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BACKGROUND: Although bacterial biofilm is recognized as an important contributor to chronic wound patho-
genesis, differences in biofilm virulence between species have never been studied in vivo.
STUDY DESIGN: Dermal punch wounds in New Zealand white rabbit ears were inoculated with Klebsiella
pneumoniae, Staphylococcus aureus, or Pseudomonas aeruginosa, or left uninfected as controls. In
vivo biofilm was established and maintained using procedures from our previously published
wound biofilm model. Virulence was assessed by measurement of histologic wound healing and
host inflammatory mediators. Scanning electron microscopy (SEM) and bacterial counts veri-
fied biofilm viability. Extracellular polymeric substance (EPS)-deficient P aeruginosa was used
for comparison.

SEM confirmed the presence of wound biofilm for each species. P aeruginosa biofilm-infected
wounds showed significantly more healing impairment than uninfected, K pneumoniae, and S
aureus (p < 0.05), while also triggering the largest host inflammatory response (p << 0.05).
Extracellular polymeric substance-deficient P aeruginosa demonstrated a reduced impact on the
same quantitative endpoints relative to its wild-type strain (p < 0.05).

RESULTS:

CONCLUSIONS: Our novel analysis demonstrates that individual bacterial species possess distinct levels of
biofilm virulence. Biofilm EPS may represent an integral part of their distinct pathogenicity.
Rigorous examination of species-dependent differences in biofilm virulence is critical to devel-
oping specific therapeutics, while lending insight to the interactions within clinically relevant,
polybacterial biofilms. (J Am Coll Surg 2012;215:388-399. © 2012 by the American College

of Surgeons)

Bacterial biofilms, defined as a surface-adhered, complex
community of aggregated bacteria within a matrix of extra-
cellular polymeric substance (EPS), are increasingly being
recognized as an integral component of chronic wound
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pathogenesis.'” Given the enormous burden that these
wounds place on patients and the health care system,*"'
continued research aimed at delineating the mechanisms
associated with wound biofilm development and mainte-
nance remains critical. In particular, recent clinical studies
have suggested that the predominant bacteria within a chronic
wound can be one of several different species, and can often be
present as polybacterial biofilm infections.”*”'> These find-
ings are supplemented by studies that have demonstrated the
formation of biofilm by different bacterial species, including
Staphylococcus aureus,'**  Pseudomonas aeruginosa,”' and
Staphyloccocus epidermidis>** in a variety of in vivo model
systems. The potential for wound biofilms to originate from
different, or multiple, bacterial species further complicates our
limited understanding, indicating a need to examine biofilm
pathophysiology at a species-specific level.

Biofilm-phase bacteria can be distinguished from their free-
floating, “planktonic” counterparts by their inherent defense
and survival mechanisms. The biofilm EPS provides a physical
barrier against inflammatory cell phagocytosis, while also po-
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tendally inhibiting the complement cascade and the activa-
tion and penetration of antibiotics.”>*>** Others have sug-
gested that the shedding of planktonic bacteria and the
maintenance of phenotypically distinct “persister” cells
contribute to its sustainability and durability within the
hostile environment of its host surface.>> However, some
protective mechanisms have been frequently linked to cer-
tain bacterial species more than others. Cell-to-cell signal-
ing, termed quorum-sensing, has been implicated as a major
component of P aeruginosa biofilm pathogenicity both in
vitro and in vivo,>*"**** while it remains controversial in §
aureus.”' Meanwhile, several different regulatory molecules
have been identified as important to the biofilm-forming
ability of § aureus, including sarA,”>** agr,** and cidA.>> As
part of mediating resistance to neutrophils, S epidermidis
biofilms use an intracellular adhesin to prevent phagocyto-
sis, while P aeruginosa biofilms may diminish the neutro-
phils” oxidative potential***” or lead to their rapid necrosis
through rhamnolipid production.’® Therefore, although
the biofilm phenotype is common to most bacteria, indi-
vidual bacterial species may use different mechanisms to
achieve and maintain their presence within a wound.
Although the aforementioned differences in species-
specific biofilms have been established, the end effects of
each species’ biofilm on wounds and their host, ie, viru-
lence, are unclear. Clinical observation suggests that differ-
ences in biofilm virulence exist, as the appearance and se-
verity of wounds can often be linked to one bacterial species
over another based on experience. Unfortunately, these
conclusions rely on anecdotal evidence rather than rigorous
scientific experimentation. There remains no study in the
literature, to date, that has evaluated and compared the
species-specific virulence of different bacterial wound bio-
films. Understanding species-dependent differences in bio-
film pathogenicity may contribute to the development of spe-
cific, targeted biofilm therapeutics, while also lending insight
to the interactions that occur within a polybacterial setting,
The goal of this study was to use our established, rabbit
ear, wound biofilm model'® to investigate whether there are
differences in biofilm virulence across multiple bacterial
species. Through comparison of the common wound
pathogens K pneumoniae, S aureus, and P aeruginosa, we

