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Abstract

In chronic wounds, biofilm infects host tissue for extended periods of time. This work establishes 

the first chronic pre-clinical model of wound biofilm infection aimed at addressing long-term host 

response. Although biofilm infected wounds did not show marked differences in wound closure, 

the repaired skin demonstrated compromised barrier function. This observation is clinically 

significant because it leads to the notion that even if a biofilm infected wound is closed as 
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observed visually, it may be complicated by the presence of failed skin which is likely to be 

infected and or further complicated post-closure. Study of underlying mechanisms recognized for 

the first time biofilm-inducible miR-146a and miR-106b in the host skin wound-edge tissue. These 

miRs silenced ZO-1 and ZO-2 to compromise tight junction function resulting in leaky skin as 

measured by transepidermal water loss. Intervention strategies aimed at inhibiting biofilm-

inducible miRNAs may be productive in restoring barrier function of host skin.
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INTRODUCTION

In the United States of America, 6.5 million patients are affected by chronic wounds. The 

national annual healthcare cost of treating chronic wounds is estimated at US$25 billion 

annually and this burden is rapidly growing due to increasing health care costs, an aging 

population and a sharp rise in the incidence of diabetes and obesity worldwide [1]. Wound 

infections are not only the most expensive complications following surgery but a major 

source of bacteria that drive the nosocomial infection rates in hospitals. Bacteria may 

establish social networking and structurally organize in aggregates known as biofilms. In the 

biofilm form, bacteria are encased within an extracellular polymeric substance (EPS) and 

become recalcitrant to antimicrobials and host defenses, posing a rapidly escalating threat to 

human health [2]. Biofilms are estimated to account for 60% of chronic wound infections 

[3].

Current understanding of wound biofilm biology, including bacterial mechanisms of 

pathogenesis and host responses, is limited by the availability of appropriate chronic models 

of wound biofilm infection where cascading mechanisms may be studied longitudinally over 

time. Biofilms have been studied for decades under in vitro conditions [4]. In vivo animal 

models of biofilm infection have been of short-term acute phase studies lasting from 2-16 

days [5-8]. In the case of skin wounds, the porcine model is in agreement with human 

studies 78% of the time compared to 53% for the small mammal studies [9]. With respect to 

translational value, the Wound Healing Society (WHS) recommends the use of pig as the 

preclinical model for wound studies [10]. Preclinical models refer to experimental systems 

that attempt to most closely mimic a human pathological condition of interest [11]. Wound 

biofilm has been mostly studied in flies, rodents and rabbits. The porcine model has been 

also examined albeit for a short term of 2-7 days following induced infection [12]. Host 

response to biofilm infection is typically chronic and governed by micro-environmental cues 

present at site of infection [13]. Our interest to understand the host response to chronic 

infection necessitated development of a wound infection model that is sustained, in this case 

eight weeks long.

Current knowledge supports the notion that the biology of pathological biofilms is driven 

not only by interactions between different microorganisms at the site of infection but also by 

bacteria-host interactions which play a critical role in defining the human disease conditions. 
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Thus, we sought to establish a mixed bacterial species biofilm infection (using Psedumonas 

aeruginosa PAO1 and Acinetobacter baumannii 19606) on full thickness burn wounds. 

These microorganisms are known to be associated with battle burn wound casualties [14] 

contributing to chronicity [15]. This novel experimental system led to the observation that 

although effects of chronic biofilm infection on wound closure may be marginal over a 

period of two months, such infection results in failure of the skin barrier function at the site 

of healing. While wound appears closed by visual assessment, the current standard of care, 

high epidermal water loss resulting from malfunctioning tight junctions was identified at the 

site of biofilm infection. Interestingly this effect was only evident after a month of biofilm 

infection, i.e, when the wound has achieved chronicity [16]. This work reports the first 

evidence of biofilm-inducible microRNAs that specifically silence tight junction proteins. 

Observations in this study underscore the clinical need to utilize objective measures of skin 

function when evaluating healing outcomes of biofilm-infected wounds.

MATERIALS AND METHODS

Ethics Statement

All animal (mouse and pig) experiments were approved by the Ohio State University 

Institutional Laboratory Animal Care and Use Committee (ILACUC) under protocols 

2008A0012-R1 (pig) and 2009A0214-R1 (mouse).

Bacterial Isolates

Pseudomonas aeruginosa strain PAO1[17] with constitutive expression of GFP was 

obtained from the Mathew Parsek laboratory and Pseudomonas aeruginosa strain Δpsl 

PAO1 were grown on Pseudomonas Isolation Agar (PIA) plates or Luria broth without 

sodium chloride (LBNS) at 37°C. Acinetobacter baumannii strain 19606 with spontaneous 

rifampicin mutation was grown on Luria agar (LA) plates with 100μg/mL rifampicin or 

LBNS at 37°C.

Porcine Full Thickness Burns and Bacterial Inoculation

A total of 64 domestic Yorkshire pigs were used in this study. See supplemental text for 

procedural description.

Histology and Imaging

Histopathology was performed as described [18]. In brief, formalin-fixed paraffin-embedded 

wound sections were deparaffinized and stained with hematoxylin & eosin (H&E), Mason 

Trichrome and Gram/Twort stain (Newcomer Supply Inc.), using standard procedures. 

