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ABSTRACT

Critical limb ischemia (CLI) due to Buerger’s disease is a major unmet medical need with a high inci-
denceofmorbidity. Thisphase II, prospective, nonrandomized, open-label,multicentric, dose-ranging
study was conducted to assess the efficacy and safety of i.m. injection of adult human bonemarrow-
derived, cultured, pooled, allogeneicmesenchymal stromal cells (BMMSC) in CLI due to Buerger’s dis-
ease. Patients were allocated to three groups: 1 and 2million cells/kg bodyweight (36 patients each)
and standard of care (SOC) (18 patients). BMMSCs were administered as 40–60 injections in the calf
muscle and locally, around the ulcer. Most patients were young (age range, 38–42 years) and ex-
smokers, and all patients had at least one ulcer. Both the primary endpoints—reduction in rest pain
(0.3units permonth [SE, 0.13]) andhealingof ulcers (11%decrease in size permonth [SE, 0.05])—were
significantly better in the group receiving 2million cells/kg bodyweight than in the SOCarm. Improve-
ment in secondary endpoints, such as ankle brachial pressure index (0.03 [SE, 0.01] unit increase per
month) and totalwalking distance (1.03 [SE, 0.02] times higher permonth),were also significant in the
group receiving 2 million cells/kg as compared with the SOC arm. Adverse events reported were re-
motely related or unrelated to BMMSCs. In conclusion, i.m. administration of BMMSC at a dose of
2 million cells/kg showed clinical benefit and may be the best regimen in patients with CLI due to
Buerger’s disease. However, further randomized controlled trials are required to confirm the most
appropriate dose. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1–11

SIGNIFICANCE

Critical limb ischemia (CLI) due toBuerger’sdiseasepresents amajor unmetmedical need. The limited
therapeutic options lead to increased morbidity and mortality. This study showed that use of adult
human bonemarrow-derived, cultured, pooled, allogeneic mesenchymal stromal cells is safe and ef-
ficacious when the cells are injected intramuscularly at a dose of 2 million cells/kg body weight in
patients with CLI. Rest pain and ulcer healing significantly improved in most patients. This regimen
may be a novel therapeutic option for Buerger’s disease.

INTRODUCTION

Thromboangiitis obliterans, also knownasBuerger’s
disease, is a nonatherosclerotic, segmental in-
flammatory disease that most commonly af-
fects the small and medium-sized arteries and
veins in the upper and lower extremities [1].
The disease progresses to critical limb ischemia
(CLI), manifested clinically as rest pain, incurable

ulceration, gangrene, and toe or limb loss. Be-
cause the possibility of vascular bypass is usually
small as a result of diffuse segmental involve-

ment and the distal nature of the disease [2],

the consequence of the disease in the more

advanced stage may be limb amputation, espe-

cially of the lower extremities [3]. Consequently,

there is increasing ongoing research on the use
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of additional interventions for therapeutic angiogenesis, such
as cell-based therapy [4–9], gene therapy [10,11] and immu-
noabsorption therapy [12] in these “no option” patients with CLI.

Our previous report [13] showed that use of adult human
bonemarrow-derived, cultured, pooled, allogeneicmesenchymal
stromal cells (BMMSCs; Stempeucel, Stempeutics Research, Ban-
galore, India, http://www.stempeutics.com ) was safe when in-
jected via the i.m. route at a dose of 2 million cells/kg body
weight in patients with CLI. The probable mechanism of action
of Stempeucel is likely due to a combinatorial effect of anti-
inflammatory and proangiogenic activity governed by paracrine
functionorbydirectly producing thecytokines andgrowth factors
at the site of inflammation and ulcer location.

Most Buerger’s disease patients in India are relatively young
male smokers in families belonging to low socioeconomic strata
[14]; this causes economic morbidity in the family and society
alike. Studies have shown that approximately 0.4million people
in India are affected by CLI due to Buerger’s disease [15], indi-
cating the gravity of the disease in this country. Given the lim-
itation of the current therapies and high rate of amputations
and mortality, the quality of life of these patients is compro-
mised and is likened to that of patients with terminal cancer
[16]. Given the urgent need for an alternative therapy in these
“no-option” patients, we conducted a study to determine the
efficacy and safety of Stempeucel in patients with CLI due to
Buerger’s disease.

MATERIALS AND METHODS

Preclinical Studies

Aseries ofpreclinical safety/toxicological studieswereperformed
in rodents (rat) and nonrodent (rabbit) species; these included
acute, subchronic toxicity, and teratogenicity studies. The cells
were administered both by i.v. and i.m. routes up to a maximum
of 252 3 106 cells/kg body weight. Tumorigenicity studies were
conducted in SCIDmice by using a dose of 103 106 cells/kg body
weight, which were administered by i.m. and s.c. routes. Animals
were observed for 6months, and no signs of tumor development
was seen. Preclinical efficacy was assessed in BALB/c nude mice
(OlaHsd-Fox1nu) aged10–12weeks; after themicewereanesthe-
tized, the left femoral artery was ligated and resected [17]. Stem-
peucel was administered at a dose of 5.0 3 106 cells/kg body
weight intramuscularly in the adductor muscle; five injections to-
talweregiven, each constitutingof10-ml volumewithin2hoursof
arterial ligation (n = 10). Animals receiving sham treatment (n = 3)
were used as control, and animals injected with PlasmaLyte A
(n = 10; Baxter, Deerfield, IL, http://www.baxter.com) served as
vehicle control. Animals were followed up for 28 days.

