). SAEs were 
reported for 1 of 65 (1.5%) subjects in VM202 group and 2 of 
36 (5.6%) subjects in placebo group. All three subjects with 
SAEs had medical histories related to their respective adverse 
events (AEs), and none was considered drug related.

Laboratory testing

Retinal fundoscopic examinations of all subjects throughout 
the study showed no significant changes in either the VM202 
or placebo groups. There were no significant changes in 
blood chemistries, hematologic examinations, or levels of 
HbA1c.

Nerve conduction studies

Nerve conduction studies were performed as a safety meas-
ure in a small subset of subjects at selected sites. Fifty-eight 
subjects had nerve conduction studies with both baseline 
(prior to treatment) and follow-up values at day 180 and/
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or day 270 post-treatment. There were no significant differ-
ences from baseline among treatment groups on days 180 and 
270 in nerve conduction velocity or the response amplitudes 
for the sural and peroneal nerves, and there were no differ-
ences in changes in patients receiving placebo versus VM202 
(Table S5).

Serum protein levels of HGF

The normal level of serum HGF protein in humans is not 
fully established but appears to range between 300 pg and 
2 ng/ml.41,42 HGF levels were measured in DPN 3-1 at 10 
time points per subject between days 0 and 270. No subject 
showed a transient rise in HGF protein levels after i.m. in-
jection of VM202. At each time point, ~ 90% of subjects 
showed less than 2 ng/ml of HGF. There were 5 placebo and 
7 VM202 subjects with serum HGF levels greater than 2 ng/
ml at 8 of 10 time points. There was no significant difference 
between treatment groups at any time point in the number of 
subjects with levels greater than or equal to 2 ng/ml of HGF.

Efficacy in DPN 3-1

The main DPN 3-1 study failed to meet its primary end points 
(Figure S1); differences between the VM202 and placebo 
groups in DPN 3-1 were not statistically significant for any 
efficacy end points (daily pain and sleep interference diary 
for pain and sleep interference, Visual Analog Scale for 
pain, Brief Pain Inventory [BPI] for DPN for pain severity 
and pain interference, and Michigan Neuropathy Screening 
Instrument [MNSI]; Table S6). When the 251 subjects who 
were not receiving concurrent gabapentinoids were analyzed 
separately, again, no end points met statistical significance 
relative to placebo.

The ITT population (N = 500) included all randomized 
subjects with the exception of seven who were prospec-
tively withdrawn before receiving study medication, without 
knowledge of treatment assignment, when it was discovered 
that they did not meet inclusion / exclusion criteria or who 
were randomized without PI oversight. The ITT population 
was used for all efficacy analyses. A modified ITT popula-
tion (N = 440) also was analyzed that included all subjects 
who satisfied the inclusion / exclusion criteria, received at 
least one dose of study medication, and completed their pain 
and sleep diaries at baseline and at the 90-day follow-up 
visit. In addition, a per protocol (PP) population (N = 287) 
was analyzed that included all subjects who received all 4 
protocol-specified doses of study medication, did not use 
protocol-specified prohibited concomitant medications for 
more than 14 consecutive days after the first dose of study 
drug, and who completed the study without major protocol 

deviations. The protocol specified that missing values would 
be imputed via multiple imputation methods. The results for 
the change in the average daily pain scores for all 3 study 
populations at the 90 day, 180 day, and 270 day visits using 
Mixed Model Repeated Measures (MMRMs) imputation are 
shown in Table  S7. There was little difference among the 
ITT, mITT, and PP populations in calculations of the percent 
changes from baseline or in the p values.

Efficacy in DPN 3-1b

Despite similar demographics and baseline characteristics, ef-
ficacy data differed strikingly between the two parts of the 
study, DPN 3-1 and DPN 3-1b. Of 101 later-enrolling subjects 
belonging to the full ITT population who enrolled in DPN 
3-1b, complete pain diary data were available for all but 2 sub-
jects. At screening, there was no significant difference in pain 
severity between the VM202 and placebo groups. However, 
at 12 months, there were significant reductions in the primary 
efficacy measure, mean pain score changes from baseline, for 
VM202 compared with placebo (Figure 3, Table S8).

