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Venous leg ulcers are a prevalent nonhealing wound of 
the lower extremity. Although topically applied growth 
factors successfully improve wound repair in animal 
studies, similar studies on humans with venous leg ulcers 
have not been successful. This study was designed to 
evaluate the acute safety and biologic feasibility of peri-
ulcer injection of a replication-incompetent adenoviral 
construct expressing platelet-derived growth factor-β 
(PDGF-β). In this phase I study, we demonstrate the ini-
tial safety, feasibility, and biologic plausibility of using 
H5.020CMV.PDGF-β to treat venous leg ulcer disease.

Received 22 May 2009; accepted 25 June 2009; published online  
28 July 2009. doi:10.1038/mt.2009.169

IntroductIon
Chronic wounds have become a major health concern for the 
United States and abroad. In the United States alone, chronic 
wounds cost the health-care system ~$9.7 billion annually.1,2 A 
large portion of these wounds are localized to the lower extremi-
ties, where their prevalence has been estimated at 0.2–2% of the 
adult population.3,4 Multiple etiologies have been implicated as a 
cause for lower extremity wounds, including venous disease, arte-
rial insufficiency, and insensate neuropathy.4,5 Venous disease, 
being the most common cause, is estimated to be responsible 
for 40–70% of chronic lower extremity wounds. Furthermore, it 
is believed that between 500,000 and 2 million Americans suffer 
from venous leg ulcer disease.3,5

Successful treatment of venous leg ulcer disease has been diffi-
cult to achieve. Lower limb compression has been the standard of 
care for these patients, but unfortunately, is too often unsuccessful. 
Additionally, to achieve optimal results, this technique requires a 
prolonged 24-week treatment period, and even then only achieves 
success rates between 30 and 70% (refs. 6–8).

Due to the suboptimal results obtained from leg compression 
therapy alone, alternative methods to treat nonhealing venous 
leg ulcer disease have been explored. One promising alternative 
is the administration of growth factors to the wound site, which 
are known to be important for wound healing. One particular 
growth factor of interest in treating chronic nonhealing wounds 

is platelet-derived growth factor (PDGF). This protein is normally 
deposited into tissue in large quantities by degranulating platelets 
shortly after injury, where it is known to assist in wound repair.9,10 
PDGF is also normally secreted by several other cell lines active 
in wound repair, such as macrophages, endothelial cells, fibro-
blasts, and keratinocytes.11 When supplemented onto wounds in 
various animal models, PDGF has been shown to increase the 
rate at which wounds heal.10,12–14 PDGF administration has also 
been used in humans and approved by the US Food and Drug 
Administration (FDA) to treat diabetic foot ulcers.15 Additionally, 
trials using PDGF to treat venous leg ulcers have resulted in FDA 
approval.

Previous studies have attempted to treat venous leg ulcer dis-
ease by using various topically administered growth factors includ-
ing PDGF, acidic fibroblast growth factor, basic fibroblast growth 
factor, insulin-like growth factor, epidermal growth factor, kerati-
nocyte growth factor, transforming-α, and transforming growth 
factor-β. Many of these studies, however, have gone unpublished 
due to lack of efficacy.16 The reasons for failed efficacy of these 
novel pharmaceuticals are not clear but may be due to problems 
in growth factor penetration into the wound. Without adequate 
penetration, these growth factors may not reach their target cells 
and consequently fail to initiate the wound healing process. In 
addition, the application of growth factors is often daily, which 
interrupts the use of standard limb compression therapy.

Recently, the use of gene transfer to introduce PDGF into animal 
wounds has been shown to be superior to topical application.17–20 
It is our contention that the use of cytokine growth factors should 
augment the healing of chronic wounds and that topical appli-
cation is an ineffective method of application. This study was 
designed to evaluate the acute safety and biologic feasibility of 
peri-ulcer injection of a replication-incompetent adenoviral con-
struct expressing PDGF-β under the control of the cytomegalo-
virus (CMV) promoter and early enhancer.

results
General
We discussed the study with 247 subjects to determine their inter-
est and obtained consent from 26 subjects, who were formally 
screened. During this process, 11 were found to be ineligible for the 
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following reasons: four had wounds smaller than 5 cm2, two were 
seropositive for hepatitis C, one did not complete all screening tests, 
one subject had an erythrocyte sedimentation rate > 60; one subject 
had hemoglobin <10, one subject had a hemoglobin <10 and an 
erythrocyte sedimentation rate >60, and 1 individual had a posi-
tive antinuclear antibody. The average age of the participants was 
46.4 years (SD 6.9) with a median age of 48 years. Of the 15 sub-
jects, 11 (73 %) were male and 9 (60%) were Caucasian. The average 
weight was 126.2 kg (SD 59.8) and the median weight was 115 kg. 
Twelve subjects (80%) had more than one wound and 10 (67%) had 
a history of previous wounds. At screening, the average wound was 
24.4 cm2 (SD 21.5) and the median wound size was 19.5 cm2. Mean 
wound size for each dose-group is described in Table 1 and for 
each participant in Table 2. The average wound duration was 24.9 
months (SD 31.5) and the median wound duration was 12 months. 
Twelve subjects had additional wounds that were usually smaller 
and of shorter duration.