Study Design

This prospective, nonrandomized, open-label,multicentric, dose-
ranging, phase II study assessed the efficacy and safety of i.m. ad-
ministration of Stempeucel in patients with CLI due to Buerger’s
disease. This study compared patients with lower-extremity CLI
due to Buerger’s receiving i.m. injections of pooled allogeneic
BMMSCs suspended inmultiple electrolyte solutions (PlasmaLyte
A) with patients receiving the standard of care (SOC) alone. After
we obtained informed consent, 90 patients were enrolled in this
dose-finding study into three study groups in a sequential man-
ner: a group receiving 1 million cells/kg body weight (first 36

patients), a group receiving 2 million cells/kg body weight (next
36 patients), and the SOC group (last 18 patients) during a period
of 24months. However, in between, if any consenting patient de-
clined to be enrolled in the stem cell arm, they were enrolled in
the control arm. The study was sponsored by Stempeutics Re-
search. The protocol was approved by Central Drugs Standard
Control Organization (Indian Food and Drug Administration)
and the institutional ethical committees of all 11 participating
hospitals in India. Informed consent was obtained from all the
participating patients before they were included in the phase II
study. An independent data safety monitoring board (DSMB)
was established, which assessed the progress of this study and
reviewed the safety of the clinical data (all serious adverse events
and available adverse event data at the time of scheduled DSMB
meetings) at periodic intervals according to the DSMB charter
specially developed for this study. The study was registered on
the National Institutes of Health and Clinical Trials Registry-
India [CTRI] website (ClinicalTrials.gov identifier: NCT01484574;
CTRI number: CTRI/2011/11/002107).

Inclusion/Exclusion Criteria

Patients with established CLI due to Buerger’s disease who had
not responded to or were not eligible for a revascularization pro-
cedure were included in the study (Table 1). Information on the
total numbers of patients screened, allocated in each arm, fol-
lowed up, and analyzed in the trial is given in Figure 1 (diagram
as per the Consolidated Standards of Reporting Trials flowchart).
The visits were scheduled on day 210 (screening visit), day

Table 1. Inclusion and exclusion criteria for study enrollment

Inclusion criteria Exclusion criteria

Male or female patients (willing to use
accepted methods of contraception
during the study) with Buerger’s
disease as diagnosed by Shionoya
criteria, aged 18–65 yr

Patients with CLI indicated for
major amputation during
screening

Established CLI, clinically and
hemodynamically confirmed as per
Rutherford III-5; patients inRutherford III
6, if gangrene extendingmaximally up to
theheadofmetatarsalbut limitedtotoes

Patients with atherosclerotic
peripheral arterial disease due
to atherosclerosis

Patients having infrapopliteal
occlusive disease with rest pain and
ischemic ulcer/necrosis, who were
not eligible for or had not responded
to traditional revascularization
treatment as per the investigators’
judgment

Patients with diabetes
mellitus (type 1 or type 2)

Ankle brachial pressure index # 0.6
or ankle systolic pressure # 50
mmHg or transcutaneous partial
oxygen # 40mmHg in the foot of the
study limb

Patients with left ventricular
ejection fraction, 35%

Patients with peripheral
neuropathy, history of stroke,
or myocardial infarction

Patients with deep-vein
thrombosis in any limb

Patients contraindicated for
magnetic resonance
angiography

Abbreviation: CLI, critical limb ischemia.
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0 (injectionof Stempeucel), and follow-upvisits onday763days,
month 163days,month 363days, andmonth 667days. All 90
enrolled patients in the two dose groups (1 and 2 million cells/kg
bodyweight) and the SOC groupwill be followed until completion
of the 24-month efficacy and safety endpoints.

Preparation of Stempeucel and Intramuscular Injection

Stempeucel, a pooled, allogeneic BMMSC product, was obtained
from bone marrow aspirates from consenting donors who were
not human leukocyte antigen matched to the recipients. Healthy
bonemarrowdonorswere tested according to 21Codeof Federal
Regulations 1271, U.S. Food and Drug Administration donor
suitability and Indian Council of Medical Research guidance for
healthy bone marrow donor screening. BMMSCs were obtained
from bone marrow samples of healthy donors aged 18–40 years
after they provided informed consent. The protocol was ap-
proved by the institutional ethics committee.

Briefly, 60 ml of bone marrow aspirate was diluted (1:1) with
knockout DMEM (Thermo Fisher Scientific Life Sciences,Waltham,
MA, http://www.thermofisher.com), and was centrifuged at
1,800g for 10 minutes to remove the anticoagulant. Bone mar-
row mononuclear cells (BMMNCs) were isolated by the density
gradient centrifugation (1.077 g/ml) method as described else-
where [17]. BMMSCs were isolated by plastic adherence from
the donor’s BMMNCs and cultured until passage 1. A donormas-
ter cell bank constituted fromMSCs from an individual BM sample
was created and maintained under cryopreserved conditions.
Subsequently, aworking cell bank (WCB)was prepared by com-
bining MSCs from two or more donors and cryopreserved for
manufacturing Stempeucel and further expanding the pooled
WCB for additional passages for manufacturing Stempeucel

(U.S. patent number 8956862, dated February 17, 2015). For
the work described in this article, pooled BMMSCs from three
different individual donorswere cultured, harvested, and char-
acterized at passage 5 and cryopreserved in liquid nitrogen as
the final product [18]. Criteria for Stempeucel specification re-
lease are the same as given in our earlier report [13].

Expanded Stempeucel (100million6 10%/200million6 10%)
were stored in 15 ml of PlasmaLyte A (multiple electrolytes injec-
tion, type1,U.S. Pharmacopeia) containing 5%human serumalbu-
min (Baxter) and 10% dimethyl sulfoxide (Sigma-Aldrich, Irvine,
United Kingdom, https://www.sigmaaldrich.com) in a Cryocyte bag
(MacoPharma, Mouvaux, France, http://www.macopharma.com).
The cryopreserved cells were thawed and resuspended in 35 ml
of PlasmaLyte A, resulting in 50 ml of final cell suspension.
Stempeucel formulation consisted of 2.0 3 106/4.0 3 106 Stem-
peucels per ml and 1.6% human serum albumin with 3.33% di-
methyl sulfoxide in multiple electrolytes injection (PlasmaLyte A)
solution. Stempeucel was administered under epidural/general
anesthesia, and cardiorespiratory monitoring was performed in
all patients. The reconstituted volume of suspension (1 million/
2million/0.5ml/kg bodyweight) was injected intramuscularly into
the gastrocnemiusmuscle of the ischemic lower limb (40–60 sites,
distributed in an area of 10 cm 3 6 cm, 1–1.5 cm deep, and
0.5–1.0 ml of Stempeucel per site) in 3-ml syringes. In addition,
2 ml (4 million cells [for the 1 million/kg dose] or 8 million cells
[for the 2million/kg dose]) of the reconstituted Stempeucel was
also injected intramuscularly around the ulcer (4–6 sites;
0.3–0.5 ml of Stempeucel per site). The patients remained in
the hospital under supervision for at least 24 hours after Stem-
peucel administration. On discharge, patients were given stan-
dard of care for CLI as per the investigator’s discretion. This

