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Abstract

Amniotic tissues have been long utilised to treat chronic wounds; however,

there are few studies evaluating how the wound microenvironment responds

to these therapies. The goal of this study was to evaluate the changes in

wounds treated with a hypothermically stored amniotic membrane (HSAM).

In this prospective single-arm study, 15 female patients with venous leg ulcers

were treated with HSAM from male donors and standard of care for 12 weeks.

Over the course of the study, wound exudate was collected and evaluated using

proteomic microarrays. Biopsies were collected during the course of treatment

to detect the presence of HSAM tissue. By 4 weeks, 60% of subjects achieved

50% or greater reduction in wound size, and by 12 weeks, 53% of subjects

achieved 100% re-epithelialization. HSAM DNA was detected in 20% of biop-

sies as determined by the detection TSPY4, indicating HSAM was no longer

present within the wound bed approximately 7 days from the last treatment

for the majority of wounds. Proteomic analysis of wound exudate found that

wounds on a healing trajectory had significantly higher levels of MMP-10,

MMP-7, and TIMP-4 and significantly lower levels of CX3CL1, FLT-3 L,

IL-1ra, IL-1a, IL-9, IL-2, IL-3, MCP-1, and TNF-b compared with other wounds.
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1 | INTRODUCTION

Venous leg ulcers (VLUs) are a common cause of lower
extremity ulceration, with estimates of prevalence rang-
ing from 0.25 to 0.33 per 1000 individuals.1 Non-healing

VLUs are a significant detriment to an individual's qual-
ity of life and pose a significant challenge due to their dif-
ficulty to heal and frequent rate of recurrence. Studies
have reported up to 30% of VLUs fail to heal within
12 months with standard compression therapy,2 and
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ulcer recurrence has been reported at 28% at 12 months.3

Due in part to the high recurrence rate and associated mor-
bidities, there is a high economic burden on healthcare sys-
tems for managing VLUs. A recent report estimated that
within the United Kingdom the annual cost of treating
VLUs was as high as £941.13 million.4 Within the United
States, the total Medicare spending for VLUs has been esti-
mated to range from $720 million to up to $1.5 billion
annually. Consequently, there is a strong need to develop
reliable treatment solutions for VLUs.

While the development of leg ulcers is associated with
venous hypertension, the precise mechanism responsible
for the development and chronicity of VLUs is not clear.5

VLUs are characterised by high levels of pro-
inflammatory cytokines including interleukin (IL)-1
alpha, IL-1β, and tissue necrosis factor alpha (TNFα),
upregulated protease activity including matrix meta-
lloproteases (MMPs), and serine proteases.6 In addition
to these high levels of cytokines and proteases, aberrant
signalling pathways have also been identified within
VLUs including Wnt/β-catenin, TGFβ, and EGF path-
ways.7-10 Additionally, VLUs often have a hyper-
proliferative wound edge and decreased angiogenesis.7,11

Due to the challenges associated with treating VLUs,
advanced wound care therapies are often utilised for these
wounds, including bi-layered skin substitutes,12 collagen
dressings,13 and placental based allografts. Placental mem-
branes including both amnion only and amnion/chorion
grafts have a long history of clinical use for chronic and
acute wounds dating back as early as 1913,14,15 including
utilising the amniotic membrane specifically for the treat-
ment of VLUs.16,17 More recently, additional clinical stud-
ies have supported the utilisation of placental-derived
membranes for the treatment of VLUs.18-21 Several in vitro
studies have characterised the proteomic make up of these
grafts and have identified numerous growth factors and
cytokines known to be important to the wound microenvi-
ronment.22-24 Additionally, preclinical studies have demon-
strated that amnion and amnion/chorion membranes can
promote cellular proliferation and migration, stimulate
angiogenesis, modulate inflammation, and inhibit protease
activity in in vitro models.22,24-28 While placental derived
grafts have been well characterised using in vitro and
in vivo models, there is a dearth of knowledge regarding
how chronic wounds, including VLUs, may respond to the
application of amniotic membranes.

