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Antimicrobial Peptides Secreted 
From Human Cryopreserved Viable 
Amniotic Membrane Contribute to 
its Antibacterial Activity
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Chronic wounds remain a large problem in the field of medicine and are often associated with risk of 
infection and amputation. Recently, a commercially available human cryopreserved viable amniotic 
membrane (hCVAM) has been shown to effectively promote wound closure and reduce wound-related 
infections. A sprevious study indicates that hCVAM can inhibit the growth of bacteria associated with 
chronic wounds. In the present study, we investigated the mechanism of hCVAM antimicrobial activity. 
Our data demonstrate that antimicrobial activities against common pathogens in chronic wounds such 
as P.aeruginosa, S.aureus and Methicillin-resistant S.aureus (MRSA) are mediated via the secretion of 
soluble factors by viable cells in hCVAM and that these factors are proteins in nature. Further, we show 
that genes for antimicrobial peptides (AMPs) including human beta-defensins (HBDs) are expressed 
by hCVAM and that expression levels positively correlate with antimicrobial activity of hCVAM. At the 
protein level, our data indicate that HBD2 and HBD3 are secreted by hCVAM and directly contribute 
to its activity against P. aeruginosa. These data provide evidence that soluble factors including AMPs 
are hCVAM antimicrobial agents and are consistent with a role for AMPs in mediating antimicrobial 
properties of the membrane.

Chronic wounds are those that fail to progress through the normal repair process, and such wounds often do not 
respond to a standard of care and require advance wound care treatment modalities. Bacterial colonization in 
open wounds is a major contributor to stalled wound healing1,2. Measures to control bacterial colonization and 
growth have been shown to promote wound closure, thus are beneficial to chronic wound treatment.

Fresh human placental membranes have been used in treating wounds for more than 100 years3,4. However, 
the short shelf life limits clinical use. The development of various preservation methods allows for the long term 
storage of placental membranes. One of these methods uses a proprietary cryopreservation solution that retains 
all the components of fresh tissue, extracellular matrix, growth factors, and cells, in their native state. Studies have 
shown that the preservation of all components of the amnion is important for the retention of its functionality5. 
In a recent clinical study, a human cryopreserved viable amniotic membrane (hCVAM) promoted wound closure 
and reduced wound-related infections in treating chronic diabetic foot ulcers in comparison with the standard 
of care6. In vitro studies demonstrated a significant reduction in the growth of ESKAPE (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa or Enterobacter 
aerogenes) pathogens in the presence of hCVAM, suggesting that hCVAM retains intrinisic antimicrobial proper-
ties of the amnion7. These properties likely contribute to the positive outcomes observed with hCVAM in clinical 
studies.

Endogenous antimicrobial peptides (AMPs) provide the first line of defense against microbial infections8. 
Constitutive or induced expression of AMPs occurs in many types of cells and represent one of the mechanisms 
of the innate immune response9,10. While AMPs inhibit pathogen’s growth via several pathways, the majority 
of the positively-charged human AMPs inhibit bacterial growth by disrupting the negatively-charged bacterial 
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membrane8,11. In addition, AMPs such as human beta-defensins (HBDs), histones, and cathelicidin have also 
been shown to neutralize lipopolysaccharide (LPS)-induced inflammation in chronic wounds10,12–15.

Previous studies have demonstrated that endogenous viable cells in fresh amnion and hCVAM are the source 
of cytokines and immune modulators which mediate a number of functional properties of the membrane5,16–18. 
Multiple AMPs, including HBDs, elafin, secretory leucocyte protease inhibitor (SLPI), and histone H2B have 
been detected in fresh amniotic membranes and may protect wounds by inhibiting bacterial growth and modu-
lating immune response12,19–22. The objective of this study was to investigate mechanisms of antimicrobial activity 
of hCVAM. Our hypothesis was that hCVAM antimicrobial activity is mediated by AMPs secreted by endog-
enous viable cells. A liquid culture assay was utilized to quantify the antimicrobial activity of hCVAM against 
P.aeruginosa, S.aureus and Methicillin-resistant S.aureus (MRSA), common pathogens in chronic wound23. The 
importance of viable cells in hCVAM was investigated by comparing of hCVAM antimicrobial activity to its 
devitalized counterpart. To investigate the relevance of AMPs, and HBDs, in particular, as hCVAM antimicrobial 
agents, we used qPCR to detect AMP gene expression in hCVAM and ELISA to measure levels of secreted AMPs. 
Finally, we used selective immunodepletion of HBD 2 and 3 to confirm their role in hCVAM antimicrobial activ-
ity. Results demonstrate that HBDs secreted by endogenous cells mediate hCVAM antimicrobial activity against 
P. aeruginosa.