Figure 1. Stempeucel treatment ameliorates ischemia-induced limb necrosis and limb salvage in mice. (A): Representative photographs of
sham control (Aa, Ad), vehicle-treated limb ischemia (Ab, Ae), and Stempeucel-treated (Ac, Af) LI on day 7 and day 28 after cell treatment.
Stempeucel treatment significantly improved limb salvage in comparison with vehicle. (Ba, Bb, Bc): Hematoxylin and eosin-stained sections
of adductor muscle show severe necrosis (yellow arrows) and infiltration of inflammatory cells (green arrows), which were markedly reduced
in the Stempeucel-treated animals (Bc). Original magnification,340; scale bars = 50 mm. Abbreviation: LI, limb ischemia.
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included but was not limited to analgesics, antiplatelets, phos-
phodiesterase inhibitors, statins, and wound care. The patients
enrolled into the control armwere given standard of care only as
per investigators’ discretion.

Study Endpoints

Efficacy Evaluation

Primary efficacy measures included relief of rest pain (measured
by visual analog scale (VAS) that ranged from 0 for no pain and 10
for worst pain) and ulcer healing (measured by Visitrak, Smith &
Nephew, London, UK, http://www.smith-nephew.com). Ulcer
healing was assessed by an independent physician and was pho-
tographically documented to avoid bias. Visitrak includes a trac-
ing film (Visitrak grid) for obtaining the outline of the ulcer. The
film placed on a Visitrak portable digital tablet, and the outline
of the ulcer is traced to obtain the ulcer area.

Secondary efficacy endpoints included increase in total
walking distance (only in patients who could walk on a tread-
mill at 3.2 km/h with a 12% incline), increase in ankle brachial
pressure index (ABPI;measured by using laser Doppler imaging),
change in quality of life (QOL; measured by King’s College
VascuQoL questionnaire), and evidence of increased collateral
blood vessel formation by magnetic resonance angiography
(MRA; performed at the time of inclusion and after 6-month
follow-up). All other efficacy endpoints were evaluated at base-
line and at 1-month (visit 4), 3-month (visit 5), and 6-month (visit
6) follow-up visits.

Safety Evaluation

Secondary safetymeasures includedmonitoring and recording of
all adverse events (AEs) and assessment of electrocardiographic
parameters, hematological and biochemical values, regular vital
signs measurements, and physical examination.

Data Collection

All data were recorded on electronic case record forms and ver-
ified by comparison with source documentation by third-party
medicalmonitors. Safety assessmentswereperformedon theba-
sis of frequency of AEs and clinically significant abnormal labora-
tory values.

Statistical Analysis

Sample Size Calculation

Because this was a phase II dose-finding study, its primary pur-
pose was to establish the appropriate efficacious dose of Stem-
peucel. The planned sample sizewas basedon72patients in the
Stempeucel arm (36 patients in each dose group) and 18 pa-
tients in the control arm. This was calculated to detect a
between-group difference in change frombaseline to 6months
of 0.47% in rest pain and 0.39% in ulcer healing (a = 0.05, two-
sided; 80% power). We also factored dropout rate of 10% and
amputation rate of 30%.

Analysis of Data

The SAS software package, version 9.2 (SAS Institute Inc., Cary,
NC, http://www.sas.com), was used for statistical evaluation.
All data arepresentedasmean6 SE. AEs are summarizeddescrip-
tively by total number of AEs for each treatment group by system
organ class. The efficacy parameters were analyzed by using

a generalized estimating equation (GEE) model with longitudinal
analysis and chi-square test as appropriate. A p value,.05 was
considered to indicate a statistically significant difference.

RESULTS

Preclinical Studies

Acute and subchronic toxicity studies showed that the maximum
tolerated dose was $ 126 3 106 cells/kg body weight in rats
and $ 65.33 106 cells/kg body weight in rabbits. Cells were also
found to be nontumorigenic and nonteratogenic in immunocom-
promised (SCID mice) and immunocompetent animals, respec-
tively [19]. The preclinical efficacy study showed that in the
vehicle-injected control group, 9 of 10 animals developed foot
and ankle necrosis by day 3 and more than 70% of these ani-
mals sustained foot, ankle, or limb loss by day 7 (Fig. 1 Ab,
1Ae). Strikingly, 70% (7 of 10) of the animals receiving Stempeucel
did not develop foot necrosis, although a few animals showed
toe necrosis only (Fig. 1 Ac, 1Af; p , .01). No limb necrosis
was observed in sham control animals (n = 3) (Fig. 1Aa, 1Ad). He-
matoxylin and eosin staining of the adductor muscle of one rep-
resentative animal fromeach group is shown (Fig. 1B). Extensive
mononuclear cell infiltration and tissue necrosis were observed
at 28 days in the vehicle-injected animal (Fig. 1Bb). In con-
trast, Stempeucel-treated animals showed significantly fewer
infiltrating cells in the adductor muscle (Fig. 1Bc); no cellular in-
filtration was observed in the muscle section of the sham control
animal (Fig. 1Ba).

Patient Characteristics

The disposition of patients who were enrolled in and completed
the study to 6-months follow-up visit is shown in Figure 2. Demo-
graphic and baseline patient data are listed in Table 2. Most pa-
tients were young (age range, 38–42 years) and ex-smokers, and
all patients had at least one ulcer.

Procedural Safety

No infection, bleeding, or other complications related to the mi-
crobiological condition of the cells were detected in any patient
after administration of Stempeucel. Administration was well
tolerated. No other procedure-related complications, such as
allergic reactions or local swelling, resulted from intramuscular
injection of Stempeucel, suggesting that Stempeucel could be
safely injected in patients with CLI due to Buerger’s disease.