Immunohistochemical staining of OCT embedded frozen- sections were performed as 

described earlier [18] using the following primary antibodies: anti-Pseudomonas antibody 

(custom developed by Covance, Denver, PA), anti-Acinetobacter antibody (custom 

developed by Covance, Denver, PA) and ZO-1 and ZO-2 (Invitrogen). Because of the high 

auto-fluorescence in porcine tissue and weak GFP signal emitted from our PAO1::gfp strain, 

we chose to visualize P. aeruginosa with anti-Pseudomonas antibody rather than relying on 

the GFP signal. Mosaic images were collected using a Zeiss Axiovert 200 inverted 

fluorescence microscope supported by an AxioCam digital camera, a motorized stage, and 
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guided by Axiovision software (Zeiss). Each mosaic image was generated by combining a 

minimum of 100 images. Confocal Laser Scanning Microscopy (CLSM) was performed 

using a Fluoview FV1000 spectral confocal microscope (Olympus, Pittsburgh, PA) 

equipped with an argon laser. Z-stack images were created by merging serial scans of tissue 

sections (20-50 μm).

Scanning Electron Microscope Imaging

Samples processing and imaging was performed as described [19]. In brief, following 

glutaraldehyde fixation and dehydration with graded ethanol, the samples are treated with 

hexamethyldisilazane (HMDS, Ted Pella Inc.) and left overnight for drying. Before 

scanning, samples were mounted and coated with gold. Imaging of the samples was done by 

using a FEI™ NOVA nanoSEM scanning electron microscope (FEI™, Hillsboro, OR) 

equipped with a field-emission gun electron source.

Surgical Debridement and Laser Doppler Blood Flow Imaging

Debridement was performed using a 0.12 inch weck blade to remove necrotic and infected 

tissues until bleeding healthy tissue was exposed. Debridement was performed as per 

standard of care in a clinical setting. The MoorLDI-Mark 2 laser Doppler blood perfusion 

imager (Moor Instruments Ltd., UK) was used to map tissue blood flow in debrided wound 

as described previously [18].

Trans-epidermal Water Loss (TEWL)

DermaLab TEWL Probe (cyberDERM inc., Broomall, PA) was used to measure the trans-

epidermal water loss from the wounds. TEWL was expressed in g/m2/h.

Laser Capture microdissection (LCM) & Biofilm Gene Expression Analysis

Serial sections were obtained from OCT embedded frozen wound sections, one of the serial 

sections was stained with anti-Pseudomonas antibody as described in an earlier section for 

visualization of the biofilm infected area. Other serial sections (10 μm) were stained using a 

modified hematoxylin QS procedure. The sections were mounted on a PEN (polyethylene 

napthalate) membrane glass slides (P.A.L.M. Microlaser Technologies AG Germany), that 

had been RNAsin (Ambion) and UV treated, for cutting and catapulting as described by our 

group [20]. Corresponding P. aeruginosa stained areas were captured in chaotropic RNA 

lysis solution [20]. The RNA was extracted using TRIzol® Max™ Bacterial RNA Isolation 

Kit (Life Technologies) as per manufacturer’s instructions. Reverse transcription and mRNA 

quantitation using real-time PCR were performed as described [20].

Cell Culture and Transfection

Human immortalized keratinocytes (HaCaT) were grown under standard culture conditions 

(at 37°C in a humidified atmosphere consisting of 95% air and 5% CO2) in DMEM growth 

medium supplemented with 10% FBS, 100 IU/ml penicillin, 0.1 mg/ml streptomycin, 10 

mmol/l L-glutamine as described previously [21].
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In Vitro Static Biofilm Co-culture

Bacterial biofilms were grown on HaCaT cells using a co-culture model system adapted 

from Anderson et al., 2008 [22]. In brief, the confluent cultures of HaCaT cells were 

inoculated with bacterial cultures of P. aeruginosa (105 CFU/ml) and A. baumannii (106 

CFU/ml) in antibiotic free culture media. The plates were incubated for 1 h at 37°C and 5% 

CO2. After 1 h, the supernatant was replaced with fresh DMEM (without antibiotics) 

supplemented with 0.4% arginine. In vitro biofilm culture on polycarbonate membrane was 

adapted from Zhao et al., 2010 [23]. The cells were further incubated in regular culture 

conditions for specified time as described in figures.

Western Blot Analyses

Western blot was performed using antibodies against ZO1 (Invitrogen), ZO2 (Invitrogen) 

and β- actin (Sigma) as described previously [21].