Results
Antimicrobial activity of hCVAM is mediated by soluble factors of protein origin that secreted 
by tissue viable cells. Our previous work has demonstrated that hCVAM has intrinsic antimicrobial activ-
ity7. To determine a nature of antimicrobial factors, P.aeruginosa, MRSA, or MSSA were inoculated to hCVAM 
conditioned medium. As shown in Fig. 1, hCVAM conditioned medium inhibited the growth of P. aeruginosa 
(a), MRSA (b), and MSSA (c) by 5.0, 5.8, and 3.6 logs, respectively, compared to the assay medium control. 
This result indicates that soluble antimicrobial factors are released from hCVAM tissues in conditioned medium. 
Interestingly, MRSA growth was more sensitive to hCVAM condition medium than MSSA, suggesting that 
secreted soluble factors play a larger role in hCVAM activity of methicillin-resistant forms of S. aureus than 
methicillin-sensitive forms.

To demonstrate the importance of viable cells in antimicrobial activity of hCVAM, hCVAM was air-dried, 
a method which effectively destroys the viable cells24, and conditioned medium was obtained from air-dried 
devitalized hCVAM, and its effect on bacterial growth was tested. The data demonstrate that devitalized hCVAM 
(dhCVAM) did not significantly inhibit the growth of P. aeruginosa, MRSA and MSSA compared to the controls. 
Similar results were observed with conditioned medium derived from hCVAM, which was devitalized by a freeze/
thaw hCVAM devitalization technique (Supplemental Fig. 1). These data show that the secretion of soluble anti-
microbial factors is dependent on endogenous viable cells in hCVAM.

To investigate the time-dependence of hCVAM antimicrobial factor secretion, we compared the antimi-
crobial activity of hCVAM conditioned medium after 6 h and 22 h in culture (Fig. 2). The data demonstrate 
6 h-conditioned medium inhibited the growth of P. aeruginosa by 5.0 logs while 22 h inhibition was 6.3 logs 
(Fig. 2a). Similarly, 6 h-conditioned medium inhibited MRSA growth by 2.1 logs while 22 h medium inhibition 
was 5.8 logs (Fig. 2b). Taken together, these data suggest that soluble hCVAM antimicrobial factors are continu-
ously released and accumulate over the observed 22 h period.

To determine whether soluble factors that mediate hCVAM antimicrobial activity against P. aeruginosa, 
are protein origin, the antimicrobial activity assays were repeated in the presence of cycloheximide, a known 
eukaryotic-specific inhibitor of protein synthesis25. Cycloheximide demonstrated a dose-dependent decrease in 
hCVAM antimicrobial activity (Fig. 3). At 100 µg/ml cycloheximide, the lowest concentration added, hCVAM 

Figure 1. hCVAM antimicrobial activity is mediated by soluble factors secreted by tissue viable cells. 
Comparison of hCVAM antimicrobial activity with that from air-dried devitalized membrane (dhCVAM). 
hCVAM and devitalized membrane dhCVAM-derived conditioned media were generated as described in 
Materials and Methods. Effect of both conditioned media on P.aeruginosa (a), MRSA (b) or MSSA (c) growth 
was investigated. While hCVAM conditioned medium possesses significant antimicrobial properties, dhCVAM 
does not, demonstrating that soluble antimicrobial factors are released from tissue viable cells. Data are 
presented as mean ± SD of CFU in log/ml (n ≥ 3) ***p < 0.001.
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inhibition was 4.1 logs, which was not statistically different from 4.3 logs observed for the 0 µg/ml condition. In 
contrast, at 1000 µg/ml cycloheximide, the highest concentration added, a significant reduction of hCVAM anti-
microbial activity was observed as P. aeruginosa growth reached the assay medium control level. Taken together, 
these data demonstrate that the observed antimicrobial activity is dependent on protein synthesis and strongly 
suggests that secreted factors are proteins in nature.