have discovered and attributed a distinct level of virulence
to each species. In line with clinical observation, we dem-
onstrated that P aeruginosa biofilm has the most significant
effect on wound healing and the host inflammatory re-
sponse. We investigated the mechanism of this pathogenic-
ity using a mutant P aeruginosa strain. In doing so, we
implicated the EPS as a critical contributor to Pseudomo-
nas virulence, which has not been previously reported.
With these results, we also validate the sensitivity of our in
vivo system, establishing the model as a valuable and infor-
mative tool for translational biofilm research.

METHODS

Animals

Under an approved protocol by the Animal Care and Use
Committee at Northwestern University, adult New Zealand
white rabbits (3 to 6 months old, approximately 3 to 4 kg)
were acclimated to standard housing and fed ad libicum. All
animals were housed in individual cages under constant tem-
perature and humidity with a 12-hour light-dark cycle. A total
of 26 rabbits were used to complete this study.

Bacterial species
Three separate bacterial species were used including indi-
vidual strains of K pneumoniae (BAMC 07-18), S aureus
(UAMS-1), and P aeruginosa (PAO1 and mutant strain
pelApsIBCD). The K pneumoniae strain BAMC 07-18
(kindly provided by LTC Clinton Murray of Brooke Army
Medical Center, Fort Sam Houston, TX) was originally
isolated from the wounds of an injured soldier that had
returned from Iraq during the war. PAO1 was obtained
from the laboratory of Dr Barbara H Iglewski (University
of Rochester Medical Center). P aeruginosa mutant
pelApsIBCD was kindly provided by Dr Tim Tolker-Nielsen
of the University of Copenhagen. The pelAps/BCD mutant
is a previously characterized double mutant of the pe/ and ps/
loci mutants, each of which causes deficiencies in the biosyn-
thesis of polysaccharides that are part of P aeruginosa EPS.
To prepare bacterial culture each species was grown on
specific agar plates (Hardy Diagnostics; BAMC 07-18 on
blood agar, UAMS-1 on S aureus isolation agar, PAO1 and
pelApsIBCD on P aeruginosa isolation agar) overnight at
37°C. Each species was then subcultured at 37°C into 10
mL of twyptic soy broth (TSB; BAMC 07-18 and
UAMS-1) or Luria broth (LB; P aeruginosa strains) and
grown at 37°C until log-phase was achieved. Bacteria were
harvested and washed in phosphate-buffered saline (PBS)
once by centrifugation at 5,000 rpm for 5 minutes at 20°C.
The resultant pellet was resuspended in PBS and an optical
density at the 600-nm wavelength (ODy,) was measured.
For each species, an ODy, equivalent to 10° colony-
forming units (CFU)/uL was determined pre-empirically.