Safety Outcomes

The total number of adverse events, as classified by MedDRA
Primary System Organ Class and Preferred Term system,
recorded in the study was 47 (Table 3). The overall incidence
of AEs did not differ among the three arms, with 19 AEs report-
ed by 13 patients in the 1million cells/kg group, 19 AEs in the 10
patients in the 2million cells/kg group, and 9AEs in 5 patients in
the SOC group. All the AEs experienced in the study in the 1mil-
lion cells/kg group and the SOC group were treatment emer-
gent adverse events (TEAEs). However, in the group receiving
2million cells/kg, one amputation and one instance of debride-
ment occurred in one patient each before Stempeucel admin-
istration. Skin ulcer was the most frequently observed TEAEs in
the 1million cells/kg group (6 events in 5 patients) and the SOC

4 Clinical Study of BMMSCs in Buerger’s Disease
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group (2 events in 2 patients). Gangrene was themost frequent
TEAEs in the 2million cells per group (4 events in 3 patients). All
the TEAEs in the 3 arms of the study were assessed as remotely
related or unrelated to Stempeucel; rather, they were consid-
ered to be related to the underlying condition. One event (pain
at the site of administration) in 1 patient was assessed as prob-
ably related to Stempeucel. This event resolved within 1month
of follow-up.

Two deaths were reported during the study period. One pa-
tient in the 1 million cells/kg group had cardiorespiratory failure
following respiratory tract infection (patient ID: 5009), which
resulted in death after 2 months of Stempeucel administration.
However, the eventwas remotely related or unlikely to be related
to the study drug. One patient in the 2million cells/kg group died
(patient ID: 4013) at homeof unknown cause during the study pe-
riod after 5 months of Stempeucel administration. The patient
had vomiting, diarrhea, progression of gangrene, and significant
swelling of both lower limbs, followed by fever; the patient was
bedridden for 4 days before his death. The event was related not
to the studydrugbut to theprogressionof theunderlying disease.

Twelve other serious adverse events (SAEs) were reported
during the study (Table 4): 6 SAEs in 6 patients in the 1 million
cells/kg group, 5 SAEs in 4 patients in the 2million cells/kg group,
and 1 SAE in 1 patient in the SOC group. All these SAEs reported

during the studywere unrelated or remotely related to Stempeu-
cel and resolvedwith residual effect or completely (urinary reten-
tion and gangrene) during the study period.

In our earlier phase I/II clinical study, immunological profile
and lymphocyte profile were assessed at different time points
in both the cell and placebo groups. These analyses revealed
similar results in both groups, suggesting that the administered
allogeneic cells did not adversely alter the immunological and
lymphocytic profile [13].

Efficacy Outcomes

All analyseswerebasedon themodified intention-to-treat (MITT)
principle (data from patients who had at least one postbaseline
efficacy assessment). The studywas statistically powered to dem-
onstrate efficacy in the Stempeucel group.

Rest Pain

The 1 million cells/kg group had a 0.23 (SE, 0.13)-unit reduction in
rest pain per month (p = .0815; 95% confidence interval,20.48 to
0.03) as compared with the SOC group. However, the 2 million
cells/kg group had a 0.3 (SE, 0.13)-unit reduction in rest pain per
month compared with the SOC group (p = .0193; 95% CI, 20.55
to20.05) (Fig. 3A).

Figure 2. Total number of patients screened, allocated in each arm, followed up, and analyzed in the trial. Diagram as per the Consolidated
Standards for Reporting Trials (CONSORT) flowchart. MITT population refers to all patients who received Stempeucel and had at least one rest-
pain assessment at visit 4. PP population refers to patients who had both the baseline and visit 6 rest-pain assessments, with nomajor protocol
deviation. Abbreviations: MITT, modified intention-to-treat; PP per protocol; SOC, standard of care.
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Ulcer Healing

The 1 million cells/kg group had a 2% (SE, 0.06%) decrease in ulcer
sizepermonth (p= .6967;95%CI,0.87–1.10) comparedwith theSOC
group. The 2million cells/kg grouphad an11% (SE, 0.05) decrease in
ulcer size per month (p = .0253; 95% CI, 0.80–0.99) (Fig. 3B).

Ankle Brachial Pressure Index

The 1 million cells/kg dose group had a 0.02 (SE, 0.01)-unit in-
crease in the ABPI permonthwhen comparedwith the SOC group
(p = .1329; 95% CI,20.01 to 0.05). Themaximum benefit was ob-
served in the 2 million cells/kg group, which showed a 0.03 (SE,
0.01)-unit increase in ABPI per month compared with the SOC
group (p = .0132; 95% CI, 0.01–0.06) (Fig. 3C). A mean increase
in ABPI at 6-month follow-up was seen in the cell groups com-
pared with the SOC group (Fig. 3D).

Total Walking Distance

The 1 million cells/kg group had a 1.03 (SE, 0.01) times higher
total walking distance permonthwhen comparedwith the SOC
group (p = .0231; 95% CI, 1–1.06). The 2 million cells/kg group
had a 1.03 (SE, 0.02) times higher total walking distance per
month compared with the SOC group (p = .0577; 95% CI,
121.07) (Fig. 3E).

Quality of Life

Comparedwith the SOC group, the 1million cells/kg grouphad an
increase in the QOL activity score of 0.16 (SE, 0.06) units per
month (p = .0144; 95% CI, 0.03–0.28), an increase in QOL symp-
tom domain of 0.18 (SE, 0.07) units per month (p = .0092; 95%
CI, 0.05–0.32), and an increase in QOL pain domain scores of
0.18 (SE, 0.06) units permonth (p = .0027; 95% CI, 0.06–0.3). Sim-
ilarly, compared with the SOC group, the 2 million cells/kg group
had an increase in theQOL activity domain score of 0.12 (SE, 0.07)
units per month (p = .0529; 95% CI, 0–0.25), an increase in QOL
symptom domain score of 0.15 (SE, 0.07) units per month

(p = .0329; 95% CI, 0.01–0.3), and an increase in QOL pain scores
of 0.13 (SE, 0.06) units permonth (p = .0422; 95%CI, 0–0.25). How-
ever, QOL emotional domain, social domain, and total scores
were not statistically significant in the cell groups.

MRA Analysis

No significant differencewasobserved in thenumber of collateral
vessels between the cell-treated groups and the SOC group
(p = .6524) at 6-months follow-up. However, more patients in the
2 million cells/kg group showed increased number of collateral
vessels (45%) at 6-month follow-up compared with the SOC
group(33.33%)or the1millioncells/kggroup (31.58%).This finding
suggests thatStempeuceladministrationatthehighercelldosewas
capable of inducing collateral formation through proangiogenic
activity (Fig. 4).