Selective antimicrobial peptides are expressed in hCVAM. Previous studies have shown that many 
antimicrobial peptides (AMPs), including, LL37, beta-defensins 1–3 (HBD 1–3), histone H2B, SLPI and elafin 
are present in human amniotic membrane26. To investigate the presence of these AMPs and their potential role in 
hCVAM antimicrobial activity, the gene expression of selected four AMPs in hCVAM was analyzed using qPCR 
(Fig. 4). A significant increase in gene expression levels for the 22 h time period was observed for all tested AMPs: 
HBD2 (Fig. 4a), HBD3 (Fig. 4b), Histone H2B (Fig. 4c), and SLPI (Fig. 4d). Interestingly, AMP gene expres-
sion profiles correlated with the observed time-dependent accumulation of antimicrobial factors in the hCVAM 

Figure 2. Time-dependent accumulation of antimicrobial factors in hCVAM conditioned media. hCVAM 
conditioned medium was collected after 6 h or 22 h in culture and assayed for antimicrobial activity against 
P. aeruginosa (a) or MRSA (b). For both bacteria, the data demonstrate a decrease in bacterial growth, 
corresponding to an increase in antimicrobial factors in the conditioned medium, over time. Data are presented 
as mean ± SD of CFU in log/ml (n = 3).

Figure 3. Increasing concentrations of cycloheximide results in a dose-dependent decrease in hCVAM 
antimicrobial activity. While the lowest concentration of cycloheximide had negligible effect, increasing 
concentrations of cycloheximide inhibited hCVAM antimicrobial activity. Cycloheximide at all concentrations 
tested did not affect P. aeruginosa growth in the absence of hCVAM (data not shown). Data are presented as 
mean ± SD of CFU in log/ml (n = 3). *p < 0.05 ***p < 0.001.
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conditioned medium (Fig. 2). The presence of HBD2 protein in hCVAM was confirmed by immunostaining. 
Staining showed highest level of HBD2 in the epithelial layer of hCVAM (Fig. 5f). Taken together, these data 
demonstrate that selective AMP genes are expressed in cultured hCVAM and that HBD2 is present in the tissue.

HBDs 2 and 3 are soluble factors secreted from hCVAM that contribute to its antimicrobial 
activity against P. aeruginosa. Performed experiments have shown that hCVAM secretes soluble fac-
tors with antimicrobial properties, and that antimicrobial peptide HBD2 and 3 genes (and HBD2 protein) are 
expressed in cultured hCVAM. ELISAs further confirmed the presence of HBD2 and HBD3 proteins in hCVAM 
conditioned medium (Fig. 5). As shown in Fig. 5a, higher levels of HBD2 were detected in hCVAM conditioned 
medium compared to dhCVAM, with values of 65.7 and 28.8 pg/ml, respectively. As expected, in the presence of 
cycloheximide HBD2 protein level was significantly decreased to 24.1 pg/ml. Similar results are shown for HBD3 
(Fig. 5b), with values of 203.8, 89.0, and 77.0 pg/ml obtained for hCVAM, dhCVAM, and hCVAM in the presence 
of cycloheximide, respectively. These data demonstrate that both HBD2 and HBD3 AMPs are secreted by viable 
cells in hCVAM, and their production may require active protein synthesis.

Figure 4. AMPs are expressed in hCVAM. (a,b) AMP gene expression in hCVAM as determined by qPCR. 
hCVAM tissue was processed and analyzed as described in Materials and Methods after 6 and 22 h in culture. 
Uncultured hCVAM (0 h) served as the control. A time-dependent increase in gene expression levels was 
observed for HBD2 (a), HBD3 (b), Histone H2B (c) and SLPI (d). Data are presented as mean ± SD of fold 
increase (n = 3). HBD2 is present in hCVAM as demonstrated by immunohistochemical staining with HBD2 
antibodies: the positive brown stain seen in (f), but not in the negative staining control (e).
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To further investigate a role of these two AMPs in hCVAM antimicrobial activity, immunoprecipitation 
(IP) with HBD2 and HBD3 antibodies was performed with the purpose to reduce amount of HBD2 and HBD3 
proteins in hCVAM conditioned medium. HBD2 and 3-depleted conditioned media were then assayed for 
anti-P.aeruginosa activity. In this set of experiments, rabbit-anti-mouse IgG was used as a negative control. As 
shown in Fig. 6, IP of HBD2 or HBD3 significantly reduced hCVAM antimicrobial activity within 1 log compared 
to the IgG negative control, which had no significant effect. Taken together, these data demonstrate that HBD2 
and HBD3, at least in part, are responsible for hCVAM P. aeruginosa-specific antimicrobial activity.