Analysis of earlier timepoints revealed no difference be-
tween the 2 groups at 3 months, but there were significant 
reductions in the VM202 group in the 24-h average pain 
scores at 6 months and 9 months. There were no significant 
differences for VM202 compared with placebo for sleep 
interference.

Importantly, greater reductions in pain were found in 
subjects who were not on gabapentin or pregabalin during 

F I G U R E  3   (a) Mean pain scores on the daily pain diary in DPN 
3-1b expressed as change from baseline ± SE for VM202 and placebo 
groups. The values for the means, standard errors and differences 
between groups are given in Table S8. Red arrows indicate times of 
treatment. The Δ values are differences at each timepoint between the 
groups. *p < 0.05 **p < 0.01. DPN, diabetic peripheral neuropathy; 
ITT, intent-to-treat
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the 12-month study, consistent with the phase II study 
results. Of 101 subjects, 53 subjects (52%) did not take 
gabapentinoids during the study. The subjects not on ga-
bapentinoids experienced −1.34, −1.24, and −1.48 point 
reductions in the means of average 24-h pain scores follow-
ing VM202 compared with placebo at 6, 9, and 12 months 
(p  =  0.0308, p  =  0.0504, and p  =  0.0155, respectively; 
Figure 4, Table S9). Subjects who were taking gabapenti-
noids also showed a trend toward pain reduction, although 
not statistically significant, and the difference in pain score 
between placebo and VM202 groups was much smaller 
than for nonusers.

Post hoc subgroup analysis of subjects enrolled 
by the second contract research organization

After nearly two-thirds of the subjects were enrolled, the 
original contract research organization (CRO) resigned 
their responsibilities and discontinued operations. A sec-
ond CRO was engaged to complete the study and subse-
quently enrolled the final 142 subjects in study DPN 3-1 
and most subjects who were continued into DPN 3-1b. To 
evaluate the potential influence that this had on efficacy 
parameters in DPN 3-1, and to understand whether this 
could have impacted the differences in efficacy outcomes 
in comparing the DPN 3-1 to the original 9-month phase II 
trial, the 142 subjects enrolled by the second CRO (n = 46 
placebo and n  =  96  VM202) were analyzed separately 
(Figure  5, Table  S10). There were significant reductions 

in pain at 6 months measured by both the 24-h NRS pain 
score (p = 0.047) as well as the BPI (p = 0.042). Further, 
reductions in pain were greater in subjects not on gabapen-
tin or pregabalin, similar to the findings in both the phase 
II and the DPN 3-1b studies. The significant reduction 
in pain in this group persisted until the end of the DPN 
3-1 study at 9  months (Table  S11; NRS p  =  0.036; BPI 
p = 0.044).

DISCUSSION

The safety and efficacy of VM202 in reducing pain attributed 
to diabetic peripheral neuropathy were assessed in a large-
scale double-blind, placebo-controlled, randomized multi-
center study. Intramuscular injections of VM202 to the calf 
muscles showed a good safety profile but produced puzzling 
and inconclusive efficacy results.

Safety

VM202 showed an excellent safety profile in both parts of 
this study as well as in the phase I and phase II studies. In the 
9-month DPN 3-1 study, the incidences of TEAE, AESI, and 
SAE were similar for the VM202 and placebo groups. In the 
12-month DPN 3-1b study, the incidences were even lower, 
and no drug-related AEs were observed. In addition, there 
was a very low incidence of side effects, such as dizziness, 
somnolence, peripheral edema, or blurred vision, that are 

F I G U R E  4   Mean pain scores on the daily pain diary for subjects 
not on gabapentin or pregabalin in DPN 3-1b expressed as change 
from baseline ± SE for VM202 and placebo groups. The values for 
the means, standard errors, and differences between groups are given 
in Table S9. Red arrows indicate times of treatment. The Δ values are 
differences at each timepoint between the groups. *p < 0.05. DPN, 
diabetic peripheral neuropathy

F I G U R E  5   Mean pain scores at 6 months on both the daily pain 
diary (NRS-Pain) and the Brief Pain Inventory for diabetic neuropathy 
(BPI-DPN) expressed as change from baseline ± SE for VM202 and 
placebo groups for the 142 subjects enrolled by the second CRO. The 
first two sets of scores are for all subjects, and the second two sets of 
scores are for subjects not on gabapentin or pregabalin. CRO, contract 
research organization
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frequently observed in patients taking medicines commonly 
used for peripheral neuropathies.