Total Amputation and Amputation-Free Survival

Overall, 12 patients underwent amputations during the study
period. Five patients (13.89%) were from the 1 million cells/kg
group, 4 patients (11.114%) were from the 2 million cells/kg
group, and 3 patients (16.67%) were from the SOC group.
Amputation-free survival at 6-month follow-up was 85.29%,
88.57%, and 82.35% in the 1 million cells/kg, 2 million cells/kg,
and SOC groups, respectively. Hazard ratios were 0.85
(p = .8268) for the 1 million cells/kg versus the SOC group
0.64 (p = .5644) for the 2 million cells/kg versus the SOC group.

DISCUSSION

To our knowledge, this is the largest prospective, dose-finding
phase II study assessing the efficacy and safety of intramuscular
administration of allogeneic human bone marrow-derived MSC
population (Stempeucel) in critical limb ischemia due toBuerger’s
disease. Stempeucel injected intramuscularly in the gastrocne-
mius muscle and locally around the nonhealing ulcer resulted

Table 2. Demographic and baseline disease characteristics

Characteristic 1 million cells/kg (n = 36) 2 million cells/kg (n = 36) SOC (n = 18)

Mean age, yr
(minimum–maximum)

38.64 (18–62) 42.17 (23–60) 39.06 (28–49)

Male:female ratio 36:0 36:0 18:0

Mean weight6 SD (kg) 55.956 10.17 59.276 10.29 55.946 8.8

Rutherford classification

Grade III class 5 34 31 14

Grade III class 6 2 5 4

Smoking status

Current smoker 4 1 1

Ex-smoker 30 34 16

Ex-smoker and ex-tobacco
chewer

2 1 1

Mean rest pain score (on VAS) 6.84 7.03 6.66

Mean ABPI 0.53 0.45 0.66

Mean ulcer area (cm2) 6.42 4.09 1.78

Mean total walking time (km) 0.35 0.24 0.47

Mean total QOL score 0.51 0.45 0.62

Abbreviations: ABPI, ankle-brachial pressure index; QOL, quality of life; SOC, standard of care; VAS, visual analog scale.
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in significant reduction of rest pain and healing of ulcers in an
accelerated fashion in the2million cells/kg treatment group com-
pared with the SOC group.

The probable mechanism of action of Stempeucel in CLI is
through secretion of growth factors, chemokines, and cytokines
that are known for their angiogenesis, anti-inflammatory, and im-
munomodulatory functions [20]. Stempeucel secretes angiogenic
cytokines, such as vascular endothelial growth factor (VEGF), in-
terleukin (IL)-6, IL-8, angiopoietin-1, hepatocyte growth factor
(HGF), keratinocyte growth factor, and insulin-like growth
factor-1, and they are proven to be potently angiogenic [21].
Among all the factors secreted, VEGF has a unique feature com-
pared with other growth factors in the regulation of new blood
vessel formation with high degree of specificity for endothelial
cells. VEGF treatment of cultured endothelial cells promotes cell
survival, proliferation, migration, calcium influx, and branching
morphogenesis [22]. The major immunomodulatory cytokines
include prostaglandin 2, transforming growth factor-b1, HGF,
stromal cell-derived factor-1, nitrous oxide, indoleamine 2,3-
dioxygenase, IL-4, IL-6, IL-10, IL-1 receptor antagonist, and sol-
uble tumor necrosis factor-a receptor. These important factors
play a key role in angiogenesis and act via the paracrine pathway
[23,24]. These properties of Stempeucel are believed to be im-
portant to reinitiate blood flow by means of angiogenesis and
arteriogenesis, therefore providing a rationale of therapeutic
benefit in the treatment of Buerger’s disease.

In this study we had used BALB/c nude mice (OlaHsd-
Fox1nu) as an efficacy model for CLI. Both immunocompetent
and immune-compromised strains of mice have been used to
determine the proangiogenic properties of various cell popula-
tions [17,25,26]. Because noanimalmodel specific for Buerger’s
disease is available, we chose to determine the preclinical effi-
cacy of Stempeucel in a hind limb ischemia model induced by re-
section of the femoral artery in BALB/c nude mice [17]. In this
report, we show that intramuscular administration of Stempeucel
around the adductor muscle following femoral artery resection
prevented foot necrosis and, in some cases, salvaged the limb.

The assessment of pain is challenging because it is a multi-
faceted expression of affective, cognitive, physical, sensory,
behavioral, social-cultural, and subjective feelings. Despite this

diversity, the VAS pain scale is widely used in the literature and
clinical practice. TheVAS scale has a good validity and reliability
[27] and is a simple and frequently used method to evaluate
variations in pain intensity [28]. Cell-based therapy trials
[29–33] in general have reported high levels of pain relief.
The Randomized-Start, Placebo-Controlled Pilot Trial (PROVASA)
evaluated 40 patients with CLI due to peripheral arterial disease
(PAD) (n = 32) or Buerger’s disease (n = 8). Thatmulticenter, phase
II, double-blind study randomly assigned patients to receive intra-
arterial administration of BMMNCs or placebo. Cell therapy con-
ferred a statistically significant advantage in terms of improved
ulcer healing and reduced rest pain [34]. In our trial, we could
see statistically significant reduction in rateof change inpain scores
in patients exposed to 2million cells/kg as comparedwith patients
receiving SOC.

Ulcer healing is recommended as one of the important pri-
mary endpoints for clinical trials in patientswith CLI at Fontaine
stage IV [35]. Ulcer healing properties of BMMSCs were dem-
onstrated by Dash et al. [36]. That study assessed the efficacy
and feasibility of autologous BMMSCs in the treatment of
chronic nonhealing ulcers (diabetic foot ulcers and ulcers in
Buerger’s disease) of the lower extremities (n = 24). The cell
group showed significant improvement in reduction in ulcer
size compared with the control group at 12-week follow-up.
Lu et al. compared autologous bone marrow mesenchymal
stem cells with bone marrow-derived mononuclear cells for
treatment of diabetic critical limb ischemia and foot ulcer
[37]. The ulcer healing rate of the BMMSC group was signifi-
cantly higher than that of BMMNCs at 6 weeks after injection
and reached 100% 4 weeks earlier than in the BMMNC group.
Similarly, our phase II, dose-finding study showed a statistically
significant rate of ulcer healing (11% versus 2%) in the group
receiving 2 million cells/kg compared with the group receiving
SOC.We had also injected Stempeucel locally around the ulcer,
which may have promoted ulcer healing through differ-
entiation and angiogenesis [38,39].