Discussion
Our previous study demonstrated that a human cryopreserved amniotic membrane has intrinsic antimicrobial 
activity against a broad spectrum of bacteria associated with chronic wounds7. In this study, we focused on P. 
aeruginosa, one of the most common pathogens in chronic wounds, and two S. aureus strains, MRSA and MSSA. 

Figure 5. HBDs 2 and 3 proteins are present in the hCVAM conditioned medium. While HBD2 (a) and HBD3 
(b) are released from hCVAM over a 24 h culture period, secretion is compromised in devitalized membrane 
(dhCVAM), as detected by ELISA. Blocking hCVAM protein synthesis via cycloheximide (CHM) treatment has 
a similar inhibitory effect as membrane devitalization. Data are presented as mean ± SD (n = 4). *p < 0.05.

Figure 6. Antimicrobial peptides HBD2 and HBD3 contribute to the antimicrobial activity of hCVAM against 
P. aeruginosa. Depletion of HBD2 and HBD3 from hCVAM conditioned medium via immunoprecipitation (IP) 
with HBD2 and 3 antibodies reduced antimicrobial activity against P. aeruginosa, while an IgG control antibody 
did not. Control represents hCVAM 24 h conditioned medium (CM) without immunprecipitation. Data are 
presented as mean ± SD of CFU in 1 × 103/ml (n = 3) and are a representative of four independent experiments. 
One-way ANOVA with a Tukey’s multiple comparisons test was performed between IP with antibodies and IP 
with control IgG. **p < 0.01.
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We show that soluble antimicrobial agents are secreted by viable cells in hCVAM, as devitalization of the mem-
brane shows negligible antimicrobial activity in a liquid culture assay. In addition, we show that these factors 
are, at least in part, proteins in nature. Furthermore, we demonstrate that selective AMP genes are expressed in 
hCVAM, and that they play a pivotal role in hCVAM antimicrobial activity against P. aeruginosa.

Both freeze-thaw and air-dry methods effectively devitalized hCVAM. Importantly, devitalization of hCVAM 
had a negative impact on antimicrobial activity and secretion of both HBD2 and HBD3 from the membrane. 
These data strongly support the critical role of viable cells in hCVAM antimicrobial activity.

Reduction of bacterial growth in our liquid culture assay may have clinical significance by improving the 
wound environment. Reducing bacterial growth may decrease bacterial load to a level that does not inhibit 
wound healing27. It has been shown that even a decrease of one log10 (90%) bacterial load (3 × 106 staphylococci/
ml) led to clinical improvements in pneumonia patients28. Studies have indicated that inhibition of bacterial 
growth rate may alter the adherence of bacteria to epithelial cells and increase bacterial susceptibility to host 
immune defense29. The presence of AMPs may enhance the activities of antibiotics through synergistic effects and 
make the combination treatment more potent30.

In this study, we demonstrate a positive correlation between hCVAM antimicrobial activity and gene expres-
sion of AMPs HBDs 2 and 3 and protein levels. Using ELISA, we quantified HBD2 and HBD3 proteins in hCVAM 
conditioned medium. In addition, while secreted protein levels of both AMPs were reduced, the low level was 
detected in both devitalized membrane (dhCVAM) and cycloheximide conditions (Fig. 5). This result suggests 
that although viable cells are the main source of secreted antimicrobial peptides, AMPs are present at detectable 
levels in the tissue extracellular matrix. A role for HBDs 2 and 3 as hCVAM antimicrobial agents against P. aerug-
inosa was confirmed by selective removal of each via immunoprecipitation from conditioned medium (Fig. 6).

Previous studies have shown that the methicillin-resistant strain of S.aureus, MRSA, is more sensitive to anti-
microbial peptides, such as beta-defensins, compared to the methicillin-sensitive strain, MSSA31. Here, we show 
that MRSA is more sensitive to hCVAM conditioned medium than MSSA (Fig. 1). These data suggest that AMPs 
secreted by hCVAM are more effective antimicrobial agents against MRSA than MSSA. This question as well 
as hCVAM mechanisms of antimicrobial activity against other ESKAPE bacteria besides P. aeruginosa will be 
addressed in future studies.

In summary, we demonstrate that soluble antimicrobial factors secreted by viable cells in hCVAM play a key 
role in hCVAM antimicrobial activity, and beta-defensins 2 and 3 are important contributors to hCVAM antimi-
crobial activity against P. aeruginosa.