RNA Isolation and Quantitative Real Time PCR

Total RNA, including the miRNA fraction, was isolated using mirVana miRNA isolation 

kit, according to the manufacturer’s protocol (Ambion). Specific Taqman assays for miRNA 

(Applied Biosystems) and mirVana qRT-PCR miRNA RT Kit (Applied Biosystems) were 

used with real-time PCR system and Taqman universal master mix. Levels of miRNA were 

quantified with the relative quantification method using U6 small nuclear RNA as the 

housekeeping. The transcription levels of ZO1 and ZO2 and house-keeping control GAPDH 

was quantified using SYBR green-I(Applied Biosystems). Expression levels of miRNA and 

mRNA were quantified employing the 2(−ΔΔct) relative quantification method [21]. Primer 

sequences have been provided as supplementary information.

miR-Target 3′-UTR Luciferase Reporter Assay

miRIDIAN mimic-miR-146a or −106b were transfected to HaCaT cells followed by 

transfection with with pmiR Target-ZO-1-3′-UTR or pmiR Target-ZO-2-3′-UTR plasmids. 

Luciferase assay were performed using the dual-luciferase reporter assay system (Promega) 

as described. Normalization was achieved by co-transfection with Renilla plasmid [24]. Data 

are presented as ratio of firefly to Renilla luciferase.

Immunocytochemistry

Cells were fixed with IC fixation buffer (eBioscience), blocked and incubated with primary 

antibody against ZO1 (1: 100) or ZO2 (1:100) overnight at 4°C. Signal was visualized using 

FITC-tagged α-rabbit,1:200 (Invitrogen) and counterstained with DAPI (Invitrogen 

1:10,000) [25].

miR Mimic Delivery on Mice Skin

Male C57BL/6 mice (age, 8 weeks old) were used. miRNA mimics, 3 μg per 5μl (miR-146a 

mimic, miR-106b mimic and non-targeting miRNA mimic C.elegans miR-67 as negative 

control, Dharmacon) were incubated with 5 μl of siPort transfection reagent (Ambion) for 30 

min and mixed with 10 μl cream. Composition of the cream was as described [26]. The 

miRNA mix was rubbed onto a marked (8mmX16mm) and naired dorsal area. The mimics 
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were applied daily for a period of ten days. Before the application of the miRNA mimics, 

TEWL measurements of the mice skin were taken using Dermalab Series Skinlab Combo 

(Cortex Technologies). The animals were sacrificed at day 11 and the skin where the mimic 

was applied was harvested. All of the animal studies were performed in accordance with 

protocols approved by the Laboratory Animal Care and Use Committee of the Ohio State 

University.

Statistics

In vitro data are reported as mean ± SD of 3-6 experiments as indicated in respective figure 

legends. Comparisons among multiple groups were tested using analysis of variance 

(ANOVA). p<0.05 was considered statistically significant. For animal studies, data are 

reported as mean ± SD of at least 3-4 animals as indicated. Given the small sample size, 

Mann–Whitney or Kruskal–Wallis one-way analysis of variance tests was performed to test 

significance (p<0.05) of difference between means.

RESULTS

Establishment and characterization of mixed-species full-thickness wound biofilm model

The first objective of this work was to develop a pre-clinical, large animal model that would 

enable our understanding of underlying impaired host tissue responses implicated in healing 

of biofilm infected burn wounds. We developed a microprocessor controlled electrically 

heated burning device to create uniform, full-thickness thermal injuries of a defined size and 

depth (Fig S1). A mixed bacterial species infection approach was adopted, combining 

Acinetobacter baumannii 19606 and Pseudomonas aeruginosa PAO1 to co-infect burn 

wounds and establish a clinically relevant mixed-species biofilm infection (Fig 1). These 

microorganisms are highly relevant as they are typically associated with battle burn wound 

casualties [14]. Following induced infection (II group, representing clinically infected 

wounds; spontaneously infected wounds or SI group served as controls; see Methods), 

inspection of the wounds revealed yellowish green discoloration with discharge that 

increased with time (Fig 1A). Histological and microbiological analyses confirmed bacterial 

colonization of the wound bed (Fig 1C). Direct microscopic visualization of A. baumannii 

and P. aeruginosa colonies revealed the presence of both organisms in burn wounds seven 

days post-inoculation. Occasionally, co-localization of both organisms in the wound bed was 

noted supporting the establishment of mixed species biofilm infection (Fig 1D). Imaging of 

burn wound biopsies with scanning electron microscope (SEM) demonstrated aggregates of 

bacteria attached to the surface of the burn wounds that were embedded in an EPS indicating 

biofilm matrix (Fig 1B) similar to that in clinical pressure ulcer wound SEM micrographs 

(Fig 1E). Thus, our newly developed preclinical mixed infection biofilm model replicates 

key histologic characteristics when compared to human clinical chronic wound samples.

In addition to bacteria embedded in EPS, criteria for defining biofilm infection include: i) 

adherence to a surface or each other; ii) persistent and localized infection; and iii) resistance 

to anti-microbial treatments [27]. Data that support these criteria are indicated here: i) 
Adherence to surface. A scrubbing technique was used to test adherence of biofilm to 

wound surface [12, 28]. This technique is known to remove free (planktonic) bacteria from 
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burn wounds. Scrubbing was performed with double open ended sterile plastic tubes; sterile 

saline was added thrice followed by once with a detergent (4% Tween 80 v/v). Microbiology 

analyses revealed that bacterial counts did not significantly change before or after scrubbing 

suggesting strong bacterial adherence to the wound (not shown). This, combined with direct 

visualization of the biofilms by SEM and confocal microscopy (Fig 1) support this criteria 

ii) Persistent and localized infection. Bacterial infection was present in the burn wounds 

until days 14 and 35 post inoculation, indicating persistence (Fig S2). Localized infection 

was established with negative blood cultures and lack of systemic signs of infection (data 

not shown). iii) Resistance to anti-microbial treatments. Silver dressing Acticoat 7™ 

represents standard of care for the management of infected wounds [29]. In vitro, incubation 

of Acticoat 7™ with planktonic cultures of A. baumannii and P. aeruginosa effectively 

eradicated both bacterial species (Fig 2A). However, Acticoat 7™ dressing was ineffective 

against bacterial biofilm in burn wounds (Fig 2B-C).