There was a theoretical concern that the angiogenic activity 
of HGF protein expressed from VM202 DNA might result in 
vascular complications or cancers. However, there have been 
no such cases in phase I, II, and III trials involving VM202 for 
DPN or other indications, such as coronary artery disease, crit-
ical limb ischemia, and amyotrophic lateral sclerosis. The ex-
cellent safety profile for VM202 is not surprising, in that HGF 
expression from VM202 is short-lived and likely restricted to 
the injection area. The N-terminal of the HGF protein contains 
a domain that binds to heparin or heparan sulfate. Because hep-
aran sulfate is abundant in extracellular matrix, diffusion of se-
creted HGF is limited. Further, the half-lives of VM202 DNA 
and HGF protein in the circulation are both only a few min-
utes.28-31 Thus, even if plasmid or HGF produced by the plas-
mid did reach the circulation, the possible biological effects 
would be minimal. More importantly, no noticeable changes in 
serum levels of HGF were observed after VM202 treatment in 
either the phase II or III study. Such transient, local expression 
of HGF protein from VM202 plasmid DNA provides an addi-
tional safety benefit compared with viral vectors.

Efficacy

In the full DPN 3-1 population, VM202 did not meet the 
efficacy end points, in sharp contrast with results from the 
phase II study. This was surprising because subjects in the 
DPN 3-1 study received 2 courses of treatment at days 0 and 
14, followed by days 90 and 104, in contrast to subjects in 
the phase II study who only received one course of treatment 
(days 0 and 14). Both the phase II study and the full DPN 3-1 
study ended with 9-month evaluations.

However, the subset of 101 subjects in DPN 3-1b who 
continued to 12  months’ study participation demonstrated 
significant efficacy in pain reduction at 6, 9, and 12 months 
as determined by pain diaries. In contrast to the phase II 
study, subjects in DPN 3-1b did not show significant analge-
sia at 3 months. This may represent either a too small sam-
ple size or a slower onset of efficacy in DPN 3-1b compared 
with the phase II study because the peak magnitude of pain 
reduction at 6 and 9 months was similar to that observed in 
the phase II study.

Subjects in both DPN 3-1 and DPN 3-1b experienced a 
moderate-to-severe baseline level of pain (mean numerical 
pain scores = 7.03  ±  1.36 and 6.63  ±  1.31, respectively). 
Pain scores in VM202-treated subjects were reduced to a 
mean range of 4.48 to 4.33 at 6 and 9 months in the full DPN 
3-1 study, and to a range of 3.99 to 4.21 at 6–12 months in the 
DPN 3-1b study. These are clinically significant reductions 
of pain (−36% to −40% from baseline in both studies), but 
the difference was that the placebo effect was larger in DPN 

3-1 compared with DPN 3-1b, so only the latter was statisti-
cally significant.

As part of the prespecified statistical analysis, VM202 ef-
fects were even more pronounced in subjects not receiving 
pregabalin or gabapentin in the DPN 3-1b study, similar to 
the findings in the phase II study. The magnitude of the pla-
cebo effect was smaller in the DPN 3-1b study than in the 
DPN 3-1 study, and even smaller in the DPN 3-1b subjects 
not taking gabapentinoids, suggesting that either differences 
in placebo-response training and/or concomitant medications 
may, in part, have influenced the final results in DPN 3-1 and 
DPN 3-1b.

Thus, there was a serious discrepancy in results between 
DPN 3-1 and DPN 3-1b; only the latter study replicated re-
sults from the phase II study. Although it is unclear why effi-
cacy was observed only in the latter group, there are several 
possibilities.