Recently, an aseptically processed, hypothermically
stored amniotic membrane (HSAM) has been developed
for use as a wound covering. HSAM is designed to main-
tain the native ECM, cells and cytokines characteristic of
fresh amniotic membranes. In vitro studies have demon-
strated that HSAM contains growth factors and cytokines
and released factors from these grafts promotes prolifera-
tion and migration of cells found within the wound

microenvironment.29 In vivo, the application of HSAM
on full thickness acute wounds in a rodent model
resulted in an improved quality of regenerated tissue.30

Clinically, a randomised controlled trial of HSAM versus
standard of care for diabetic foot ulcers demonstrated
that treatment with HSAM significantly increased the
frequency of wound closure compared with standard of
care alone.31 The goal of this study is to evaluate the
response of VLUs to HSAM and additionally how the
wound microenvironment of responds to HSAM.

2 | METHODS

2.1 | Statement of informed consent

The study was conducted in accordance with the clinical
protocols and in accordance with principles consistent with
Good Clinical Practice, 21 CFR 312, ICH E6, HIPAA regu-
lations in 45 CFR Part 164. Western Institutional Review
Board (WIRB; WA, USA) acted as the central institutional
review board for the study. Subjects read and understood
an institutional review board- (IRB) approved informed
consent prior to undergoing study activities.

Key Messages

• amniotic tissues have been long utilised to
treat venous leg ulcers; however, there have
been limited studies evaluating how the wound
microenvironment responds to these therapies

• the goal of this study was to evaluate the
changes in wounds treated with a
hypothermically stored amniotic mem-
brane (HSAM)

• by 4 weeks, 60% of subjects achieved a 50% or
greater wound size reduction, by 12 weeks 53%
of subjects achieved 100% re-epithelialization

• only 20% of biopsies collected were positive for
HSAM DNA as determined by the detection of
TSPY4, indicating HSAM was no longer pre-
sent within the wound bed approximately
7 days from the last treatment for the majority
of wounds

• proteomic analysis of collected wound exudate
found that wounds on a healing trajectory had
significantly higher levels of MMP-10, MMP-7,
and TIMP-4 and significantly lower levels of
CX3CL1, FLT-3 L, IL-1ra, IL-1a, IL-9, IL-2,
IL-3, MCP-1, and TNF-b compared with other
wounds
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2.2 | Patient screening and eligibility

The inclusion and exclusion criteria for this study are
found in Table 1. Female patients over the age of 18 who
were capable of giving consent with a VLU were assessed
by a clinical investigator. Initial patient assessment was
conducted at a screening visit which occurred 7 days
prior to the baseline and initial treatment visit. During
the initial screening visit, informed consent was com-
pleted, the subject's medical history was collected, and
patient eligibility was determined. To be eligible for this
study, VLUs needed to be between 2.0 and 25.0 cm2 and
extend through the full thickness of the skin but not
down to muscle, tendon or bone. Additionally, during
the 7 ± 3 day run in period the target ulcer was required
to be treated with adequate compression therapy. Lastly,
VLUs had to have a clean granulation base with minimal

adherent slough at the randomization visit. Ulcers which
were infected, treated with other grafts or non-standard
or care therapies, or deemed by the investigator to be
caused by a medical condition other than venous insuffi-
ciency were excluded from this study (Table 1). Addition-
ally, ulcers which healed more than 20% from the time of
the screening visit to the baseline visit were excluded
from this study.

2.3 | Study treatments

Following screening, subjects who were eligible for
inclusion into the study underwent an assessment for
adverse events (AE), a review of concomitant medica-
tions, and a pain assessment. VLUs were treated using
standard wound care approaches; study-specific

TABLE 1 Study inclusion and exclusion criteria

Inclusion criteria

1. At least 18 years old
2. Adequate arterial flow indicated by one of the following:

� Ankle Brachial Pressure Index (ABI) >0.75 and <1.3
� Skin Perfusion Pressure (SPP) >30
� Biphasic PVR OR TBI >0.60
� TCPO2 >30 mmHg
� Adequate perfusion as demonstrated on florescent angiography (LUNA)