Wound response
In general, the injection was well tolerated and the subjects 
showed improvement in their wounds over the 28 days of the 
primary study. No subjects reported pain from the injection. No 
signs of local wound infection, wound erythema, or cellulitis were 
observed as a consequence of the injection. Wound improvement 

was noted by several parameters during the first 28 days of the 
study. Wound pain was noted by 13 of 15 subjects at baseline. By 
day 28 no one reported an increase in pain; by week 28, only 3 
of 15 still reported pain and two of these subjects noticed much 
less pain. For all subjects, granulation tissue increased during the 
study period. Granulation tissue was often exuberant, it often filled 
the wound (i.e., was not just present in the site of injection), and, 
between days 7 and 14, for those in dose-group 1–3, the wounds 
often superficially bled during dressing changes. All biopsy sites 
healed without complication.

A decrease in wound size between baseline and day 28 was 
noted in 14 of 15 subjects (93%). The overall mean and median 
percentage changes between baseline and day 28 were 45.2% (SD 
36.2) and 41.3% (25%, 75%:20.0%, 83.7%), respectively, and the 
mean and median log healing rates were 0.048 (SD 0.065) and 
0.019 (25%, 75%:0.008, 0.065), respectively (Tables 1 and 2). No 
statistically significant dose by “wound size change” effect was 
noted (percentage change, P = 0.1047 and log healing rate, P = 
0.1235, respectively). By day 28 two subjects healed and at the end 
of 24 weeks of follow-up seven more subjects (47%) were found 
to have healed. Many subjects had more than one wound (12 of 
15, 80%). Only the target wound was treated (largest and oldest 
eligible wound). For four of these multiwound subjects, a total of 
seven nontarget wounds healed.

table 1 Averaged by dose group

dose N N healed 6 months Initial wound size end wound sizea Percentage change area log healing rate

1 3 3 17.6 (6.0) 5.4 (2.8) 53.2 (24.3) 0.07 (0.06)

2 3 1 35.3 (19.1) 22.5 (14.4) 51.7 (16.4) 0.03 (0.02)

3 3 1 9.8 (2.0) 2.3 (2.2) 79.2 (18.7) 0.12 (0.04)

4 6 3 29.7 (9.5) 23.4 (6.7) 21.0 (11.3) 0.01 (0.004)

End wound size by day 28 unless subject healed. If they healed then wound was measured at day 21.
aAll wounds measured in cm2.

table 2 data for each subject

 dose
Initial wound  

size-cm2
end wound  

sizea
Primary study  

days
Healed by  
6 months

Percentage  
change area

log healing  
rate

1 1 6.36 5.47 28 1 13.99 0.005

2 1 19.5 10.2 28 1 47.69 0.023

3 1 27 0.6 21 1 97.78 0.181

4 2 28.3 16.6 28 0 41.34 0.019

5 2 71.34 49.94 28 0 30.00 0.013

6 2 6.15 1 28 1 83.74 0.065

7 3 5.9 0.2 21 0 96.61 0.161

8 3 12.1 0.1 28 1 99.17 0.171

9 3 11.5 6.7 28 0 41.74 0.019

10 4 10.8 6.9 28 0 36.11 0.016

11 4 5.6 2.9 28 0 48.21 0.024

12 4 63.1 37.5 28 1 40.57 0.018

13 4 53.5 42.8 28 1 20.00 0.008

14 4 20.5 18.8 28 0 8.29 0.003

15 4 24.5 31.2 28 0 −27.34 −0.009
aAll wounds measured in cm2.
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routine blood testing
Based on our reference laboratory’s criteria there were  several 
laboratory abnormalities, which in general were expected. 
Abnormalities were noted before the experimental injection 
(screening and day 1) as well as days 3, 7, 14, and 28. The labora-
tory results most frequently reported as abnormal included: values 
obtained as part of complete blood count or differential, lactate 
dehydrogenase, glucose (in a subject with a history of diabetes), 
erythrocyte sedimentation rate, chloride, or CO2. One subject, in 
group 4, had detectable rheumatoid factor (RF) titers. This subject 
had trace RF titers at baseline (37 IU/ml), a low level positive at 
day 28 (105 IU/ml), and negative titers at month 3 (<30 IU/ml). 
No signs or symptoms consistent with a rheumatologic illness 
were noted. This finding could have represented dose-limiting 
toxicity (DLT).

H5 adenovirus detection
By design, H5.020CMV.PDGF-B is an adenovirus (H5) that 
 cannot replicate. Subjects were tested at day 3, 7, 14, 21, and 28 
with samples from blood, wound swabs, and bandage swabs for 
the presence of this virus and its ability to replicate. As expected, 
the adenovirus could not be cultured from any of these specimens 
(i.e., H5 adenovirus could not replicate and did not gain this ability 
after exposure to the study subjects). In total, using PCR probes, 
7 of 15 subjects in 10 out of 75 specimens revealed viral DNA on 
the wound or on the wound-exposed bandage. All positive tests 
occurred at days 3 or 7. No subjects at dose 1 had a positive test. 
One of three subjects from dose-level 2, three of three subjects 
from dose-level 3, and three of six subjects from dose-level 4 had 
positive tests. Adenovirus DNA was noted on 5 day three wounds, 
3 day three bandages, and 2 day seven wounds.