There is an ongoing debate as towhether ABPI is a useful pre-
dictor for evaluating the long-term efficiency of angiogenic ther-
apyusing stemcells. In a pooled analysis, Lawall et al. showed that
autologous cell therapy can induce an increase in ABPI values of

Table 3. Summary of adverse events, including common adverse events, in each group

System organ class (common AEs) 1 million cells/kg (n = 36) 2 million cells/kg (n = 36) SOC (n = 18)

Any AE 19 (13) 19 (10) 9 (5)

Cardiac disorders (cardiopulmonary failure) 1 (1) 0 0

Gastrointestinal disorders (nausea, vomiting) 0 1 (1) 1 (1)

General disorders and administration site conditions (ischemic ulcer, pain,
pyrexia, death)

3 (3) 3 (3) 2 (1)

Infections and infestations (cellulitis, cellulitis gangrenous, gangrene,
infestation, joint abscess, localized infection, respiratory tract infection, urinary
tract infection, wound infection)

7 (6) 8 (7) 0

Metabolism and nutrition disorders (dyslipidemia) 0 1 (1) 0

Nervous system disorders (headache) 0 0 1 (1)

Renal and urinary disorders (urinary retention) 1 (1) 0 0

Skin and subcutaneous tissue disorders (skin ulcer) 6 (5) 3 (3) 2 (2)

Surgical and medical procedures (amputation, debridement, toe amputation) 0 3 (1) 1 (1)

Vascular disorders (hypertension, deep-vein thrombosis) 1 (1) 0 2 (2)

Values are expressed as number of events (number of patients).
Abbreviations: AE, adverse event; SOC, standard of care.
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0.1–0.2 points [40]. Anothermeta-analysis revealed that ABPI im-
proved from 0.466 0.04 before cell therapy to 0.636 0.04 after
therapy (p = .011); in controlled trials of cell therapies, ABPI
improved by 0.115 6 0.060 (p = .054) [5]. In contrast, in the
PROVASA trial, there were no significant differences in ABPI be-
tween the BMMNC and placebo groups [34], and the authors
commented that changes in ABPI values did not correlate well
with clinical endpoints, such as ulcer healing and limb salvage.
However, Idei et al. showed that in Buerger’s disease, ABPI was
significantly increased after 1 month of BMMNC implantation
and remained high during the 3-year follow-up [4]. Similarly,
our current study conducted in Buerger’s disease patients dem-
onstrated a mean increase in ABPI of 0.15 points at 6-month
follow-up in the 2 million cells/kg group, which is clinically bene-
ficial to these patients. Hence, ABPI may be an important indirect
indicator for evidence of angiogenesis, ulcer healing, and im-
provement in rest pain, at least in Buerger’s disease patients, be-
cause these patients have few cardiovascular risk factors and
improvement in perfusion parameters may be maintained.

InpatientswithCLIduetoatherosclerosis, the limbsalvageout-
come can be dismal [41]. However, this is not always true in the
caseofBuerger’s disease. The risks for amputation inBuerger’s dis-
ease are 25%, 38%, and 46% at 5-, 10-, and 20-year follow-up [42].
It is highly correlated with continued smoking and may reach up
to 55% [43] in smokers. In one study, the 4-year amputation-free
rates after BMMNC implantation were 48% in PAD patients and
95% in Buerger’s disease patients and 0% in control PAD patients
and 6% in control Buerger’s disease patients [4]. In the current
study, at 6-month follow-up the amputation-free survival rates
for the 1 million cells/kg, 2 million cells/kg, and SOC group were
85.29%, 88.57%, and 82.35%, respectively. Amputation-free sur-
vival did not differ among the three groups at 6-month follow-up.

We conducted MRA after 6 months of Stempeucel adminis-
tration to demonstrate new visible collateral vessels as evidence
of improved blood flow. Lu et al. showed significantly increased
collateral vessels (increased scores . 2) in the BMMSC group
(p = .008) in diabetic CLI patients at 24-week follow-up [36].
The PROVASA trial revealed no significant differences in angio-
graphically visible collateral vessels in the first 10 patients in the
cell group [34]. Increased collateral vessels were seen in all 3
groups, and, importantly, best results (45%) were seen in the
2 million cells/kg group, although the difference did not show
statistical significance. This may be due to underfilling of small
collateral vessels or some collateral vessels being too small for
identification byMRA as a result of the limited spatial resolution
of magnetic resonance imaging [44].

Tumorigenesis, acute infusional toxicity, and infection are
some concerns with use of stem cells. In a systematic review
andmeta-analysis, Lalu et al. evaluated the safety data of differ-
ent clinical trials using mesenchymal stem cells (MSCs) by intra-
vascular delivery of MSCs in adult or mixed adult and pediatric
population [45]. A total of 1,012participantswith various clinical
conditions were included. There was a significant association
betweenMSCs and transient fever that was not associated with
long-term sequelae. Importantly, the pooled analysis found no
association betweenMSCs and tumor formation. In our study, a
total of 47 AEs were reported in 28 patients in all dose groups.
These AEs were assessed as remotely related or unrelated to
Stempeucel; rather, they were assessed as related to the under-
lying disease. One event (pain at the site of Stempeucel admin-
istration) was assessed as probably related to Stempeucel andTa
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resolved within 1 month of follow-up. Two deaths were reported
during the study period and were remotely related, unlikely
to be related, or unrelated to Stempeucel, as determined by
the investigators.

This study used the GEE method for statistical evaluation of
the data. This powerful technique has been used in longitudinal
studies with repeated measurements, as seen in our study [46].
This method uses the correlation structure of outcomes as cova-
riate and corrects for the dependence/correlation in the outcome
measures. Advantages of this method are that it handles (a) the
unbalanced time period/interval and the variability in the base-
line as seen in our data, (b) repeated post-outcome measures,
and (c) missing data [46].