Mixed species wound biofilm is resistant to debridement

Debridement of the biofilm infected burn wound was performed by a plastic surgeon wound 

care specialist using a Weck Blade to remove necrotic and infected tissues until bleeding 

healthy tissue was exposed as documented using Doppler blood flow analysis (Fig 2D & F-

G). CFU analyses revealed significant but transient lowering of bacterial burden following 

debridement. However, the P.aeruginosa bacterial burden was restored to almost initial 

levels within 48h demonstrating that debridement alone was not effective to eradicate 

biofilm infection (Fig 2E). IHC staining of A. baumannii and P. aeruginosa indicated micro 

colonies of both bacteria in deeper tissue of the debrided wound bed cautioning that 

debridement may actually promote deep tissue infection (Fig 2H).

Induction of biofilm specific genes in infected wound tissue elements

It is well established that in a sessile biofilm lifestyle, bacteria acquire unique phenotypes by 

modulating gene expression that supports biofilm biology [30]. While there is no known 

“biofilm biomarker gene” identified for P. aeruginosa, we evaluated expression patterns of 

some genes previously studied under biofilm growth conditions. These included rpoS, which 

is implicated in the morphology and antibiotic resistance of biofilms [30], and rhlR/aprA 

previously linked to quorum sensing and biofilms [31, 32]. The expression of rhlR, rpoS and 

arpR were significantly upregulated in biofilm bacteria laser captured from burn wounds 

compared to those of planktonic bacteria obtained from wound scrubbed fluid (Fig 3A-C). 

These observations further support biofilm formation in the model reported herein.

Biofilm infections compromise skin barrier function

Development of the wound biofilm model was aimed at elucidating novel aspects of host 

response that may only be studied in a long-term experimental system. For the purposes of 

studying host response to induced biofilm formation, controls were considered burn wounds 

not exposed to bacterial inoculation (sterile, PBS mock inoculated). Despite standard wound 

care management, control wounds occasionally developed spontaneous infection from skin 

micro-flora. During a long-term experimentation setting we observed that inoculation of 

some wounds on a pig resulted in colonization of all wounds by the inoculated bacteria. 
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Thus, pigs bearing control wounds were separately housed and wholly dedicated for that 

purpose. In the current standard of clinical care, wound closure is determined based on 

visual inspection by the wound care physician. Closure, as appreciated by visual inspection, 

of biofilm infected wounds was comparable to that of non-inoculated control wounds (Fig. 

4A-B). When skin is injured, its barrier function is impaired resulting in higher 

transepidermal water loss (TEWL). TEWL is an index to assess skin barrier function in vivo 

[33]. Therefore, in addition to visual documentation of wound closure, a TEWL assay was 

performed to quantitatively determine the re-establishment of skin barrier function following 

burn wound. Interestingly, although visual wound closure was unaffected by biofilm 

infection, marked impairment in the restoration of skin barrier function was noted in 

biofilm-infected wounds compared to non-inoculated control wounds (Fig 4C).

Silencing of tight junction proteins by biofilm infection

The barrier function of the skin is maintained by integrity of adhesive interaction at the 

epithelial apical junction complex comprised mainly of tight junctions, adherens junctions, 

desmosomes and gap junction proteins [34]. Zona occludens-1 (ZO-1) and zona occludens-2 

(ZO-2) represent two key tight junction proteins that were found to be significantly down 

regulated in biofilm infected burn wounds (Fig. 5A).

Biofilm inducible cutaneous miRNA silence ZO-1 and ZO-2 and increases trans-epidermal 
water loss (TEWL)

In our search for mechanisms silencing ZO-1 and ZO-2, bioinformatic analyses recognized 

miR-146a and miR106b with potential binding sites on ZO-1 and ZO-2 mRNA (Fig S4). 

Interestingly, expression of miR-146a and miR-106b were significantly induced in response 

to biofilm infection of wounds when compared with uninfected controls (Fig 5B). Does 

biofilm infection indeed induce miR-146a and miR-106b? Are ZO-1 and ZO-2 biologically 

validated targets of miR-146a and miR-106b? To answer these two questions we relied on 

an in vitro model involving static biofilms grown on human keratinocyte monolayers [22]. 