Methods
Preparation of hCVAM samples and conditioned medium. hCVAM samples derived from different 
donors were prepared as previously described17. Human term placenta tissues were procured and processed at 
Osiris Therapeutics, Inc. (Columbia, MD) following its proprietary manufacturing procedure. The tissue pro-
curement and ethics statement were provided by The National Disease Research Interchange (Philadelphia, PA) 
and Cord Blood America, Inc. (Las Vegas, NV) from eligible donors after obtaining written informed consent.

Prior to experiments, hCVAM tissues stored at −80 °C were thawed in a room temperature water bath for 
3–5 min. hCVAM tissue was removed from a cryobag, placed in a sterile basin and washed with sterile PBS. To 
generate conditioned medium. hCVAM tissue was incubated in a sterile 50 ml conical tube containing assay 
medium (1 ml per 4 cm2 of hCVAM) consisting of Dubelco’s Modified Eagle Medium (DMEM), (Invitrogen) and 
10% fetal bovine serum (FBS) (Atlanta Biologicals), with shaking at 37 °C, in a cell incubator set for 5% CO2 and 
95% humidity. Conditioned medium was collected at 24 h for single time point experiments and at 6 and 22 h 
for multiple time point experiments, unless otherwise reported. Following collection, conditioned medium was 
either used immediately or stored at −80 °C.

Bacterial culture and preparation of inoculums. Clinical isolates of bacterial strains Pseudomonas 
aeruginosa (P. aeruginosa; ATCC® 15692™), methicillin-resistant Staphylococcus aureus (S. aureus) (MRSA; 
ATCC® BAA-1720) and methicillin-sensitive S. aureus (MSSA; ATCC® 25923™), were maintained following 
instructions provided by the supplier. Preparation of bacterial inoculum was performed as described previously7. 
Briefly, bacteria were cultured in tryptic soy broth at 37 °C with shaking until the absorbance optical densities 
measured in the range of 0.2 to 0.6 at a wavelength of 600 nm. The number of colony forming units (CFUs) for 
each strain was estimated based on an OD600 = 1.0, which corresponds to 109 CFU/ml. To prepare the inoculum 
for hCVAM antimicrobial assays, the bacterial stock solution was diluted with either assay medium or condi-
tioned medium to approximately 100 CFU/ml of bacteria. For each experiment, the actual CFU of each inoculum 
was determined by preparing serial dilutions and plated onto tryptic soy broth agar plates.

Antimicrobial Activity Assays. 100 CFU of P. aeruginosa or S. aureus were cultured with 1 ml of assay 
medium or conditioned medium and incubated at 37 °C with shaking for 24 h. Serial dilutions were then prepared 
of each culture and plated onto tryptic soy broth agar plates. CFUs were counted after overnight incubation at 
37 °C.

Devitalization of hCVAM. Devitalization of hCVAM was done by an “air-dry” method. Briefly, the mem-
brane was thawed, washed in PBS, and transferred to a sterile petri dish. hCVAM was air-dried under sterile 
conditions for 3–5 h. The membrane was then rehydrated in PBS for 30–60 min before use.

Devitalization of hCVAM was also done using a “freeze-thaw” method. The membrane was thawed, washed 
in sterile water, and transferred to a petri dish in a −80 °C freezer for 25 min. Frozen hCVAM was then thawed in 
water at room temperature for 25 min. This freeze/thaw cycle was repeated once.
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The lack of viable cells was confirmed by staining of devitalized hCVAM with LIVE/DEAD viability/cytotox-
icity kit (Invitrogen).

Inhibition of hCVAM protein synthesis via cycloheximide treatment. hCVAM was cultured in 
assay medium for 24 h in the presence of cycloheximide at 100, 500, 750 or 1000 µg/ml. Conditioned medium was 
collected and used in a P. aeruginosa antimicrobial activity assay. Assay medium containing listed above concen-
trations of cycloheximide served as the controls for these experiments.