Antibodies to H5 were noted in all 14 subjects. Eight of 15 
had antibodies at screening. All had antibodies at month 3. The 
largest increases, some greater than 100-fold, were noted from the 
subjects that had the highest H5 antibodies at baseline and these 
subjects were distributed across all dose groups. It is important to 
realize that while this test was developed specifically to measure 
adenovirus H5 antibodies, the assay does crossreact and measure 
antibody responses to wild-type adenovirus, too.

PdGF antibody
Three of 14 subjects had measurable antibodies to PDGF-BB 
(optical density of >0.1 at a dilution of 1:100). These were single 
subjects in dose groups 1, 3, and 4. The antibodies persisted to a 
dilution of 1:400. Their titers were undetectable at week 6. By their 
sixth month of care, two of these subjects healed. One of these 
subjects also had detectable RF titers.

detection of adenoviral dnA within wound bed
To assess the presence of adenoviral DNA in the wound bed, 
we used DNA in situ hybridization to detect the CMV promoter 
within the adenoviral genome. Tissue biopsies before adenoviral 
administration at day 1 and following adenoviral administration 
at days 3 and 28 were analyzed. As shown in Figure 1, adeno-
viral DNA was not detected before adenoviral administration 
at day 1. However, at day 3 adenoviral DNA was detected in 
both the ulcer bed and keratinocyte layer. Biopsies taken at day 
28 postadenoviral injection were also found to be negative for 
adeno viral DNA.

Assessment of wound neovascularization
An important sign of wound healing is the creation of new blood 
vessels, or neovascularization, within the wound. To assess the 
degree of neovascularization, we used an endothelial cell–specific 
antibody to CD31 for labeling capillaries within the ulcer. These 
labeled cells were then quantified per high power field (HPF, ×400) 
in each of four quandrants within the wound biopsy as shown in 
Figure 2. A representative patient biopsy at days 1, 3, and 28 using 
CD31 immunohistochemistry can be seen in Figure 3. The aver-
age number of CD31+ staining vessels were found to be 3.8 (SD 
0.9), 5.2 (SD 2.3), and 4.6 (SD 1.7) on days 1, 3, and 28, respectively 
(P = 0.41). Although a trend was noted comparing day 1 to days 
2 or 28 (P = 0.06 and 0.09, respectively). The number of vessels 

a

b

c

d

Figure 1 dnA in situ hybridization for the cytomegalovirus (cMV) 
promoter. (a) Day 1 venous leg ulcer biopsy 5-μm sections showing no 
CMV-expressing cells in the wound bed (left panel) or in the keratinocyte 
layer (right panel). (b) Day 3 venous leg ulcer 5-μm sections showing 
CMV-expressing cells (arrows) in both the wound bed and keratino-
cyte layer. (c) Day 28 venous leg ulcer 5-μm section showing no CMV-
expressing cells, suggesting that the infection has been cleared. (d) Day 
3 no probe control venous leg ulcer 5-μm sections showing no positive 
staining. Bar = 50 μm. Samples were counterstained with Nuclear Fast 
Red (Vector Laboratories).
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noted did vary by region in that more vessels were counted in the 
subepidermal superficial quadrant than the others (P < 0.0001, 
all other comparisons P > 0.30). There was no apparent effect of 
increasing H5 adenovirus dose on CD31+ staining vessels.

Assessment of tissue inflammation
To determine whether the administration of the adenoviral con-
struct caused an inflammatory response within the injected  tissue, 
the number of cells expressing the common leukocyte antigen 
(CD45) was quantified per HPF using immunohistochemistry. 

The average number of CD45+ cells noted per HPF on days 1, 3, 
and 28, respectively, was 12.6 (SD 7.0), 11.7 (SD 7.5), and 13.3 (SD 
7.4). This can be seen in Figure 4, from a representative patient 
biopsy at days 1, 3, and 28. These values were found not to vary 
significantly by day or location (P > 0.30), suggesting no increased 
inflammatory response after injection of H5.020CMV.PDGF-β.

Assessment of progenitor cell recruitment
Recruitment of bone marrow–derived stem cells to sites of 
ischemia is known to be important for normal wound healing. 
To determine whether the delivery of Ad-PDGF-B caused an 
increase in the recruitment of CD133+ cells, an antigen known 
to be expressed on endothelial progenitor cells, we quantified the 
number of these cells within a section of wound biopsy per HPF. 
The average number of CD133+ cells on days 1, 3, and 28 were 
3.8 (SD 0.6), 5.2 (SD 0.8), and 4.6 (SD 1.4), respectively. This 
can be seen in Figure 5, from a representative patient biopsy 
at days 1, 3, and 28. The number of cells did not vary by region 
(P = 0.78) but did vary by day (P = 0.0023). This finding was 
 primarily due to differences between day 1 and day 2 (Sidak 
adjusted P  = 0.0015).