This study did have some limitations. It was a nonrandom-
ized, open-label study that may have been subject to potential
bias in patient selection. Patients in the cell group had lower
ABPI values and larger ulcers because investigators might have
been biased to select more severe patients in the cell group. De-
spite this, patients recruited into the 2million/kg group showed
statistically significant improvement in both the primary end-
points and most secondary endpoints. Secondly, most patients
in the trial were ex-smokers, but urine cotininewas not tested to
confirm their smoking status during the study. Nevertheless, the
clinical study results presented here scientifically and clinically jus-
tifies theuseofallogeneicBMMCSpopulationobtained fromhealthy
donors as a viable therapeutic option for Buerger’s disease patients.

Figure 3. Assessment of clinical efficacy parameters at various time points. (A): Rest pain assessment: mean change from baseline with SE
shown as error bars (modified intention-to-treat [MITT] population). Compared with the SOC group, the 1 million cells/kg group had a 0.23
(SE, 0.13)-unit reduction in rest pain per month (p = .0815; 95% confidence interval [CI], 20.48 to 0.03); the 2 million cells/kg group had a
0.3 (SE, 0.13)-unit reduction in rest pain per month compared with the SOC group (p = .0193; 95% CI,20.55 to20.05). (B): Ulcer area: mean
change frombaseline, with SE shown as error bars (MITT population). Comparedwith the SOCgroup, the group receiving 1million cells/kg had a
2% (SE, 0.06%) decrease in ulcer size per month (p = .6967; 95% CI, 0.87–1.10); the group receiving 2 million cells/kg had an 11% (SE, 0.05%)
decrease in ulcer size per month (p = .0253; 95% CI, 0.80–0.99). (C): ABPI: Mean change from baseline, with SE shown as error bars (MITT pop-
ulation). Comparedwith the SOC group, the 1million cells/kg group had a 0.02 (SE, 0.01)-unit increase in the ABPI permonth (p = .1329; 95%CI,
20.01 to 0.05); the 2 million cells/kg group had a 0.03 (SE, 0.01)-unit increase per month compared with the SOC group (p = .0132; 95% CI,
0.01–0.06). (D): ABPI: Mean change from baseline. The group receiving 1 million cells/kg and the group receiving 2 million cells/kg had a
0.14 and 0.15 increase in ABIP at 6-month follow-up comparedwith a decrease of 0.01 in the SOC arm. (E): Total waking distance:Mean change
from baseline, with SE shown as error bars (MITT population). Compared with the SOC group, the 1 million cells/kg group had a 1.03 (SE, 0.01)
times greater total walking distance per month (p = .0231; 95% CI, 1–1.06); the 2million cells/kg group had a 1.03 (SE, 0.02) times greater total
walking distance per month (p = .0577; 95% CI, 1–1.07). Abbreviations: ABPI, ankle brachial pressure index; 1M/kg, 1 million cells/kg body
weight; 2M/kg, 2 million cells/kg body weight; SOC, standard of care.
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CONCLUSION

This phase II, open-label nonrandomized study demonstrated
the possible effects of Stempeucel in CLI due to Buerger’s dis-
ease. The patients in the 2million cells/kg group showed clinical
benefit in both the primary endpoints (rest pain relief and ulcer
healing) and most secondary endpoints (improvement in total
walking distance, ankle brachial pressure index, and quality of
life). Hence, it is suggested that in this pathfinder study, a Stem-
peucel dose of 2 million cells/kg body weight may be the best
dose in patients with critical limb ischemia due to Buerger’s dis-
ease, but further randomized controlled trials are required to
confirm the exact dose. The next phase of the study is planned
for a larger patient population to confirm both the efficacy and
safety of Stempeucel.
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cell therapy: A promising and prospective ap-
proach in the treatment of patients with severe
Buerger’s disease. Clin Appl Thromb Hemost
2009;15:552–560.
10 IsnerJM,Baumgartner I,RauhGetal.Treat-

ment of thromboangiitis obliterans (Buerger’s dis-
ease) by intramuscular gene transfer of vascular
endothelial growth factor: Preliminary clinical re-
sults. J Vasc Surg 1998;28:964–973; discussion
73–75.
11 Kim HJ, Jang SY, Park J-I et al. Vascular

endothelial growth factor-induced angiogenic
gene therapy in patients with peripheral artery
disease. Exp Mol Med 2004;36:336–344.

Figure 4. Magnetic resonance angiograms (left: baseline; right: 6 month) of one patient (ID number 08016) in the group receiving 2 million
cells/kgbodyweight. Angiograms showoverall increase in thevascularity of theaffected limb, includingdevelopmentofnewposterior collateral
at 6-month follow-up after Stempeucel administration.

10 Clinical Study of BMMSCs in Buerger’s Disease

©AlphaMed Press 2016 STEM CELLS TRANSLATIONAL MEDICINE

 by PA
W

A
N

 G
U

PT
A

 on O
ctober 10, 2016

http://stem
cellstm

.alpham
edpress.org/

D
ow

nloaded from
 

Published Ahead of Print on October 5, 2016 as 10.5966/sctm.2016-0237. 

mailto:Mark.Morgan@bopdhb.govt.nz
http://stemcellstm.alphamedpress.org/


12 Baumann G, Stangl V, Klein-Weigel P
et al. Successful treatment of thromboangiitis
obliterans (Buerger’s disease) with immunoad-
sorption: Results of a pilot study. Clin Res Car-
diol 2011;100:683–690.

13 Gupta PK, Chullikana A, Parakh R et al. A
double blind randomized placebo controlled
phase I/II studyassessing the safety andefficacy
of allogeneic bone marrow derived mesenchy-
mal stem cell in critical limb ischemia. J Transl
Med 2013;11:143.
14 Mills JL, Taylor LM Jr, Porter JM. Buerger’s

disease in the modern era. Am J Surg 1987;
154:123–129.
15 Yost ML. Peripheral Arterial Disease,

Thromboangiitis Obliterans and Critical Limb
Ischemia—Epidemiology &Markets. Beaufort,
SC: The SAGE Group, 2009.
16 Sprengers RW, Lips DJ, Moll FL et al. Pro-

genitor cell therapy in patientswith critical limb
ischemia without surgical options. Ann Surg
2008;247:411–420.
17 Kim SW, Han H, Chae GT et al. Successful

stem cell therapy using umbilical cord blood-
derivedmultipotent stemcells forBuerger’sdis-
ease and ischemic limb disease animal model.
STEM CELLS 2006;24:1620–1626.