Antimicrobial peptide gene expression in hCVAM using q-PCR. To isolate RNA for antimicrobial 
peptide (AMP) quantitative PCR (q-PCR) experiments, Freshly thawed (0 h) or cultured for 6 and 24 h in assay 
medium hCVAM tissues were used. Conditioned medium was collected and stored at −80 °C for future testing 
for AMPs while the membrane was transferred to a fresh tube containing PBS. After a single PBS rinse, the tissue 
was dried using a kimwipe and flash frozen in liquid nitrogen for 2 min. The frozen hCVAM tissue was pulverized 
using a mortar and pestle and resuspended in 1 ml of RNA lysis buffer (Promega). Samples were transferred to a 
5 ml Eppendorf tube and further homogenized using an Ultra-Turrax (IKA T10) homogenizer for 3 15-second 
cycles followed by 1 min of cooling on wet ice. The lysates were centrifuged at 12000 rpm for 5 min and superna-
tants were used for RNA extraction/purification using SV 96 Total RNA Isolation System (Promega). RNA con-
centration and purity was measured using Nanodrop2000 (Thermo Scientific). The cDNA synthesis and qPCR 
analysis were performed as described32. The primers used for qPCR include Quanti-tech GAPDH (QT01192646), 
Beta-defensin 2 (QT00204617), Beta Defensin 3 (QT01529535), Secretory Lyphocyte protease inhibitor (SLPI) 
(QT00236117), Histone H2B (QT00199941) (Qiagen). Following each run, a second derivative analysis was per-
formed using raw data to determine the mean Cp for each sample. GAPDH expression served as an internal 
control. Relative mRNA expression was determined by Pfaffl analysis (EΔCp target/EΔCp reference) in which 
primer efficiency E = 10^(−1/slope) and ΔCp = mean Cp of sample - mean Cp of the experimental control. The 
relative expression in hCVAM tissues cultured 6 or 24 hr in the assay medium was normalized to the expression 
in freshly thawed hCVAM (0 h).

Immunohistochemical staining of human beta-defensin 2 in hCVAM. Following a 22-h incubation 
in assay medium, hCVAM tissue was isolated, rinsed twice with PBS, and fixed in 4% paraformaldehyde for 24 h. 
After fixation, the membrane was washed in PBS and stored at 4 °C in 70% ethanol. Samples were sections and 
stained by Histoserv, Inc. Sections were stained with anti-human beta-defensin 2 (HBD2) goat antibodies (Santa 
Cruz) as previously described26. Briefly, sectioned were stained with primary antibody followed by biotinylated 
secondary rabbit anti-goat IgG (Vector Laboratories). Diaminobenzidine (Sigma) was used to visualize positively 
stained cells. Sections stained without the primary antibody served as the negative staining control.

Detection of human beta defensins using ELISA. hCVAM or devitalized hCVAM were cultured in 
assay medium for 24 h. Conditioned medium after 24 h incubation was collected and analyzed for HBD2 and 
human beta-defensin 3 (HBD3) using ELISA (Human BD-2 Mini ABTS ELISA kit and Human BD-3 Mini ABTS 
ELISA kit) according to the manufacturer’s instructions (PeproTech).

Immunoprecipitation. Selective depletion of HBD2 and HBD3 from hCVAM conditioned medium was 
accomplished by immunoprecipitation (IP). Conditioned medium was collected from multiple lots of hCVAM 
cultured for 24 h in assay medium. Rabbit polyclonal antibodies against HBD2 (Santa Cruz sc-20798) or HBD3 
(Santa Cruz sc-30115) or a non-specific rabbit IgG (control) (ThermoFisher Scientific #31555) was added to a 
1 ml sample of conditioned medium at a final concentration of 1 μg/ml and incubated with mixing overnight at 
4 °C. A 100-µl slurry of Protein A/G agarose plus resin (ThermoFisher Scientific #20421) was washed twice with 
1 ml of PBS and mixed with each condition medium sample for 2 h at room temperature. Mixtures were then cen-
trifuged at 2000 rpm for 3 min and resulting supernatants were transferred to individual bacterial culture tubes. 
100 CFU of P.aeruginosa was added to each culture tube and incubated with shaking at 37 °C. After 24 h, CFUs 
for each culture was quantified.

Statistical analysis. Each independent experiment contained 3 or more biological repeat samples (n ≥ 3), 
and data is presented as the mean ± standard deviation. Results shown are a representative of at least two inde-
pendent experiments. One-way ANOVA with a Tukey’s multiple comparisons test was performed to determine 
statistical significance. Differences were considered significant at a p value of < 0.05.