Exposure of keratinocytes to mixed-species biofilm silenced ZO-1/ZO-2 (Fig 6A) and 

induced miR-146a/miR106b (Fig 6B) consistent with in vivo findings (Fig 5). While 

Pseudomonas monospecies biofilm induced both miR-146a and miR-106b, Acenitobacter 

biofilm induced miR-106b but not miR-146a. Biofilm featuring co-presence of 

Pseudomonas and Acenitobacter demonstrated additive effect in inducing miR-106b (Fig 

6B). The use of Δpsl poor biofilm producing strain of P.aeruginosa PAO1 failed to induce 

both miRs pointing towards the significance of biofilm infection in inducing miR-106b and 

miR-146a (Fig 6C). The observation that conditioned media from biofilm cultures, not 

planktonic cultures, were able to induce miR-146a and miR-106b indicate that the miR 

regulatory factor may be secreted (Fig 6D).

To directly connect these miRs to ZO-1/ZO-2, immunocytochemistry studies using 

miRidian miR-146a and miR-106b mimics were performed (Fig 6E). hsa-miR-146a or hsa-

miR-106b mimics or their corresponding inhibitors transfection showed that both miRNAs 

were inversely associated with expression of corresponding ZO proteins (Fig 6F-G,I). Using 

ZO-1 3′-UTR and ZO-2 3′-UTR firefly luciferase expression constructs the effect of the said 

miRs on ZO transcription was tested (Fig 6H).
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Findings of this work show that ZO-1 and ZO-2 are direct targets of miR146a. While 

miR-106 expression is co-regulated with ZO-1/ZO-2, these proteins are only targeted by 

miR146a (Fig 6H). Finally, to determine if miR-146a and miR-106b may directly influence 

skin barrier function, miR-146a mimic, miR-106b mimic and non-targeting miRNA mimic 

were delivered to the dorsal skin of mice via a cream-based vehicle. Delivery of miR mimics 

silenced ZO-1 and ZO-2 expression and compromised skin barrier function as manifested by 

increased TEWL (Fig 7A-C).

DISCUSSION

The skin is the largest organ of the human body, which provides an effective barrier between 

the organism and the environment. When barrier is breached as in chronic wounds, biofilm 

are often present in the host tissue for extended periods during which time they may 

compromise the host response to injury. Presence of biofilm has been reported in ischemic 

wounds, including burn [35, 36]. The pig is widely acknowledged as the animal of choice to 

serve as a pre-clinical model of skin wound healing [9, 18]. At present all experimental 

systems addressing skin wound biofilm in pigs are short in duration and therefore inadequate 

to understand long-term clinically relevant host responses to wound biofilm [12, 37]. This is 

the first work studying mechanisms underlying the wound biofilm over an eight week 

period. The burn wound biofilm developed herein satisfied the criteria as an established 

biofilm by being surface adherent, persistent and localized over four weeks, and resistant to 

Ag dressing and debridement used as a standard of care to manage infected wounds. We 

found that debridement promoted deep tissue colonization of bacterial biofilms. Though, 

colonization of bacteria to deeper tissue had been reported [38], no clear evidence was 

provided linking debridement with deep tissue infection.

Transepidermal water loss is a reliable measure of skin barrier function [33]. The nucleated 

epidermis contributes to this barrier primarily via tight, gap and adherens junctions. The 

absence of the tight junction proteins [39] in mice, results in lethal skin-barrier function 

failure [40]. ZO proteins are ubiquitous scaffolding proteins that enable assembly of multi-

protein complexes at the cytoplasmic surface of the plasma membrane and link 

transmembrane proteins to the filamentous cytoskeleton. ZO-1 acts as a scaffolding 

molecule during formation of junctional complexes such as tight junctions, gap junctions, 

and adherens junctions [41]. ZO-2 is present at the tight junction of epithelial cells 

regulating barrier function [42]. Both ZO-1 and ZO-2 deficient mice are embryonic lethal 

[43, 44]. ZO-2 deficient mice show overt signs of epithelial barrier defect leading to death 

[44]. Bacteria are known to perturb tight junctions. Several bacterial pathogens actively 

spread within human tissues by the pathogen-induced recruitment of host filamentous (F)-

actin. F-actin forms a tail behind the microbe, propelling it through the cytoplasm and 

compromising tight junction function [45]. Specifically, P. aeruginosa type III secreted 

toxins disrupt epithelial barrier in the lung by downregulating tight junction proteins 

including ZO-1 [46]. Consistent with these observations, this work presents the first 

evidence demonstrating that skin barrier function is compromised by mixed species biofilm 

infection. Primary targets in such pathology are ZO-1 and ZO-2, both of which are 

significantly downregulated in response to biofilm infection. This observation has 

outstanding clinical significance because it raises the possibility that although biofilm 
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infected wounds may visually appear to be closed, the current standard for clinical care, they 

may actually be open because of the presence of functionally compromised leaky skin.

miRNA regulate epithelial barrier function. Gene ablation of Dicer1 demonstrated that 

miRNAs play a vital role in the differentiation and function of the intestinal epithelium [47]. 