390 Seth et al

Species-Specific Virulence of Wound Biofilms

J Am Coll Surg

Table 1. Study Design and Wound Distribution per Study Group

5 rabbits (n = 60 wounds)

Rabbits: 1, 2 (POD 6)
(n = 24 wounds)

Rabbits: 3, 4, 5 (POD 12)
(n = 36 wounds)

Analysis endpoint Left ears (n = 12)

Right ears (n = 12)

Left ears (n = 18) Right ears (n = 18)

gqRT-PCR 6
Bacterial counts 6
SEM 6 6
Histology 12 12

Data presented as number of wounds (1 rabbit had 12 wounds, 6 wounds/ear). Study groups: control, K pneumoniae, S aureus, P aeruginosa, pelApsIBCD.
POD, postoperative day; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; SEM, scanning electron microscopy.

Wound protocol and infection model

Rabbits were anesthetized with intramuscular injection
of a ketamine (22.5 mg/kg) and xylazine (3.5 mg/kg)
mixture before surgery. Ears were shaved, sterilized with
70% ethanol, and injected intradermally with 1% lido-
caine/1:100,000 epinephrine at the planned wound
sites. Six, 6-mm diameter, full-thickness dermal wounds
were created on the ventral side of each ear, totaling 12
wounds per rabbit, down to perichondrium and dressed
with Tegaderm (3M Health Care), a semiocclusive trans-
parent film. Individual wounds were either left sterile as
uninfected controls or inoculated with 10° CFU of an
individual test bacteria strain on postoperative day
(POD) 3. Each rabbit was designated as a control or was
infected with only bacterial species, with no cross-
contamination of bacteria within or between ears. For
each study group, 60 wounds (5 rabbits) were used for
data analysis, totaling 300 wounds (25 rabbits; Table 1).
Because we had no previous experience using the P
aeruginosa mutant strain pelAps/BCD, an additional an-
imal was inoculated with peldpsIBCD to ensure feasabil-
ity and animal safety, but was not included in any
analyses.

Bacteria were allowed to proliferate under the Tegaderm
dressing. Topical Mupirocin (2%; Teva Pharmaceuticals) or
Ciloxan (Ciprofloxacin 0.3%, Alcon) antibiotic ointment
was applied on postoperative day (POD) 4 to S aureus and
K pnewmoniae or P aeruginosa infected wounds, respec-
tively, to eliminate free-floating, planktonic-phase bac-
teria, leaving a predominately biofilm-phase phenotype.
To prevent seroma formation and regrowth of plank-
tonic bacteria, therefore maintaining a biofilm-
dominant infection, an antimicrobial, absorbent dress-
ing containing polyhexamethylene biguanide (Telfa
AMD, Tyco Healthcare Group) was applied to biofilm
wounds on PODs 5 and 6, and then every other day
until harvest. An overlying Tegaderm dressing was main-
tained throughout the protocol, and all dressings were

checked daily.

Harvesting of wounds

After euthanizing animals by intracardiac euthasol injec-
tion, wounds were harvested for various analyses at differ-
ent time points. Wounds for histologic analysis using he-
matoxylin and eosin (H&E) staining, and scanning
electron microscopy (SEM) to visualize biofilm morphol-
ogy, were harvested at POD 12. For quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) anal-
ysis to measure inflammatory cytokine mRNA levels, and
viable bacterial counts, wounds were harvested on POD 6.
For each analysis endpoint, wounds were taken from both
ears from multiple animals (eg, gRT-PCR: 3 wounds from
the left ear and 3 wounds from the right ear from rabbits 1
and 2; Table 1) to account for any potential inherent vari-
ability between rabbits. All wounds were excised using a
10-mm (histology, SEM, viable bacterial counts) or 7-mm
(gRT-PCR) biopsy punch (Acuderm Inc). Wounds were
omitted from the final results if difficulties were encoun-
tered during tissue handling or processing that prevented
appropriate or consistent analysis.