Adverse events and serious adverse events
Seventeen adverse events (AEs) were reported during the 
 primary portion of the study. The most frequently reported 
AEs were related to pre-existing illness such as hypertension or 
diabetes (four reports each) as well as single reports for others. 

a b
c d

Figure 2 representative image of a wound biopsy after hematoxylin 
and eosin staining showing the regions used for cell quantitation and 
vessel density analysis. (a) Superficial subepithelial region, (b) superficial 
ulcer region, (c) subepithelial dermal (or deep) region, and (d) ulcer deep 
region. Bar = 1 mm.

a b c

Figure 3 to assess wound neovascularization after administration of H5.020cMV.PdGF-β, we immunostained tissue biopsies for an endothe-
lial specific antigen cd31 and quantified the number of positive staining vessels per HPF at (a) day 1, (b) day 3, and (c) day 28. Bar = low 
power: 500 μm, high power: 150 μm. CMV, cytomegalovirus; HPF, high power field; PDGF-β, platelet-derived growth factor-β.

a b c

Figure 4 to assess wound inflammation from H5.020cMV.PdGF-β, we immunostained tissue biopsies for the common leukocyte antigen 
(cd45) and quantified the number of cells staining positive at (a) day 1, (b) day 3, and (c) day 28. No significant increase in CD45+ cells 
were noted in tissue biopsies taken at day 1, day 3 and day 28 (P > 0.30). Bar = low power: 500 μm, high power: 50 μm. CMV, cytomegalovirus; 
PDGF-β, platelet-derived growth factor-β.
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None of the AEs were thought to be related to the study. No 
serious AEs were noted during the initial 28-day postinjection 
follow-up. One serious AE was noted ~5 months postinjection. 
At this time a study subject was hospitalized for endocarditis. He 
initially appeared to recover and his wound healed. However, he 
died of a cardiovascular cause 11 months after injection.

dIscussIon
The goals of this study was to evaluate the acute safety of a 
wound-edge injection of H5.020CMV.PDGF-B and the biologic 
feasibility of using H5.020CMV.PDGF-B to treat patients with 
chronic venous leg ulcers while they receive limb compression 
therapy. In general, the injections were well tolerated and sub-
jects were able to use a compression bandage during the 28 days 
of the initial study period. Only one individual in the study may 
have exhibited DLT based on the conversion of a trace positive 
to truly positive RF serology, which then resolved without clini-
cal significance. Shortly after this subject was enrolled, the inclu-
sion and exclusion criteria of the study were modified to prevent 
the enrollment of a subject with a slightly positive RF serology. 
In our early phase gene transfer study of H5.020CMV.PDGF-B, 
because of a lack of measured DLT, by default our maximally 
tolerated dose was dose-level 4.

We were also able to demonstrate that H5.020CMV.PDGF-B 
was able to transfect cells in the wound. Transfection with 
H5.020CMV.PDGF-B resulted in the migration of endothelial pre-
cursor cells to the wound and the formation of granulation tissue. 
The injection of H5.020CMV.PDGF-β also resulted in a decrease 
in the overall size of the target wound by day 28 in 14 of 15 sub-
jects. Although we found very few signs of systemic toxicity, it is 
possible that the adenoviral injection had a systemic effect based 

on the observation that “uninjected” parts of the target wound 
improved as did nontarget not injected wounds on the few subjects 
with additional wounds. Our clinical observations of improved 
wound healing and the presence of granulation tissue have also 
been reported with topical recombinant human PDGF.15 In addi-
tion, although this may have been related to a lack of sensitivity of 
our assay, we found an antibody response to H5 (our adenoviral 
vector) in most subjects. Finally, antibodies were found to develop 
against PDGF in a few subjects that later resolved, but again our 
test was relatively nonspecific. Finally, based on all of our findings, 
the greatest effect from a single injection of H5.020CMV.PDGF-β 
may have been in dose groups 2 or 3.

Several investigators have previously demonstrated that 
improvements in wound size by the fourth week of care can be 
used to predict that a venous leg ulcer will heal by the 16th to 24th 
week of care, which is the usual length of a trial to study venous leg 
ulcers.21,22 For this study, we used previously validated historical 
comparisons based on surrogate markers for a healed wound by 
the 24th week of care in order to predict who might have healed.23 
Seventy-three percent of our subjects had wound changes consis-
tent with healing.23 After week 4, it is important to note that the 
subjects returned to their previous wound care providers and they 
no longer consistently used limb compression. By report, only 
three were actively engaged in limb bandage compression therapy. 
It is very unlikely that an individual with a venous leg ulcer will 
heal without limb compression. Because of noncompliance with 
limb compression a natural historic comparison population does 
not exist. However, the likelihood of similar subjects who used 
limb compression healing, based on wound size and duration, is 
about 31% by the 24th week of care.24 This healing rate is similar 
to the control arms in randomized clinical trials.22 However, the 
difference between our results (47% at week 24) and the histori-
cal expectation was a risk difference of 16%, which is a number 
needed to treat ~6 or a relative risk of 1.52 favoring H5.020CMV.
PDGF-β. This relative risk is similar to that noted as part of FDA 
studies where recombinant human PDGF was applied daily for 
more >12 weeks to treat diabetic foot ulcers.8,25–27