Specifically, TNF-α regulates intestinal permeability by inducing miR-122a-mediated 

degradation of occludin mRNA [48]. More recently, overexpression of miR-21 in patients 

with ulcerative colitis has been shown to impair intestinal epithelial barrier function through 

targeting the Rho GTPase RhoB [49]. None of these mechanisms implicate miR-dependent 

silencing of ZO proteins in compromising epithelial barrier function in any tissue system. As 

of now, the only miR known to directly silence ZO proteins is miR-212 [50]. The current 

work validates both ZO-1 as well as ZO-2 as direct targets of miR-146a. miR-146a is 

induced in skin in response to inflammation [51]. In addition, miR-146a expression is 

elevated by microenvironmental signals in the epidermis, rendering Langerhans cells less 

susceptible to inappropriate activation by commensal bacteria, triggering TLR2 [52]. In the 

skin, miR-146a may also function as a negative regulator of TGF-β1-induced myofibroblast 

transdifferentiation by targeting SMAD4 [53]. In non-infected murine diabetic wounds, low 

expression of injury-inducible miR-146a is claimed to be responsible for impaired wound 

healing [54]. The current report presents first evidence demonstrating that biofilm infection 

may induce miRNAs in the host tissue. Both miR-146a and miR-106b were recognized as 

being biofilm inducible in the skin. Although the 3′ UTR regions of ZO-1 and ZO-2 were 

recognized to be a direct target of miR-146a, that was not the case for miR-106b. miR-106b 

did not target the 3′ UTR region but did suppress gene expression by possibly targeting the 

exonic or 5′ UTR regions of the mRNA [55, 56]. The significance of miR-106b is even more 

poorly understood than that of miR-146a. Recently miR-106b has been causally linked to 

mitochondrial dysfunction [57], a response that is also known to be implicated in epithelial 

barrier disruption [58]. Findings of this study lead to the notion that topical delivery of 

miR-146a and miR-106b inhibitors to the functionally compromised skin produced from 

biofilm infected wounds may restore barrier function and secure functional closure of the 

wound.

When bacteria form a biofilm in the human host, the infection often becomes very resistant 

to treatment and can contribute to the development of chronic disease. The current literature 

is equivocal on whether biofilm may compromise wound closure [36, 59]. Our model of 

host response in a chronic wound has enabled the observation that following weeks of 

biofilm infection, skin barrier function may be compromised. This observation is 

particularly clinically significant because it shows that even if a biofilm infected wound 

visually appeared to be closed, its barrier function may be compromised. Such failed or 

leaky skin may serve as an open portal allowing further infection and wound healing 

complications. Thus, reliance on functional measures of skin barrier function as a measure in 

addition to conventional wound inspection seems prudent. Furthermore, wound care may be 

enhanced by restoration of barrier function of incompletely closed wounds. Another 

highlight of this work is the recognition of wound biofilm inducible miR-146a and 

miR-106b. The observation that wound biofilm may induce host skin miRNAs is novel and 

particularly significant because these miRNAs target the same tight junction proteins of the 

ZO family which are known to be critically required for skin barrier function. The field of 
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post-transcriptional gene silencing of ZO proteins is in its infancy with miR-212 being the 

only miR to silence ZO-1. The current report identifies two miRs that silence both ZO-1 and 

ZO-2, the most critical ZOs of the three-member ZO family. The observation that biofilm 

may induce host skin miRNAs to compromise skin function is novel and sets the stage for 

intervention strategies aimed at inhibiting these miRNAs with the goal to restore skin barrier 

function.
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Figure 1. Establishment of mixed-species biofilm infection in a full thickness porcine burn 
wound model
Six 2 × 2 sq inch size burn wounds were created with a burning device (Fig S1). Co- 

infection of the burn wounds was performed day 3 post-burn with P. aeruginosa PAO1 and 

A. baumannii 19606. A, representative digital photograph of wounds on the day of burn, 

days 7 and 14 post-infection. Note signs of active infection with localized erythema, 

yellowish exudates, and friable wound edges on days 7 and 14 post-infection. B, scanning 

electron microscope (SEM) images of biopsies collected from the wounds on the day of 

burn and days 7 & 14 post-infection. The images clearly demonstrate a mix of extracellular 

tissue matrix, fibers, and red blood cells over the surface of burn wounds before bacterial 

inoculation. Large aggregates of rods attached to the wound surface encased in a layer of 

extracellular amorphous material was noted on days 7 & 14 post-infection. Upper panel, 

scale bar = 20 μm, 2500× magnification. Lower panel, magnification of the red dashed 

boxes in the upper panels. Scale bar = 5 μm, 10000× magnification. C, Gram stained images 

of inoculated wounds shows presence of bacterial aggregates. Upper panel, representative 

mosaic image of a day 7 post infection wound. Images collected under 400× magnification 

using microscope supported with a motorized stage. Scale bar = 200 μm. Es= eschar, Grn= 

granulation tissue. Lower panels, Zoom of three boxed area in upper panel image showing 

Gram negative bacilli & coccobacilli over the surface of the burn wound while large Gram 

negative clumps colonizing the wound tissues (yellow arrows). Scale bar = 50 μm. D, both 

P. aeruginosa and A. baumannii on the burn wounds were visualized using anti-

pseudomonas (green) and anti-acinetobactor (red) antibody and confocal laser scanning 

(CLSM) microscopy. Merged (red & green) immunofluorescence images of day 7 (post-

infection) wound biopsies show heavy colonization of wound tissues with both strains. 