Histologic analysis

Wounds excised for histologic analysis were bisected at
their largest diameter for hematoxylin and eosin staining.
Tissues were fixed in formalin, embedded in paraffin, and
cut into 4-pm sections. Paraffin was removed with a xylene
wash, followed by a standard hematoxylin and eosin stain-
ing protocol to prepare samples for analysis under a light
microscope. Slides were examined for quantification of ep-
ithelial and granulation gaps, and total granulation area,
using a digital analysis system (NIS-Elements Basic Re-
search, Nikon Instech Co), as previously described.” In
brief, epithelial and granulation gaps were measured as the
distance between the distal leading edges of any newly
formed epithelial and granulation tissue, respectively. New
granulation tissue area was defined as the sum of the gran-
ulation tissue in-growth areas on either side of the wound,
inside of the 6-mm wound border. The wound border was
determined histologically by the “nick” in the cartilage on
either side of the wound bed and/or visual differences in the
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tissue between existing dermis and newly formed granula-
tion tissue. Two blinded, independent observers evaluated
all histologic sections. The results of both examiners were
averaged. Slides were omitted if results differed more than
30% among examiners.

Scanning electron microscopy

To determine biofilm structure, wound samples were fixed
in 2.5% glutaraldehyde in 0.1 M (pH 7.2), washed 3 times
in PBS, and dehydrated through an ethanol series and hex-
amethyldisilazane. Samples were mounted by double-
sided tape to specimen stubs, followed by gold-platinum
(50:50) ion coating (108 Auto Sputter Coater, TedPella,
Inc). Wounds for SEM had their dorsal sides removed
before preparation to allow for better mounting for vi-
sualization. Samples were visualized using a Carl Zeiss
EVO-40 scanning electron microscope operated at the
scanning voltage of 10 kV. Sterile control wounds were
used as a baseline for visual comparison against infected
wounds.

Total mRNA extraction and quantitative reverse-
transcription polymerase chain reaction

The dermal layer on the dorsal side of the ear was removed
for wounds harvested for mRNA extraction and subse-
quent ¢cDNA conversion as part of gRT-PCR. Wounds
were excised using a 7-mm punch, with an original 6-mm
wound bed, leaving a 0.5-mm diameter rim of normal skin
around the wound bed. Based on previous work with this
model.'® harvest for mRNA extraction was done on POD
6. At this time, a steady-state of biofilm-phase bacteria is
thought to be present after topical antibiotic and Telfa
dressing placement, triggering the largest inflammartory re-
sponse. Wounds were immediately snap-frozen in liquid
nitrogen after excision. Before mRNA extraction, wound
samples were homogenized using a Mini-bead beater-8
(Biospec Products Inc) with zirconia beads (2.0 mm diam-
eter, Biospec Products Inc) in the presence of Trizol Re-
agent (Sigma-Aldrich). Total RNA was isolated according
to the manufacturer’s protocol. Contaminating genomic
DNA during RNA preparation was removed using the
Turbo DNA-free kit (Ambion). Five-pug of total RNA was
used to prepare cDNA using superscript II (Invitrogen)
with 100 ng of random primers (Invitrogen).

For quantitative analysis of the level of mRNAs, qPCR
analyses using SYBR green 1 were performed using an ABI
prism 7000 sequence detection system (Applied Biosys-
tems). Polymerase chain reaction primers were designed
using the Primer 3 program (http://frodo.wi.mit.edu/). Ex-
pression of each gene was normalized to the level of glyc-
eraldehyde 3-phosphate dehydrogenase (Gapdh), the house
keeping gene, to get ACt. The 27AAC hethod was used to

calculate mRNA levels of interleukin (IL)-18 and tumor ne-
crosis factor (TNF)-a within the wounds of interest. Expres-
sion of genes was detected by PCR with the following
oligonudleotides: IL-1 (forward: 5'-CCACAGTGGCAATG-
AAAATG-3" and reverse: 5-AGAAAGTTCTCAGGCC-
GTCA-3’, accession number D21835), TNF-«a (forward:
5'-CCAGATGGTCACCCTCAGAT-=3" and reverse: 5'-TGT-
TCTGAGAGGCGTGATTG-3’, accession number M12845),
Gapdh (forward: 5'-AGGTCATCCACGACCACTTC-3’
and reverse: 5'-GTGAGTTTCCCGTTCAGCTC-3', ac-
cession number NM_001082253). Values were then further
normalized by expressing the mRINA level as a fold-difference
over the level seen in nonwounded skin. Nonwounded skin
was obtained from ears of control animals designated for

qRT-PCR.