Our study may provide evidence that supports the notion 
that successful vasculogenesis, or de novo formation of new blood 
vessels from the differentiation of stem cells, requires the inter-
play of many different cell types including multiple cells that are 

a b c

Figure 5 to determine the effect of recruitment on progenitor cells within the wound after administration of H5.020cMV.PdGF-β, we immu-
nostained tissue biopsies for cd133 an antigen found on undifferentiated cell types such as endothelial progenitor cells. High and low power 
views of representative wound biopsies at (a) day 1, (b) day 3, and (c) day 28. Note more cells staining positive for CD133 at day 3 as compared to 
day 1 (P = 0.0015). Bar = low power: 500 μm, high power: 50 μm. CMV, cytomegalovirus; PDGF-β, platelet-derived growth factor-β.

table 3 dose-escalation schedule

dose level no. of patients PFu/ulcera Particles/ulcerb

1 3–6 1 × 106 3 × 107

2 3–6 3.6 × 106 1.1 × 108

3 3–6 1 × 107 3 × 108

4 3–6 3.6 × 107 1.1 × 109

Abbreviations: PFU, plaque-forming units.
a1 PFU ≈ 30 virus particles. bDose based on particle number.
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now classified as endothelial progenitor cells.28–30 In our study, 
clinically exuberant granulation tissue throughout the wound was 
noted within the first 2 weeks of injection. The histopathology of 
biopsy specimens from day 3 wounds transfected by H5.020CMV.
PDGF-β demonstrated a statistically significant increase in CD133 
cells, a marker of an immature bone marrow–derived endothelial 
progenitor cell.31 While the number of these cells in the wound-
edge biopsy increased at day 3, they then decreased at day 28. 
Interestingly, they also predominated in the sections of the biopsies 
that represent the site of injections. To the best of our knowledge, 
this is the first report of PDGF-β application resulting in CD133 
migration to wounded tissue. In contrast, the number of blood ves-
sels assessed by positive staining for CD31, which is believed to 
be a more mature marker for a cell destined to become a mature 
vascular endothelial cell, did increase at day 28 and the vessels were 
most prevalent in the subepidermal region of the biopsy. This is 
probably related to the formation of vessels in healing tissue.

Our study was first designed in 1999, at which time we received 
funding from the National Institute of Arthritis Musculoskeletal 
and Skin disease to conduct this study. Our investigational new 
drug application was approved in late 2003 and we published our 
clinical trial protocol in 2004 (ref. 32). Because of regulatory con-
cerns about the production of our vector and the safety of con-
ducting gene transfer studies, we were not able to enroll our first 
study subject until January 2005 and we enrolled our final study 
subject in summer 2008. This study took nearly 10 years to com-
plete. Our delays were often related to what are now historical 
events related to the field of gene transfer studies.33 Many of these 
events resulted in improved oversight and government regulation 
concerning the conduct of such studies. In fact, our vector pro-
duction and preclinical animal studies were conducted three sepa-
rate times by different organizations, because of the need of these 
organizations to provide services at Good Manufacturing Practice 
and Good Laboratory Practice. The pace of our study was further 
slowed because of the logistic difficulties associated with identify-
ing subjects to screen, screening only one subject at a time, and a 
safety requirement such that we could enroll only one subject in 
the primary phase of our study at a time. In many ways the regula-
tory infrastructure needed to conduct a gene transfer study on a 
subject who does not have lethal or genetic illnesses was created 
while this study was underway. Finally, in order to fill our study, 
which ultimately required 15 subjects, we had to discuss the study 
with 247 subjects and screen 26. Many potential subjects decided 
not to participate because of the need to stay in a research unit over 
two nights for observation and because of the potential risks of the 
study described in the consent form.

In conclusion, we have demonstrated within the reliability of a 
Phase I study that the doses of H5.020CMV.PDGF-β used in this 
study should be considered for further human testing. We believe that 
a single administration of H5.020CMV.PDGF-β has the potential to 
improve the likelihood that a subject with a hard-to-heal venous leg 
ulcer will heal. We believe that the mechanism of action may involve 
an effect on angiogenesis. Based on our study observations it is not 
apparent that H5.020CMV.PDGF-β needs to be injected into the 
edge of the wound insofar as it appears to have an effect over the 
full wound and perhaps full subject. Further studies need to be con-
ducted in order to establish the efficacy of this compound.