3. Study ulcer present for at least 12 months
4. Presence of a venous leg ulcer extending through the full thickness of the skin but not down to muscle, tendon or bone
5. Target ulcer has been treated with adequate compression therapy for at least 7 days prior to enrolment
6. Ulcer size between 2.0 and 25.0 cm2

7. Ulcer has a clean, granulating base with minimal adherent slough at the randomization visit

Exclusion criteria

1. Study ulcer deemed by the investigator to be caused by a medical condition other than venous insufficiency
2. Study ulcer exhibits clinical signs and symptoms of infection at the screening visit or first treatment visit
3. Known allergy to the components of the multi-layer compression bandaging, or cannot tolerate multi-layer compression therapy
4. Allergy or sensitivity to iodine or iodide
5. Study ulcer is suspicious for cancer
6. Patients with a history of more than 2 weeks treatment with immunosuppressant or who receive such medications during the

screening period, or who are anticipated to require such medications during the course of the study
7. Study ulcer has been previously treated with tissue engineered materials (eg, Apligraf® or Dermagraft®) or other scaffold materials

(eg, Oasis, Matristem) within the last 30 days
8. Study ulcer requiring negative pressure wound therapy or hyperbaric oxygen during the course of the trial
9. Ulcers on the dorsum of the foot or with more than 50% of the ulcer below the malleolus are excluded

10. Pregnant or breast feeding
11. Known history of having Acquired Immunodeficiency Syndrome (AIDS) or with a history known to be infected with Human

Immunodeficiency Virus (HIV)
12. Known uncontrolled Diabetes Mellitus, as measured by an HbA1c >10%
13. Ulcers that have healed 20% or more during the screening phase
14. Patients on any investigational drug(s) or therapeutic device(s) within 30 days preceding screening
15. History of radiation at the ulcer site
16. Presence of one or more medical conditions, as determined by medical history, including renal, hepatic, hematologic, active auto-

immune or immune diseases that, in the opinion of the Investigator, would make the subject an inappropriate candidate for this
ulcer healing study
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activities included sharp debridement of VLUs, wound
imaging and measurements, application of the HSAM
graft and the reapplication of standard multilayer com-
pression bandaging. Weekly wound care techniques and
reapplication of HSAM was completed for up to
12 weeks or until the ulcer achieved closure drainage
free and 100% re-epithelialized as determined by the
investigator.

For the HSAM utilised in this study, all manufactur-
ing, recovery, and processing of donated tissues were per-
formed in accordance with all federal, state and local
regulations, including the US FDA regulations 21 CFR
1270 and 1271. Serological testing for bacterial, viral, and
infectious diseases as performed on blood specimens
from each donor and exceeded the requirements of FDA
and the American Association of Tissue Banks. Viral test-
ing included antibodies to HIV-1, HIV-2, HTLV-1,
HTLV-2, Hepatitis B Core, Hepatitis C, and CMV total.
Tests for HIV-1 nucleic acid, Hepatitis B Surface Antigen,
and other adventitious viruses and pathogens were also
conducted.

At treatment visits 2 to 5 and the end of study visit
(13 weeks after the initial treatment visit) for wounds
not achieving complete closure, wound exudate was col-
lected from the ulcer using previously established
methods.32 Prior to debridement of the study ulcer, the
ulcer was cleaned with sterile saline to remove loose
debris and necrotic tissue. After the achievement of
haemostasis, the wound area was moistened with saline,
with care taken not to flood the area with excessive
saline. Sterile foam tipped applicators (Puritan Medical
Products, Guilford, Maine) were then used to collect the
wound fluid by pressing the head of the applicator flat
against the base of the wound and gently rotating it back
and forth several times while applying pressure until the
foam applicator head was coloured tan/yellow by wound
fluid. When collecting the wound fluid care was taken
not to swab areas containing blood, necrotic tissue or
fibrinous tissue. At each collection time point, up to six
swabs were taken. Swabs were then stored at −80�C
until analysis.