References
 1. Leaper, D., Assadian, O. & Edmiston, C. E. Approach to chronic wound infections. Br J Dermatol 173, 351–358 (2015).
 2. Sibbald, R. G. et al. Special considerations in wound bed preparation 2011: an update(c). Advances in skin & wound care 24, 415-436; 

quiz 437-418 (2011).
 3. Abbasi, K. Z. Evaluation of Fresh Human Amniotic Membrane Transplantation for the Treatment of Corneal Perforation and 

Impending Corneal Perforation. Pak J Ophthalmol 28, 5 (2012).
 4. F. M., S., M. S., S. & Virender, S. Amniotic membrane transplantation for ocular surface reconstruction. Cornea 24, 10 (2005).
 5. Johnson, A., Gyurdieva, A., Dhall, S., Danilkovitch, A. & Duan-Arnold, Y. Understanding the Impact of Preservation Methods on 

the Integrity and Functionality of Placental Allografts. Ann Plast Surg (2017).
 6. Lavery, L. A. et al. The efficacy and safety of Grafix((R)) for the treatment of chronic diabetic foot ulcers: results of a multi-centre, 

controlled, randomised, blinded, clinical trial. Int Wound J 11, 554–560 (2014).
 7. Mao, Y. et al. Human cryopreserved viable aminotic membrane inhibits the growth of bacteria associated with chronic wounds. 

Journal of Diabetic Foot Complications 8, 23–30 (2016).
 8. Bahar, A. A. & Ren, D. Antimicrobial peptides. Pharmaceuticals (Basel) 6, 1543–1575 (2013).



www.nature.com/scientificreports/

8Scientific REPORTS | 7: 13722  | DOI:10.1038/s41598-017-13310-6

 9. Szukiewicz, D., Szewczyk, G., Pyzlak, M., Klimkiewicz, J. & Maslinska, D. Increased production of beta-defensin 3 (hBD-3) by 
human amniotic epithelial cells (HAEC) after activation of toll-like receptor 4 in chorioamnionitis. Inflamm Res 57(Suppl 1), S67–68 
(2008).

 10. Guani-Guerra, E., Santos-Mendoza, T., Lugo-Reyes, S. O. & Teran, L. M. Antimicrobial peptides: general overview and clinical 
implications in human health and disease. Clin Immunol 135, 1–11 (2010).

 11. Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 415, 389–395 (2002).
 12. Kim, H. S. et al. Endotoxin-neutralizing antimicrobial proteins of the human placenta. J Immunol 168, 2356–2364 (2002).
 13. Kirikae, T. et al. Protective effects of a human 18-kilodalton cationic antimicrobial protein (CAP18)-derived peptide against murine 

endotoxemia. Infect Immun 66, 1861–1868 (1998).
 14. Pulido, D., Nogues, M. V., Boix, E. & Torrent, M. Lipopolysaccharide neutralization by antimicrobial peptides: a gambit in the innate 

host defense strategy. J Innate Immun 4, 327–336 (2012).
 15. Wang, C. et al. Reduction Impairs the Antibacterial Activity but Benefits the LPS Neutralization Ability of Human Enteric Defensin 

5. Sci Rep 6, 22875 (2016).
 16. Duan-Arnold, Y., Gyurdieva, A., Johnson, A., Jacobstein, D. A. & Danilkovitch, A. Soluble Factors Released by Endogenous Viable 

Cells Enhance the Antioxidant and Chemoattractive Activities of Cryopreserved Amniotic Membrane. Advances in wound care 4, 
329–338 (2015).

 17. Duan-Arnold, Y. et al. Retention of Endogenous Viable Cells Enhances the Anti-Inflammatory Activity of Cryopreserved Amnion. 
Advances in wound care 4, 523–533 (2015).

 18. Duan-Arnold, Y., Uveges, T. E., Gyurdieva, A., Johnson, A. & Danilkovitch, A. Angiogenic Potential of Cryopreserved Amniotic 
Membrane Is Enhanced Through Retention of All Tissue Components in Their Native State. Advances in wound care 4, 513–522 
(2015).

 19. Buhimschi, I. A. et al. The novel antimicrobial peptide beta3-defensin is produced by the amnion: a possible role of the fetal 
membranes in innate immunity of the amniotic cavity. Am J Obstet Gynecol 191, 1678–1687 (2004).

 20. Hao, H. N., Zhao, J., Lotoczky, G., Grever, W. E. & Lyman, W. D. Induction of human beta-defensin-2 expression in human astrocytes 
by lipopolysaccharide and cytokines. J Neurochem 77, 1027–1035 (2001).

 21. Tehrani, F. A., Ahmadiani, A. & Niknejad, H. The effects of preservation procedures on antibacterial property of amniotic 
membrane. Cryobiology 67, 293–298 (2013).

 22. Zhang, Q. et al. Production of secretory leukocyte protease inhibitor by human amniotic membranes and regulation of its 
concentration in amniotic fluid. Mol Hum Reprod 7, 573–579 (2001).