MAterIAls And MetHods
Production of H5.020CMV.PDGF-β. The human PDGF-β complementary 
DNA clone was obtained by Meenhard Herlyn (at the Wistar Institute) from 
B. Westermark, University Hospital, Uppsala, Sweden. A 1.2-kb fragment 
was cut out of the complementary DNA clone using restriction enzymes 
PstI and EcoRI, which encode the entire open reading frame. This gene was 
then subcloned into the pSL301 transfer plasmid provided by the Vector 
Core in the Division of Medical Genetics at the University of Pennsylvania. 
The pSL301 plasmid provides a CMV immediate early promoter and SV40 
polyA region. Final production of the adenoviral vector was produced at 
the Center for Cell and Gene Therapy at Baylor University. The process was 
conducted under the Good Manufacturing Practice and Good Laboratory 
Practice regulations required by the FDA for vector production.34 Preclinical 
animal toxicity studies were performed by Southern Research Institute.

Study design. The study protocol has been previously published.32 Briefly, 
this was a Phase I study dose-escalation study conducted at a single site, the 
University of Pennsylvania. As per study protocol all subjects received only 
one dose of H5.020CMV.PDGF-β along with limb compression therapy. 
The protocol was approved by the University’s institutional review board for 
human subjects and the General Clinical Research Centers (now Clinical 
and Translational Science Award) advisory committee of the University 
of Pennsylvania. All subjects gave written informed consent and the study 
conformed to the Declaration of Helsinki protocols. The trial was registered 
on clintrial.gov. All subjects were screened within 4 weeks of starting the 
study. The inclusion criteria included: an examination by the study investi-
gator consistent with a venous leg ulcer (i.e., varicose veins, venous blush, 
wound in the gaiter area of the leg, dermatitis, lipodermatosclerosis); the 
prior use of and ability to tolerate limb compression therapy, which had 
been used for at least 6 weeks without improvement in wound size; a wound 
size >5 cm2 but <60 cm2; wound duration of >6 months; ankle  brachial 
index ≥0.85; white blood cells ≥3,500/mm3, platelets <1,000,000/mm3 but 
>100,000/mm3 and hemoglobin > 10.0g%; age ≥18 years; females of child-
bearing potential and all males must agree to use a medically approved 
method of contraception; duplex ultrasound not consistent with an acute 
deep venous thrombosis; and the target wound must be free of all necrotic 
debris. Subjects were excluded from the study if they had: any active can-
cer other than a keratinocyte skin cancer; a life expectancy of <6 months; 
liver function tests (alanine aminotransferase, aspartate aminotransferase, 
alkaline phosphatase, and bilirubin) >1.5× upper limit of normal for the 
reference lab; erythrocyte sedimentation rate of >60; a positive RF titer; an 
antinuclear antibody test of dilutional titer of >1:160; intercurrent organ 
damage, abnormal laboratory tests, or medical problems that in the opin-
ion of the investigator would jeopardize their ability to participate in this 
study or to heal their wound; a recognized rheumatic disease (e.g., lupus, 
scleroderma, dermatomyositis, rheumatoid arthritis, polymyalgia, etc.) or 
any concurrent medical illness that could be exacerbated by H5.020CMV.
PDGF-β administration; any requirement for systemic corticosteroids or 
immunosuppressives, or history of corticosteroid or immunosuppressive 
use in the 4 weeks before study entry; seropositivity for hepatitis B or C 
surface antigen; or refused to use a limb compression bandage.

Dose administration. Using a 3–6 design (Table 3), a single dose of 
H5.020CMV.PDGF-β reconstituted in 0.1 ml of saline was injected using 
a 27-gauge tuberculin syringe. The dose was administered subcutaneously 
around ~3 cm of wound edge (perimeter) and occurred during day 1 of 
an in-patient stay at the Clinical and Translational Research Center of the 
University of Pennsylvania that lasted for about 48 hours. A limb compres-
sion bandage was applied after the administration of H5.020CMV.PDGF-β 
(day 1) and then reapplied at the day 3, 7, 14, 21, and 28 visits. Days 1–28 
were the primary critical active phase days of the study. Per the 3–6 dose 
escalation scheme used in the study, dose escalation occurred if 0 of 3 sub-
jects experienced DLT. However, if one subject experienced DLT, then three 
more subjects were treated at that dose, meaning that six individuals received 
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the dose. If a total of two or more of the six experienced a DLT, then the dose 
was deemed too toxic and the next lower dose would be evaluated again in 
up to six subjects. If, in total, zero of three or fewer than two of six subjects 
experienced DLT at a dose level, then the next higher dose was evaluated 
until up to six subjects had been enrolled in dose-level 4. This pattern of 
administration was repeated for all subsequent dose levels until a maximally 
tolerated dose was declared or dose-level 4 was completed (assuming that 
all subjects had been dosed successfully). The maximally tolerated dose was 
defined as the highest dose for which fewer than two of six subjects expe-
rience DLT. The decision to progress to the next level was made with the 
guidance of the Data Safety Monitoring Board after all had been dosed and 
salient safety information reviewed up to day 28 in a dose-group.