At treatment visits 2, 3, and 5, biopsies were collected
from the wound bed in order to evaluate the wound bed
for the presence of remaining HSAM. Biopsies were col-
lected following wound exudate collection and before
debridement. First wounds were gently cleaned with
saline in order to remove loose or necrotic tissue and the
ulcer was numbed using 1% lidocaine as a local anaes-
thetic. A 4-mm biopsy punch was then used to collect tis-
sue 3 mm away from the wound margin, and the tissue
was then transferred into a cryovial with 2 mL of
RNAlater (Qiagen, Manchester, UK) and stored at −80�C
until analysis.

2.4 | Study outcomes

For this study, clinical endpoints included the propor-
tion of VLUs that achieved complete wound closure at
12 weeks, the proportion of VLUs that achieved 50% or
greater reduction in size by 4 and 8 weeks, time to initial
wound closure, and the number of applications of
HSAM. Scientific endpoints included measuring the
changes in cytokines, growth factors, and MMPs found
in the wound fluid, comparing levels of cytokines,
growth factors, and MMPs in wound exudate between
healed and non-healed wounds, and the presence of
HSAM in wound biopsies collected 1 week after applica-
tion. Safety endpoints included the number and types of
AE, serious adverse events (SAE), and the number of
patients with worsening of VLUs (as defined by a 50%
increase in wound size).

2.5 | Proteomic evaluation of wound
exudate

Cytokine, growth factors, and MMPs were measured
from collected wound fluid samples using the
MILLIPLEX MAP Human Cytokine/Chemokine Mag-
netic Bead Panel - Premixed 41 Plex - Immunology Multi-
plex Assay, MILLIPLEX MAP Human MMP Magnetic
Bead Panel 2, MILLIPLEX MAP Human TIMP Magnetic
Bead Panel 2, and the MILLIPLEX MAP TGFß Magnetic
Bead 3 Plex Kit, Arrays (EMD Millipore, Burlington,
Massachusetts). The extraction of wound fluid from the
foam applicators was performed as previously
described.33 Briefly, applicator tips were submerged and
mixed in 110 μL of sample diluent before centrifuging
both the applicator and diluent in a 0.45 μm pore centri-
fuge tube filter at 930g for 2 minutes. All arrays were then
conducted as per the manufacturer's instructions. The
resulting protein levels were then reported as pg/mL of
wound fluid samples.

Samples which were detected below the array's
reported level of detection were set to 0 and samples
above the reported maximum levels of detection were set
to the maximum value for analysis. Proteomic data were
then evaluated by comparing protein levels in patients on
a healing trajectory (termed “healers”) compared with
those not on a healing trajectory (termed “non-healers”);
for the purposes of this analysis, healers were defined as
wounds which achieved greater than 85% closure by
treatment visit 12 or were healed during the course of the
study. Ratios of MMPs to TIMPs were also compared
between healing and non-healing wounds as well as the
ratio of IL-1b to IL-1ra. Additionally, the correlation
between protein levels in wound fluid and the percent
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area reduction (PAR) of wound size was evaluated for
study ulcers with PARs between −50% and 50%.

2.6 | Biopsy collection and detection for
male DNA

In order to determine whether HSAM remained present
in the wound bed 1 week after application, biopsies col-
lected from the wound bed were evaluated for the pres-
ence of Y chromosome specific genes as HSAM grafts
were sourced from male donors and all enrolled subjects
were female. Specifically, SRY and TSPY4 genes, which
have been utilised by others,34-36 were evaluated in this
study. Biopsies post-collection were stored at −80�C in
RNAlater. For analysis, biopsies were thawed and minced
using a sterile scalpel and placed in a microcentrifuge
tube with 600 μL of Buffer RLT Plus (Qiagen) with 10 μL
β-mercaptoethanol (Gibco, Waltham, Massachusetts) and
homogenised for approximately 60 seconds (OmniGLI
homogenizer, Omni International, Kennesaw, Georgia).
After homogenization of biopsies, DNA was extracted
from the samples using All prep DNA/RNA Mini Kits
(Qiagen). DNA concentration was then measured using a
Take3 Trio plate in a Synergy H1 plate reader (BioTek,
Winooski, Vermont), and samples with an OD 260/280
between 1.8 and 2.0 were used. Taqman probes
(ThermoFisher, Waltham, Massachusetts) for SRY
(Hs00976796_s1) and TSPY4 (Hs005049137_g1) were
used with GAPDH (Hs03929097_g1) as the housekeeping
gene along with TaqMan™ Fast Advanced Master Mix.