Mosaic images were collected under 400× magnification using fluorescent microscope 

supported with a motorized stage. Scale bar = 100 μm. Z-stack images of boxed areas of the 

lower panel surface of burn wound tissues. Inset, zoom of the boxed area in merged image. 

The image was created by merging serial scans of thick tissue section (20 μm), viewed under 

600× magnification in a confocal laser scanning microscope (CLSM). Dense micro-colonies 
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of P. aeruginosa and A. baumannii with some co-localization in the wound tissues were 

noted. x/z and y/z planes display the thickness of the microbial clumps within the tissue 

section. E, representative SEM image of wound biopsies from human chronic pressure 

ulcers showing that the bacterial colonization and biofilm established in experimental 

porcine biofilm model is comparable to that of human chronic wounds. left panel, scale bar 

= 20 μm, 2500× magnification. Right panel, scale bar = 5 μm, 10000× magnification.
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Figure 2. Resistance of mixed species biofilm to antimicrobial and debridement
A-C, antimicrobial Acticoat 7™ effectively kills bacteria in planktonic phase while 

ineffective against wound biofilm. A, planktonic cultures of P. aeruginosa and A. 

baumannii were incubated in presence or absence of Acticoat 7™ for 24h followed by 

determination of bacterial CFU. The treatment was highly effective in killing the bacteria. 

nd, not detectable. Data are mean ±SD (n=4), *, p<0.05. B, images of wounds covered with 

Tegaderm™ or Acticoat 7™ .C, Microbiology analysis of porcine burn wound were covered 

with Tegaderm™ or Acticoat 7™ on days 7 or 14 post-inoculation. Acticoat 7™ was 

ineffective in attenuating any bacterial load from wounds suggesting that the bacteria in 

biofilm were resistant to anti-microbial treatment. Data are mean ± SD, n=3. D-H, 
debridement was performed using a 0.12 inch Weck Blade by removing necrotic and 

infected tissues until bleeding healthy tissue is exposed. D, digital images of burn wound pre 

debridement (pre-D), immediate post-debridement (post-D, 0h) or 48h (post-D, 48h) after 

debridement. E, microbiology analysis reveals a significant decrease in bacterial burden 

after debridement. The bacterial burden for P. aeruginosa was restored to almost to the 

initial level 48h post-D suggesting debridement alone does not eradicate biofilm. Data are 

mean ± SD. * p<0.05 (n=3); F, laser doppler imaging was performed to demonstrate that 

there was no blood flow (blue color) in pre debrided burn wounds while the healthy well 

perfused (red) tissue is exposed immediately after debridement. G, bar graph represents 

quantitation of the laser Doppler blood flow imaging. H, Immuno-histochemical staining of 

P. aeruginosa (green) and A. baumannii (red) burn wounds following debridement 

demonstrate that the bacterial biofilm (micro colonies) are restored in deeper layers of the 

wounds on days 14 post-debridement. White dashed line represents the line of debridement. 

Scale bar = 100μM.
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Figure 3. Abundant expression of biofilm specific genes in biofilm tissue elements captured using 
LCM
A, frozen serial sections (10 μm) from biofilm infected wound tissue were stained with anti-

PAO1 (green) antibody. The next serial sections were stained with hematoxylin to visualize 

corresponding biofilm affected area. Images are representative (left) anti-PAO1 stained 

image; (middle) anti-PAO1 stained tissue marked to delineate the biofilm affected area; and 

(right) the area of biofilm was cut/captured using laser capture microdissection (LCM) from 

corresponding hematoxylin stained section. B, to collect planktonic bacteria from wounds, a 

sterile double open-ended plastic tube was placed on a wound followed by washing once 

with 4ml of PBS and collected. The wash suspension was collected and spun down to 

retrieve bacterial pellets. This procedure results in removal of loosely adhered or planktonic 

form of bacteria. C, LCM captured tissue was used for quantification of mRNA levels of 

biofilm specific mRNA using real-time PCR and normalized against 16S rRNA expression. 

16S rRNA level have been presented to demonstrate comparable levels in both plankonic 

and captured biofilm groups. Data are mean ±SD (n=4); * p<0.05 compared to planktonic.
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Figure 4. Biofilms infection compromised re-establishment of skin barrier function
A, wound closure in spontaneous infection (blue line, control) or induced infection (red line) 

wounds. Data have been presented as percentage of the initial wound area. Data are mean ± 

SD (n=4). B, representative digital images from spontaneous infection or induced infection 

wounds burn wounds. C, trans epidermal water loss (TEWL) analysis from spontaneous 

infection and induced infection burn wounds. Inset presents the DermaLab TEWL Probe 

used for the measurement of the trans-epidermal water loss from the wounds. TEWL was 

expressed in g/m2/h. Data are mean ±SD (n=4); * p<0.05 compared to spontaneous 

infection.
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Figure 5. Silencing of tight junction proteins by biofilm infection
Wound biopsies were collected at specified time-points after inoculation from spontaneous 

infected (spont, no inoculation, control) or induced infected (induced), inoculated with A. 