Observations. Each patient was monitored closely for adverse reactions 
resulting from H5.020CMV.PDGF-β treatment. All tests were conducted 
as described in Supplementary Table S1. These observations included 
 history, physical examination, and tests (i.e., routine blood chemistries 
as well as experimental tests such as viral shedding assays, viral  cultures, 
 antibody testing for PDGF, etc.). All abnormal routine laboratory  values 
were based on abnormal values as determined by the University of 
Pennsylvania Pathology Laboratories. Abnormalities of specific interest 
defined a priori as DLT are listed in Supplementary Table S2 (however, 
some were modified during the study with FDA approval). In addition, any 
clinical evidence of autoimmune disease was defined as DLT. Local toxicity 
was considered DLT and graded as follows: erythema and induration >2 cm 
from the edge of the wound and/or ulcer enlargement of >20% on day 3; 
more than a 33% increase in pain score on day 3; any permanent dysfunc-
tion related to local toxicity; and any fever >39.0 °C not successfully con-
trolled with nonsteroidal anti-inflammatory medications. In addition, any 
vector-related serious AE, as determined by the Data Safety Monitoring 
Board, was considered a DLT. All AEs were additionally reviewed periodi-
cally by the Data Safety Monitoring Board, which was allowed to suggest 
changes to the DLT  policy, and the investigator.

At all visits the wound was evaluated, traced, and photographed. An 
excisional biopsy was performed after the technique of Herrick35 just 
before the administration of H5.020CMV.PDGF-β and was repeated at 
days 3 and 28. Briefly, three full-thickness rectangular excisional biopsies 
measuring ~12 × 3 mm were obtained from within the tissue injected with 
H5.020CMV.PDGF-β and were positioned to include the ulcer tissue, 
wound edge, and portion of intact skin. The tissue biopsy was immediately 
placed into 10% neutral buffered formalin at room temperature and 
processed as indicated in immunohistochemistry section. In order to 
assure that transfected tissue was biopsied, the periwound edge was 
marked after injection using gentian violet and the area injected was also 
marked on the acetate trace. It should, however, be noted that the day 3 
biopsy potentially removed transfected tissue from the study subject.

Postprimary study surveillance of the subjects continued at 6 weeks and 
at 3, 6, and 12 months following day 28 of the primary phase of the study 
(Supplementary Table S1). Excepting the follow-up visits, study subjects 
after day 28 returned to their previous health-care providers for wound care.

Experimental testing
HAdV5-specific neutralizing antibody assay: Anti-HAdV5 neutralizing anti-
body titers in serum samples were measured by assessing the ability of serum to 
inhibit transduction of the corresponding reporter vector, HAdV5LacZ into HEK 
293 cells. The reporter vector was incubated with twofold serial dilutions of 
heat-inactivated sera for 1 hour at 37 °C. Serum samples were diluted with 
naive mouse serum (Sigma-Aldrich, St Louis, MO) so that the final serum 
concentration at all dilutions was 5%. Subsequently, the serum–vector 
mixture was added onto HEK 293 cells in 96-well flat- bottomed plates (at 
a multiplicity of infection of 10 virus particles per cell) and incubated for 
18–22 hours. Cells were washed in phosphate-buffered saline (PBS)  × 2 and 
developed with a Galacto-Star kit (Applied Biosystems, Foster City, CA). The 
resulting luminescence was measured with a luminometer (Clarity; BioTek 

Instruments, Winooski, VT). The neutralizing antibody titer was reported 
as the highest serum dilution that inhibited AAV-CMV-LacZ transduc-
tion (β-galactosidase expression) by ≥50%, compared with the naive serum 
control. These assays were conducted on serum samples obtained at days 1 
and 28, week 6 and month 3 after adenoviral injection. Samples were stored 
before assaying at −80 °C. Samples were not available for one subject.

PDGF-β-specific enzyme-linked immunosorbent assay: Polypropylene 
plates (96-well, cat. no. 3369; Costar, Corning, NY) were coated with 
100 μl of recombinant human PDGF-BB (500 ng/ml, cat. no. P4306; 
Sigma, St Louis, MO) overnight at 4 °C. The plates were blocked with PBS 
containing 3% bovine serum albumin (cat. no. A3803; Sigma) for 2 hours 
at room temperature. Serum samples were twofold serially diluted (starting 
at 1/100) with PBS containing 1% fetal bovine serum and added in triplicate 
to the plates for incubation for 2 hours at room temperature. Then 100 μl 
of rabbit antihuman-PDGF-β antibody (cat. no. P6101; Sigma) was diluted 
1:500 in PBS containing 1% fetal bovine serum, which was added to the 
plate as a positive control. Next, the plates were washed three times with PBS 
containing 0.1% Tween-20, and then incubated for 1 hour with peroxidase-
conjugated antihuman or anti-rabbit IgG (diluted 1:10,000 in PBS; Sigma-
Aldrich). After three washes, the plates were incubated with 2,2′-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) substrate (100 μl/well, cat. no. 50-66-00; 
KPL, Gaithersburg, MD) for 30 minutes at room temperature to allow for 
color development. The optical density was then measured at a wavelength 
of 405 nm. These assays were conducted on serum samples obtained at days 
1 and 28, week 6 and month 3 after adenoviral injection. Samples were stored 
before assaying at −80 °C. Samples were not available for one subject.