In order to determine the overall percentage of male
DNA in a sample, standards from 0.01% to 100% male to
female DNA were evaluated using male and female geno-
mic DNA standards (Promega, Madison, Wisconsin). For
all standards and samples, a 20 μL reaction volume was
used with 100 ng DNA per reaction. PCR reactions were
performed using a QuantStudio 3 (Applied Biosystems,
ThermoFisher) with a UNG incubation step at 50�C for
2 minutes, a polymerase step at 95�C for 20 seconds, and
40 PCR cycles at 95�C for 1 second and 60�C for
20 seconds. The resulting Ct values were then analysed
by calculating the δCt (CtSRY − CtGAPDH, or CtTSPY4 −
CtGAPDH) value, standards were then plotted against the
standards with known % male DNA and the resulting
standard curve was used to calculate the % male DNA for
each sample.

2.7 | Statistical methods

All continuous variables were reported as mean with
standard deviation, categorical variables were reported in

terms of frequencies and percentages. For comparing
wound fluid proteomic data in healing and non-healing
patients, a Mann–Whitney test was used to compare each
protein where P < .05 was considered significant. When
evaluating correlations between protein levels and per-
cent area reduction of wounds, Pearson correlation coef-
ficients were calculated for each protein where P < .05
was considered significant.

3 | RESULTS

A total of 19 subjects were screened for inclusion in the
study: there were 4 screen failures, and 15 subjects were
enrolled in this study. Enrolment and treatment for this
study was conducted from March 2017 through April
2018. A summary of the subject demographic informa-
tion can be found in Table 2. The average initial wound
size was 8.6 ± 7.9 cm2 and had been present for an aver-
age of 50.3 weeks ±103.3 (minimum ulcer duration was
8 weeks and the maximum duration was 8 years). On
average the total number of HSAM Applications was
8 ± 3 over the course of the study. By 4 weeks 60% (9/15)
of subjects had achieved 50% closure, by 8 weeks 73%
(11/15) of subjects had achieved 50% or greater wound
closure, and by 12 weeks 73% (11/15) of subjects achieved
50% or greater wound closure. Complete wound closure
was achieved for 53% (8/15) subjects at 12 weeks. The
percent area reduction over the course of the study for
each subject is plotted in Figure 1.

Over the course of the study a total of 18 AE includ-
ing 1 SAE were reported, and 2 of the subjects' study
ulcers increased more than 50% by the end of the study.
Of the 18 AE reported, 13 were deemed to be not related
to the study treatment, and 5 were infections to either the
study ulcer or study limb. Of the five infections reported
in this study, three occurred on subjects who had a stag-
nant or worsening ulcer (as shown in Figure 1) during
the 12-week duration of this study. The SAE was an
amputation to the 1st metatarsal.

A total of 73 wound exudate samples were collected
for proteomic analysis with 47 samples collected from
11 subject with ulcers that healed and 24 samples from
4 subjects with ulcers that did not heal. Heat maps show
the relative change in growth factor and cytokine levels
from the initial wound fluid collected prior to the first
application of HSAM (Figure 2). Red colour indicates an
increase from baseline and green indicates a down-
regulation of the target. Interestingly, we found the
greatest changes in protein levels, relative to baseline
values, was 1 week after the first application of HSAM
(Figure 2A). When comparing protein levels within the
wound exudate between healers and non-healers across
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all time points, 12 targets were identified that were signif-
icantly different between these two populations (Table 3).
These targets included TIMP-4 (P = .0477), MMP-7
(P = .0205), and MMP-10 (P = .0305) which were higher
in wounds on a healing trajectory compared with non-
healing ulcers, and CX3CL1 (P = .477), FLT-3 L
(P = .474), IL-1ra (P = .0029), IL-1a (P = .0131), IL-9
(P = .0001), IL-2 (P = .0075), IL-3 (P = .0153), MCP-1
(P = .032), and TNF-b (P = .0005) were higher in ulcers
which were non-healing ulcers compared with those on a
healing trajectory. Additionally, we compared protein
levels within wound exudate to the percent reduction of

wounds at 1, 2, 3, 4, and 12 weeks, and we found levels
of several protein targets that correlated with the change
in wound area (Figure 3). TIMP2, MMP-10, and EGF had
a significant positive correlation between increased pro-
tein levels and reduction in wound size. IL-1ra, IL-7, and
IL-8 had a significant negative correlation between pro-
tein levels and change in wound size.