baumannii and P. aeruginosa. A, representative mosaic (scale bar=200 μm) and 

corresponding zoomed (scale bar=50 μm) images of ZO-1 and ZO-2 stained sections on 

days 35 & 56 post inoculation demonstrating reduced expression of the proteins following 

induced infection. OCT embedded frozen sections (10 μm) and stained using anti-ZO-1 

(green) or anti-ZO-2 (green). The sections were counterstained using DAPI. Bar graphs 

present quantitation of ZO-1 and ZO-2 signal intensity. Data are presented as mean ± SD 

(n=3), * p<0.05 compared to spontaneous. B, expression of miR-146a and miR-106b in 

wound biopsies collected on days 7-35 post inoculation from spontaneous or induced burn 

wounds. Data presented as mean ± SD (n=3), * p<0.05 compared to spontaneous infection.

Roy et al. Page 20

J Pathol. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Biofilm inducible miRNA silence ZO-1 and ZO-2
Human keratinocyte (HaCaT) cells were infected with a static biofilm infection as described 

in methods. A, Western blot of ZO-1 and ZO-2 expression following 12h of infection as 

compared to non-infected cells (control). Data are mean ± SD (n=3), * p<0.05 compared to 

control. B, expression of miR-146a and miR-106b in keratinocytes following 12h of 

P.aeruginosa PAO1 (Pa), A. baumannii 19606 (Ab) mixed (both Pa and Ab) infection 

compared to non-infected control. Data represented as mean ± SD (n=4), * p<0.05 compared 

to control, † p<0.05 compared to A. baumannii and ‡ p<0.05 compared P.aeruginosa. C, 

expression of miR-146a and miR-106b in keratinocytes following 12h of poor-biofilm 

forming P.aeruginosa Δpsl PAO1 (Pa), wild type biofilm forming P.aeruginosa PAO1 (Pa) 

infection compared to non infected control. Data represented as mean ± SD (n=4), * p<0.05 

compared to control. D, expression of miR-146a and miR-106b in keratinocytes following 

12h of incubation with planktonic bacterial media and biofilm bacterial medium compared 

to non infected control media. Data represented as mean ± SD (n=4), * p<0.05 compared to 

control media and † p<0.05 compared to planktonic control media. E, human keratinocytes 

were transfected with miR-146a a miR-106b mimics for 48h followed by 

Immunocytochemistry. Images of HaCaT stained with anti- ZO-1 or anti-ZO-2 (green) and 

counter stained with DAPI (nuclear, blue). The quantification of ZO-1 and ZO-2 has been 

provided in Fig S4. Scale bar =10 μm. F, expression of ZO-1 and ZO-2 expression in HaCaT 

cells transfected with either miRIDIAN hsa-miR-146a or hsa-miR-106b mimic or control-

mimic for 48h. Data represented as mean ± SD (n=4), * p<0.05 compared to control miRNA 

mimic. G, expression of ZO-1 and ZO-2 in presence of anti-miR to miR-146a and miR-106b 

inhibitors. Data represented as mean ± SD (n=4), * p<0.05 compared to control anti-miR. H, 

Roy et al. Page 21

J Pathol. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to test if ZO-1 or ZO-2 are direct targets of miR-146a or miR-106b keratinocytes were 

transfected with pmiR Target-ZO1-3′-UTR or pmiR Target-ZO2-3′-UTR firefly luciferase 

expression constructs and co-transfected with pRL-TK Renilla luciferase expression 

construct along with either miR-146a, miR106b or control mimics. I, expression of ZO-1 

and ZO-2 mRNA in presence of miR-146a and miR-106b mimics. Data represent mean ± 

SD (n=3). *, p<0.05 compared to control transfected cells.

Roy et al. Page 22

J Pathol. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. miRNA 146a and miR106b disrupts tight junction proteins in epidermis and increases 
trans epidermal water loss (TEWL) in skin
MiR-146a mimic, miR-106b mimic and non-targeting miRNA mimic (C. elegans miR-67 as 

negative control) were mixed in a cream and applied on a marked area on the dorsal skin of 

mice for 10 days. TEWL measurements were taken daily using Dermalab Series Skinlab 

Combo. The animals were sacrificed at day 11 and the skin where the mimic was applied 

was harvested for miRNA and immunohistochemistry (IHC) analysis. A, TEWL analysis of 

mice skin following delivery of miR-146a and miR-106b or control mimics. Data are mean 

± SD (n=3), * p<0.05 compared to mice applied control miRNA mimic. B, quantitative Real 

Time PCR of skin where miR-146a and miR-106b mimic was applied. Data are mean ± SD 

(n=3), *p<0.05 compared to mice applied with control miRNA mimic. C, IHC images of 

mouse skin delivered with miR-146a and miR-106b mimic stained with tight Junction 

proteins ZO-1 and ZO-2 (green) and counterstained with DAPI (blue). The quantification of 

ZO-1 and ZO-2 has been provided in Fig S5. D, summary illustration depicting acute phase 

induction of biofilm-inducible miRs followed by silencing of ZO-1 & ZO-2 resulting in 

longer-term compromise of skin barrier function.

Roy et al. Page 23

J Pathol. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