Adenoviral viral shedding assays and culturing: This testing was 
conducted by the Clinical Virology Laboratory of the Children’s Hospital 
of Philadelphia. Two tests were conducted on two specimens obtained 
at five different time points (once just before the administration of the 
vector and then on days 3, 7, 14, 21, and 28) from each study subject. 
The tests were performed during dressing changes on swabs of the wound 
and swabs from the surface of bandages in contact with the wound. 
Whole blood was also assayed for viral DNA using qualitative PCR. 
The cytopathic effect assay for adenovirus was performed on A549 cells 
to detect replication-competent adenovirus produced by homologous 
recombination of the replication-deficient vector and wild-type adenovirus 
and/or latent E1a in trans. Replication-competent adenovirus occurs as 
an impurity of manufacture at an extremely low level (<1 replication-
competent adenovirus in 3 × 1010 particles). A cytopathic effect assay test 
was performed on 293 cells used to detect the presence of replication-
deficient adenovirus vector. The presence of 51 serotypes of adenovirus 
was tested by incubating patient samples on highly sensitive A549 cells. 
Adenovirus growth suggested by cytopathic effect assay was confirmed by 
immunofluorescence using monoclonal antibodies to adenovirus.

Immunohistochemistry: Postfixed biopsy samples were dehydrated in 
ethanol, cleared in xylene, and embedded in paraffin using the Leica ASP 
300 Tissue processor (Leica, Wetzlar, Germany). Five micrometer sections 
were used for immunohistochemical analysis. All staining was performed 
using the Dako Autostainer Plus (Golstrup, Denmark). Before quenching 
endogenous peroxidase activity, antigen retrieval was performed: 
20 minutes in Proteinase K (S3020; Dako) for CD31 staining, 20 minutes in 
Target Retrieval Solution (S1699; Dako) at 95 °C followed by a 20-minute 
cool down at room temperature for PDGF-β and CD133. The following 
primary antibodies were used: CD45, Leucocyte Common Antigen (N1514, 
Ready to Use; Dako), CD31, Endothelial Cell (N1596, Ready to Use, 
Dako), CD133/1 (AC133) (#130-090-422, 1:100; Miltenyi Biotec, Bergisch 
Gladbach, Germany), and PDGF BB antibody, prediluted (ab15500, 1:2; 
Abcam, Cambridge, MA). Detection of the primary antibodies CD45 
and CD31 was achieved through the Dako Universal LSAB 2 Kit/HRP, 
Rabbit/Mouse (K0675) kit; CD133 was detected using Catalyzed Signal 
Amplification System (K1500; Dako), and PDGF-BB was detected with 
Biotinylated Anti-Rat IgG (heavy + light chains), mouse adsorbed secondary 
(BA-4001, 1:200; Vector Laboratories, Burlingame, CA) and ABC kit (6100; 
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Vector Laboratories). All staining was visualized with diaminobenzidine 
(K3466; Dako) and counterstained with hematoxylin (S3301; Dako).

Adenoviral DNA in situ hybridization: Adenoviral DNA was detected 
in paraffin-embedded biopsy sections using digoxigenin-labeled DNA 
hybridized to the CMV promoter. The CMV promoter was PCR amplified 
from pAd-Track-CMV using the forward primer CTG ACG GTT 
CAC TAA ACC AG and the reverse primer TAG TAA TCA ATT ACG 
GGG TCA TTA G. This DNA segment was then used as a template for 
digoxigenin-labeling using the Random Primed Dig DNA Labeling Kit 
(Roche, Indianapolis, IN).

Tissue DNA in situ hybridization was performed as described in the 
Roche Dig application manual.36 Briefly, 5-μm tissue sections were dewaxed 
and rehydrated in a graded ethanol series. Sections were permeabilized 
using Proteinase K (25 μg/ml) for 25 minutes at 37 °C. The sections were 
then hybridized with probe cocktail containing the CMV digoxigenin-
labeled DNA and heated to 95 °C on a slide warmer for 6 minutes. The 
no probe control contained no digoxigenin-labeled DNA in the probe 
cocktail. After cooling on ice, the sections were incubated overnight at 
42 °C in the probe hybridization cocktail. The following day sections were 
washed in sodium salt citrate and blocked in blocking reagent (Roche). 
Digoxigenin was detected using anti-dig Fab fragments conjugated to 
alkaline phosphatase (Roche). Color was developed using BM purple 
(Roche), counterstained with nuclear fast red (Vector Laboratories), 
dehydrated through ethanol series and xylenes, and mounted in xylene-
containing mounting media (Fisher Scientific, Pittsburgh, PA).

Tissue analysis: Tissue sections were divided into four regions based on 
location within the biopsy specimen (see Figure 1). Within each region, 
using five or more HPFs ×400, the number of CD31+ vessels, CD45+ cells, 
and CD133+ cells was quantified and averaged.

Statistics. Statistical analysis included descriptive evaluation based on 
means with standard deviations and medians with 25 and 75% quartiles, 
repeated measures analysis of variance, and an evaluation of differences 
based on the day the tissue was obtained or the location using a Sidak test 
for multiple comparisons. All analyses were conducted using Stata 9.2 
(StataCorp, College Station, TX).
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