To get a better idea of the status of the wound micro-
environment, we evaluated ratios of targets and com-
pared between groups. When evaluating ratios of MMPs
to TIMPs, only the MMP-10/TIMP-1 ratio was found to
be significantly different (P = .0134) between wounds on

TABLE 2 Patient demographics and ulcer history. Values reported as either the mean (standard deviation) or percent of subject

population

Total population N = 15 Healing trajectory N = 11 Non-healed N = 4

Age (years) 62.6 (12.7) 62.6 (10.4) 62.5 (19.8)

History of tobacco use 6.7% (1/15) 0.0% (0/11) 25.0% (1/4)

Diabetes 40.0% (6/15) 36.4% (4/11) 50.0% (2/4)

History of recurrent ulcers 26.7% (4/15) 27.3% (3/11) 25.0% (1/4)

BMI 41.9 (14.01) 41.3 (10.2) 43.5 (22.5)

ABI 0.99 (0.14) 1.00 (0.15) 0.97 (0.11)

Study ulcer age (weeks) 50.3 (103.3) 51.8 (121.04) 46.25 (30.5)

Study ulcer initial size (cm2) 8.1 (7.9) 7.1 (5.9) 12.6 (11.9)

Notes: The “Healed” category includes subjects with wounds which achieved greater than 85% closure by treatment visit 12 or were healed during the course of

the study. The “Non-Healed” category includes subjects with wounds which did not achieved greater than 85% closure by treatment visit 12.
Abbreviations: ABI, ankle-brachial index; BMI, body mass index.

FIGURE 1 Percent area reduction of venous leg ulcers (VLUs) treated with hypothermically stored amniotic membrane (HSAM). Blue

lines represent VLUs which were identified as on a trajectory of healing and grey lines represent VLUs identified as non-healing
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(A)

(B)

(C)

(D)

(E)

FIGURE 2 Heat maps illustrating the changes in cytokine concentrations within wound exudate of venous leg ulcers (VLUs) relative to

baseline values at (A) 1 week, (B) 2 weeks, (C) 3 weeks, and (D) 4 weeks. The respective wound closure for each subject at each time point is

included along the left of each table. Grey shading indicates healed wounds, “X” indicates missing data due to missed visit, and white

represent values which were outside the range of detection
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a healing trajectory (mean = 3.81, lower and upper 95%
confidence interval = 2.86, 4.76) and non-healed wounds
(mean = 2.11, lower and upper 95% confidence inter-
val = 1.13, 3.09). Additionally, the ratio of IL-1b/IL-1ra
and MMP-10/TIMP-1 had a significant positive correla-
tion to the change in wound size whereas the MMP-2/
TIMP-3 and MMP-2/TIMP-2 ratios had a significant neg-
ative correlation with the change in wound size
(Figure 4).

A total of 33 biopsies were collected from study ulcers
over the course of this study from 13 patients. Of these
samples, 10 samples met the required 260/280 threshold
for further analysis. While expression of SRY was
undetected in all samples, we found TSPY4 in two of the
samples, when compared with standards these samples
contained approximately 0.79% and 0.17% male DNA
(Table 4).

4 | DISCUSSION

The goal of this study was to investigate how VLUs
respond to the application of HSAMs. In this study, we
found that HSAM was well tolerated within the wound
bed and over the 12-week study period 53% (8/15) sub-
jects achieved complete closure of VLUs treated with
HSAM. Proteomic analysis of wound exudate identified
12 biomarkers which had significantly different concen-
trations between study wounds on a healing trajectory
versus non-healers. A more detailed analysis identified a
number of correlations between biomarker concentration
and percent area wound reduction. Lastly, DNA analysis
of wound biopsies collected from the study ulcer

generally failed to identify graft DNA within the study
ulcer indicating that these grafts were predominately no
longer present in the wound bed 7 days after application.