18 PalR,HanwateM,ToteySM.Effectofhold-
ingtime, temperatureanddifferentparenteralso-
lutions on viability and functionality of adult bone
marrow-derived mesenchymal stem cells before
transplantation. J Tissue Eng Regen Med 2008;
2:436–444.
19 Rengasamy M, Gupta PK, Kolkundkar U

et al. Preclinical safety and toxicity evaluation
of a pooled, allogeneic humanbonemarrowde-
rivedmesenchymal stromal cell product (Stem-
peucel). Indian J Med Res. (in press).
20 Ranganath SH, Levy O, InamdarMS et al.

Harnessing the mesenchymal stem cell secre-
tome for the treatment of cardiovascular dis-
ease. Cell Stem Cell 2012;10:244–258.
21 Kinnaird T, Stabile E, Burnett MS et al.

Marrow-derived stromal cells express genes
encoding a broad spectrum of arteriogenic cy-
tokines and promote in vitro and in vivo arterio-
genesis through paracrine mechanisms. Circ
Res 2004;94:678–685.

22 Ferrara N, Davis-Smyth T. The biology of
vascular endothelial growth factor. Endocr Rev
1997;18:4–25.
23 Chen L, Tredget EE,WuPYGet al. Paracrine

factors of mesenchymal stem cells recruit macro-
phages and endothelial lineage cells and enhance
wound healing. PLoS One 2008;3:e1886.

24 Hocking AM, Gibran NS. Mesenchymal
stem cells: Paracrine signaling and differentia-
tion during cutaneous wound repair. Exp Cell
Res 2010;316:2213–2219.

25 Kinnaird T, Stabile E, Burnett MS et al.
Local delivery of marrow-derived stromal
cells augments collateral perfusion through
paracrine mechanisms. Circulation 2004;
109:1543–1549.
26 Katare R, Stroemer P, Hicks C et al.

Clinical-gradehumanneural stemcells promote
reparative neovascularization in mousemodels
of hindlimb ischemia. Arterioscler Thromb Vasc
Biol 2014;34:408–418.

27 Brokelman RBG, Haverkamp D, van Loon
C et al. The validation of the visual analogue
scale for patient satisfaction after total hip
arthroplasty. Eur Orthop Traumatol 2012;3:
101–105.
28 Chapman CR, Casey KL, Dubner R et al.

Pain measurement: An overview. Pain 1985;
22:1–31.
29 Tateishi-YuyamaE,MatsubaraH,Murohara

T et al. Therapeutic angiogenesis for patients
with limb ischaemia by autologous transplan-
tation of bone-marrow cells: A pilot study and
a randomised controlled trial. Lancet 2002;
360:427–435.
30 Esato K, HamanoK, Li T-S et al. Neovascu-

larization induced by autologous bone marrow
cell implantation in peripheral arterial disease.
Cell Transplant 2002;11:747–752.
31 MiyamotoM,YasutakeM,TakanoHetal.

Therapeutic angiogenesis by autologous bone
marrow cell implantation for refractory chronic
peripheral arterial disease using assessment of
neovascularization by 99mTc-tetrofosmin (TF)
perfusion scintigraphy. Cell Transplant 2004;
13:429–437.
32 SaigawaT, KatoK,Ozawa Tet al. Clinical ap-

plication of bone marrow implantation in patients
witharteriosclerosisobliterans,andtheassociation
between efficacy and the number of implanted
bone marrow cells. Circ J 2004;68:1189–1193.
33 Iafrati MD, Hallett JW, Geils G et al. Early

results and lessons learned from a multicenter,
randomized, double-blind trial of bonemarrow
aspirate concentrate in critical limb ischemia.
J Vasc Surg 2011;54:1650–1658.
34 Walter DH, Krankenberg H, Balzer JO

et al. Intraarterial administration of bone mar-
row mononuclear cells in patients with critical
limb ischemia: A randomized-start, placebo-
controlledpilot trial (PROVASA). CircCardiovasc
Interv 2011;4:26–37.

35 Labs KH, Dormandy JA, Jaeger KA et al.
Trans-atlantic conference on clinical trial guide-
lines in PAOD (Peripheral arterial occlusive dis-
ease) clinical trial methodology. Eur J Vasc
Endovasc Surg 1999;18:253–265.
36 DashNR,DashSN,RoutrayPetal. Target-

ing nonhealing ulcers of lower extremity in hu-
man through autologous bonemarrow-derived
mesenchymalstemcells.RejuvenationRes2009;
12:359–366.
37 Lu D, Chen B, Liang Z et al. Comparison of

bone marrow mesenchymal stem cells with
bone marrow-derived mononuclear cells for
treatment of diabetic critical limb ischemia
and foot ulcer: A double-blind, randomized,
controlled trial. Diabetes Res Clin Pract 2011;
92:26–36.
38 Wu Y, Chen L, Scott PG et al. Mesenchy-

mal stem cells enhance wound healing through
differentiation and angiogenesis. STEM CELLS
2007;25:2648–2659.
39 Fu X, Fang L, Li X et al. Enhanced

wound-healing quality with bone marrow
mesenchymal stem cells autografting after
skin injury. Wound Repair Regen 2006;14:
325–335.
40 Lawall H, Bramlage P, AmannB. Stem cell

and progenitor cell therapy in peripheral artery
disease. A critical appraisal. Thromb Haemost
2010;103:696–709.
41 Norgren L, Hiatt WR, Dormandy JA et al.

Inter-SocietyConsensus for theManagementof
Peripheral Arterial Disease (TASC II). J Vasc Surg
2007;45(suppl S):S5–S67.
42 Cooper LT, Tse TS, Mikhail MA et al.

Long-term survival and amputation risk
in thromboangiitis obliterans (Buerger’s
disease). J Am Coll Cardiol 2004;44:
2410–2411.
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