There was a change in the CRO during the study, and an 
exploratory post hoc subgroup analysis indicated that there 
were noticeable differences in efficacy data between the sub-
jects enrolled by the first CRO compared with the second 
CRO. In the latter group, for example, VM202 showed sig-
nificant pain-reducing effects at 6 months, these effects were 
more prominent in subjects not receiving pregabalin or gab-
apentin, and significant effects persisted through the entire 
9  months of the DPN 3-1 study. The subjects in the DPN 
3-1b were largely recruited from the latter group, possibly ex-
plaining why significant efficacy was observed in that study. 
However, there is no conclusive evidence of substantial study 
conduct differences between those two CROs.

There was a large number (25) of centers in the study. The 
different results coming from the initial cohort of subjects 
versus the latter one could simply reflect the learning curve 
of the investigators.

Potential effects of variations in drug product quality by 
batch also were investigated, but subsequent analyses re-
vealed that this was unlikely to be a factor in differences be-
tween the DPN 3-1 and DPN 3-1b studies. More than a dozen 
factors were evaluated for possible differences in study con-
duct, randomization, and data management; none revealed 
systemic errors. It is unlikely that the reasons for this discrep-
ancy will be fully resolved. Despite the perplexing inconsis-
tency in efficacy data from this study, the phase I multidose 
open-label study showed dose-related efficacy, and two dou-
ble-blind placebo-controlled studies (phase II and DPN 3-1b) 
have similarly showed efficacy, particularly in subjects not 
receiving concomitant gabapentinoids. This suggests that an-
other study with rigorous pretrial training will be necessary 
to resolve this discrepancy.

One of the most clinically important findings in both 
the DPN 3-1b and the phase II study is that VM202 was 
more effective in subjects not taking pregabalin or gab-
apentin, two of the most frequently prescribed medicines 
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in the United States. In both the phase II and III studies, 
about 50% of study subjects did not take these medicines 
during the study period. Medical histories in this phase 
III study documented that 72% of subjects in both the pla-
cebo and VM202-treated groups had previously tried ga-
bapentinoids, but 22% had discontinued their use prior to 
enrollment in this study either because of lack of efficacy 
or side effects. The remaining 50% constituted the +gab-
apentinoid cohort in both treatment arms that was required 
per the stratification strategy. Thus, efficacy of VM202 for 
patients who discontinued use of gabapentinoids would 
provide a therapeutic option for a large group of patients 
with painful DPN who have limited treatment options.

Another interesting finding from DPN 3-1b and the 
phase II study is the long-term analgesic effect of VM202. 
In DPN 3-1b, VM202 provided pain reduction for more than 
8 months after the last cycle of treatment. The plasmid is 
rapidly degraded after injection, and local HGF production 
lasts only about 2 weeks.31 Further, serum levels of HGF 
did not change after treatment with VM202, indicating that 
the effects of treatment reflected local effects of HGF. The 
prolonged effects long after disappearance of the plasmid 
suggests that VM202 treatment may change the course of 
disease progression. For example, in animal models, HGF 
produced from intramuscularly injected VM202 interacts 
with the c-Met receptor present on Schwann cells or sen-
sory neurons via ERK or AP-1 signaling pathways, respec-
tively, to promote axon outgrowth.19,43 Current therapies 
are palliative and do not target the mechanisms underlying 
painful DPN. Thus, the availability of a potential therapy 
that changes pain-generating circuits and/or regenerates 
damaged nerves would fundamentally change approaches 
to painful DPN.

To our knowledge, this is the first phase III gene therapy 
study for pain that has ever been done. VM202 treatment did 
not meet efficacy end points in the full DPN 3-1 population, but 
VM202 demonstrated long-term, clinically significant reduc-
tions in pain in the subset of subjects, particularly in subjects 
not on gabapentinoids, prospectively continued with no further 
treatment intervention into the 12-month extension study, DPN 
3-1b. Similar findings were observed in the phase II study. 
Given the excellent safety profile of VM202, the potential for 
disease modifying effects, and the high unmet medical needs 
of the DPN patient population not on gabapentinoids, further 
study is warranted especially in patients not on gabapentinoids.
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