 23. Gjodsbol, K. et al. Multiple bacterial species reside in chronic wounds: a longitudinal study. Int Wound J 3, 225–231 (2006).
 24. Laranjo, M. Amniotic Membrane: Origin, Characterization and Medical Applications. (Springer Science, Dordrecht Netherlands; 

2015).
 25. Obrig, T. G., Culp, W. J., McKeehan, W. L. & Hardesty, B. The mechanism by which cycloheximide and related glutarimide antibiotics 

inhibit peptide synthesis on reticulocyte ribosomes. J Biol Chem 246, 174–181 (1971).
 26. King, A. E. et al. Expression of natural antimicrobials by human placenta and fetal membranes. Placenta 28, 161–169 (2007).
 27. Bendy, R. H. et al. Relationship of Quantitative Wound Bacterial Counts to Healing of Decubiti: Effect of Topical Gentamicin. 

Antimicrob Agents Chemother (Bethesda) 10, 147–155 (1964).
 28. Louria, D. B. & Kaminski, T. The effects of four antimicrobial drug regimens on sputum superinfection in hospitalized patients. Am 

Rev Respir Dis 85, 649–665 (1962).
 29. Zhanel, G. G., Hoban, D. J. & Harding, G. K. Subinhibitory antimicrobial concentrations: A review of in vitro and in vivo data. Can 

J Infect Dis 3, 193–201 (1992).
 30. Mataraci, E. & Dosler, S. In vitro activities of antibiotics and antimicrobial cationic peptides alone and in combination against 

methicillin-resistant Staphylococcus aureus biofilms. Antimicrob Agents Chemother 56, 6366–6371 (2012).
 31. Routsias, J. G., Karagounis, P., Parvulesku, G., Legakis, N. J. & Tsakris, A. In vitro bactericidal activity of human beta-defensin 2 

against nosocomial strains. Peptides 31, 1654–1660 (2010).
 32. Mao, Y., Hoffman, T., Wu, A., Goyal, R. & Kohn, J. Cell type-specific extracellular matrix guided the differentiation of human 

mesenchymal stem cells in 3D polymeric scaffolds. J Mater Sci Mater Med 28, 100 (2017).

Acknowledgements
This study was supported by the New Jersey Center for Biomaterials and Osiris Therapeutics. Anya Singh-Varma 
acknowledges the support from the Aresty Research Center at Rutgers University. The authors thank Dr. Michelle 
Poirier for constructive discussions, reviewing and editing this manuscript.

Author Contributions
All authors are involved in experiment design. Y.M., T.H., and A.S.V. performed the experiments and analyzed 
the results. M.M. and Y.D.A. prepared the testing materials for this study. Y.M. drafted the manuscript, all authors 
reviewed, edited and approved the manuscript for submission.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13310-6.
Competing Interests: This study is partially funded by Osiris Therapeutics.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-13310-6
http://creativecommons.org/licenses/by/4.0/

	Antimicrobial Peptides Secreted From Human Cryopreserved Viable Amniotic Membrane Contribute to its Antibacterial Activity

	Results

	Antimicrobial activity of hCVAM is mediated by soluble factors of protein origin that secreted by tissue viable cells. 
	Selective antimicrobial peptides are expressed in hCVAM. 
	HBDs 2 and 3 are soluble factors secreted from hCVAM that contribute to its antimicrobial activity against P. aeruginosa. 

	Discussion

	Methods

	Preparation of hCVAM samples and conditioned medium. 
	Bacterial culture and preparation of inoculums. 
	Antimicrobial Activity Assays. 
	Devitalization of hCVAM. 
	Inhibition of hCVAM protein synthesis via cycloheximide treatment. 
	Antimicrobial peptide gene expression in hCVAM using q-PCR. 
	Immunohistochemical staining of human beta-defensin 2 in hCVAM. 
	Detection of human beta defensins using ELISA. 
	Immunoprecipitation. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 hCVAM antimicrobial activity is mediated by soluble factors secreted by tissue viable cells.
	Figure 2 Time-dependent accumulation of antimicrobial factors in hCVAM conditioned media.
	Figure 3 Increasing concentrations of cycloheximide results in a dose-dependent decrease in hCVAM antimicrobial activity.
	Figure 4 AMPs are expressed in hCVAM.
	Figure 5 HBDs 2 and 3 proteins are present in the hCVAM conditioned medium.
	Figure 6 Antimicrobial peptides HBD2 and HBD3 contribute to the antimicrobial activity of hCVAM against P.