This study is novel as it is, to our knowledge, the first
study to evaluate changes in the growth factor/cytokine
levels within the VLU microenvironment over the course
of treatment with placental membranes, and is also the
first study to attempt to identify the dwell time of amni-
otic membranes applied to a wound bed. We found that
HSAM, in addition to multilayer compression therapy,
was effective in managing most chronic VLUs. While the
single arm structure of this study prevents a direct com-
parison to standard of care, prior prospective studies have
evaluated placental membranes for the treatment of
VLUs. Serena et al. reported a percent wound reduction
at 4 weeks of 48.1% for 53 VLUs treated with dehydrated
human amnion/chorion (dHACM) and compression
therapy alone compared with a 19% reduction in 31 VLUs
with compression therapy alone.19 Bianchi et al reported
12 week closure rates of 60% for dHACM and compres-
sion therapy for 52 VLUs, and 35% for standard of care
alone for 57 VLUs.18 In a 15-patient study of VLUs that
received frozen amniotic membrane, Mermet et al
reported an average percent area reduction of 63.4% at
4 weeks and at 12 weeks 80% of subjects had a 50% or
greater reduction in wound size including three subjects
whose wounds achieved complete closure.21 Varying
parameters in these studies prevent direct comparison to
these results, in particular, ulcer severity between the
studies. VLUs in these studies had a mean size of 4.6 to
7.6 cm2 and a duration of 41.9 to 55.2 weeks, which is
generally less severe than ulcers evaluated in our study
which had an average size of 8.6 ± 7.9 cm2 and a

TABLE 3 Biomarkers identified with significant differences between healing and non-healing VLUs, values represented as mean with

the lower and upper 95% confidence interval values

Biomarker Healing trajectory (N = 47) Non-healed (N = 24) P value

CX3CL1 (Fractalkine) 134.9 (113.2, 156.5) 181.4 (135.7, 227.0) .0477

FLT-3 L 18.70 (17.21, 20.18) 24.29 (19.75, 28.83) .474

IL-1a 2355 (1782, 2928) 4610 (3194, 6027) .0131

IL-1ra 5250 (4388, 6113) 7328 (6232, 8423) .0029

IL-2 2.4 (1.7, 3.1) 4.6 (2.2, 7.1) .0075

IL-3 0.3 (0.09, 0.50) 0.58 (0.27, 0.89) .0153

IL-9 0.93 (0.66, 1.2) 1.9 (1.4, 2.3) .0001

MCP-1 1556 (984.5, 2128) 3409 (1901, 4917) .0320

MMP-7 2921 (−74.05, 5917) 326 (−50.3, 702.3) .0205

MMP-10 6910 (5234, 8585) 4158 (2274, 6042) .0305

TIMP-4 41.2 (19.8, 63.0) 2.7 (−0.6, 6.1) .0251

TNFb 2.2 (1.7, 2.7) 3.1 (2.6, 3.6) .0005
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duration or 50.3 ± 103.3 weeks. Despite these differences,
in this small population we found comparable results
with the use of HSAM with multilayer compression.

While this is the first study to investigate the proteo-
mic changes within a VLU treated with a placental-

derived product, this is not the first study to investigate
changes in wound fluid of healing and non-healing
chronic wounds. Stacey et al also reported a number of
differentially expressed growth factors and cytokines in
the wound fluid of healing and non-healing VLUs

(A) (B)

(C) (D)

(E) (F)

FIGURE 3 Biomarker correlation to percent wound reduction for: (A) TIMP-2, (B) MMP10, (C) EGF, (D) IL-1ra, (E) IL-7, and (F) IL-8.

Red data points are from non-healing venous leg ulcers (VLUs) and blue data points are form healing VLUs
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including Eotaxin, GM-CSF, ICAM-1, IL-6, IL-16,
MCP-1, MIP-1a, MMP-13, PDGF-BB, and TIMP-4.37 Simi-
larly, Edsberg et al conducted a proteomic analysis on the
wound fluid of pressure ulcers and identified 20 proteins

which were also differentially expressed between chronic
and healed wounds including GM-CSF, I-309, INF-γ
IL-11, IL-12p40, IL-15, IL-1a, IL-1b, IL-8, TIMP-1,
TIMP-2 TNF RI, TNF RII, ICAM-1, IL-16, MIP-1d, MMP-
10, MMP-13, MMP-3, and Eotaxin-2.38 In this study, we
observed similar trends as seen in other studies with
TIMP-4, IL-1a, and MMP-10.37,38 Prior studies have iden-
tified that protease levels within the wound bed of VLUs
may be predictive of the outcome of the wound, specifi-
cally MMP-1,39 MMP-2,39,40 MMP-7,39 and MMP-933,39-41;
however, it should be noted that there is no current con-
sensus that protease activity is an indicator of healing in
VLUs.42 In our study, we observed that MMP-7 was ele-
vated in VLUs on a healing trajectory relative to non-
healed, VLUs which is consistent with the results
reported by Raffetto et al.39 When looking at ratios of
proteases to protease inhibitors, we did observe a nega-
tive correlation between MMP-2/TIMP-3 and wound
reduction and MMP-2/TIMP-2 and wound reduction. Of
particular interest, we found the largest changes in
growth factor and cytokine levels appeared to occur fol-
lowing the first application of HSAM, potentially
suggesting a shift from a chronic to a more acute state.

FIGURE 4 Biomarker ratios correlation to percent wound reduction for: (A) IL-1b/IL-1ra, (B) MMP-2/TIMP-3, (C) MMP-2/TIMP-2, and

(D) MMP-10/TIMP-1. Red data points are from non-healing venous leg ulcers (VLUs) and blue data points are form healing VLUs

TABLE 4 Detection of male DNA from biopsies retrieved

from VLUs

Subject ID
Weeks following
initial application

% male
DNA (SRY)

% male
DNA
(TSPY4)

001-001 2 ND 0.79%

001-002 1 ND ND

001-002 2 ND ND

001-003 2 ND ND

001-007 2 ND 0.17%

001-013 2 ND ND

001-013 4 ND ND

002-001 2 ND ND

002-003 1 ND ND

002-003 2 ND ND
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Interestingly, we found 2 out of 11 samples had low
levels of detectable male DNA. The overall lack of signifi-
cant levels of detectable male DNA from VLUs suggests
that applied HSAM grafts may remain in the wound bed
for 1 to 2 weeks following application. Only in two cases
were any male DNA detected, but should also be noted
that the detection of DNA from the HSAM does not sug-
gest graft viability, only the presence of tissue within the
sample.43 Of note in our study, only expression of TSPY4
was detected; these results seem to be consistent with
prior studies which have shown that the TSPY family
was a more sensitive marker of male DNA than SRY.34

These results are similar to studies investigating the
retention of bilayered living cellular constructs (BLCC,
Apligraf, Organogenesis, Canton, Massachusetts) within
chronic wounds, where in a majority of subjects DNA
from the graft was not detected 1 week after
application.44,45

Study limitations include a single arm structure, the
inclusion of only female subjects, and the quantification
of proteases using multiplex MAP arrays alone. Future
multi-centre, randomised studies will need to be con-
ducted to fully elucidate the efficacy of treating VLUs
with HSAM compared with the standard of care. The
inclusion of female only subjects was necessary in this
study in order to detect HSAM using markers for male
DNA; however, gender differences may play a role in tis-
sue response. Finally, the proteomic evaluation of
wounds using the multiplex MAP arrays does not provide
information on protease activity; this is especially rele-
vant for the detection of proteases where these arrays
would have detected both active and inactive versions,
that is, MMPs. Despite these limitations, the results pres-
ented herein provide the first data suggesting how VLUs
may respond to the applications of placental membranes.
It is the authors' opinion that studies evaluating how
patient's tissue respond to therapies are essential to the
further advancement of chronic wound care.
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