Viable bacterial counts

The dorsal side of wounds used for bacterial counts were
removed to eliminate the inclusion of bacteria outside of
the infected wound surface. These wounds were harvested
on POD 6 to correlate the qRT-PCR results with the extent
of bacterial burden seen in each wound. To recover bacte-
ria, infected wound samples were placed in tubes prefilled
with homogenizer beads (Roche). One mL of PBS was
added and the tube was homogenized for 90 seconds at
5,000 rpm in a MagnalYSER homogenizer (Roche) and
then sonicated (Microson Ulerasonic Cell Disrupter, Heat
Systems-Ultrasonics, Inc) for 2 minutes at 6 to 8 watts to
disrupt biofilms and release any bacteria present within the
structures. For each bacterial species, the resulting solu-
tions were serially diluted and plated on the appropriate
agar plates, as used during bacterial culturing. Plates were
incubated overnight at 37°C. Colony forming units were
determined by standard colony counting method. Control
wounds designated for “bacterial counts” were plated to
ensure baseline sterility of wounds relative to those inocu-
lated with a specific bacteria.

Statistical analysis

Data are presented in graphic form as mean * standard
errors when applicable. Statistical analyses were performed
using the Student’s #-test (2-tailed, unpaired) when com-
paring 2 study groups, and l-way analysis of variance
(ANOVA) when comparing the means of multiple groups.
The level of significance was set at p < 0.05.

RESULTS

To validate the presence of biofilm-phase bacteria within
our wounds, SEM imaging was performed for each bacte-
rial species (Fig. 1). In each case, wounds revealed the pres-
ence of the inoculated bacteria throughout the wound bed.



392 Seth et al

Species-Specific Virulence of Wound Biofilms

J Am Coll Surg

Figure 1. Scanning electron microscopy images of wound biofilms
from each bacterial species studied. (A) K pneumoniae and (B) S
aureus wounds revealed clustering of rod- and cocci-shaped bacte-
rial cells, respectively, on the wound surface with minimal amounts
of extracellular polymeric substance (EPS) matrix components be-
tween cells. (C) P aeruginosa wounds demonstrated smaller num-
bers of cells with large amounts of lattice-like EPS matrix (arrows)
interspersed between bacteria.

K pneumoniae wounds demonstrated characteristic rod-
shaped bacteria with some cells in clusters, typical of bio-
film morphology (Fig. 1A). Similar patterns were verified
with the cocci-shaped S aureus (Fig. 1B) and rod-shaped P
aeruginosa (Fig. 1C) wounds. However, P aeruginosa
wounds tended to possess a higher density of EPS material
as compared with K pneumoniae and S aureus. This EPS
appeared organized into a well-defined matrix and inter-
spersed within clusters of P aeruginosa cells.

Having verified the consistency of our in vivo model to
form biofilm across multiple bacterial species, an analysis of
each species’ effects on wound healing was performed.
Gross appearance of biofilm-infected wounds revealed dis-
tinct differences in wound healing at POD 12 (Figs. 2A to
2C). In particular, P aeruginosa wounds demonstrated an
overall greater impairment in healing as compared with
both S aureus and K pneumoniae. Notable differences also
existed between S aureus and K pneumoniae, with K pneu-
moniae consistently having the largest amount of healing.
This hierarchy of wound healing inhibition between spe-
cies was further supported by histologic analysis (Figs. 2D
to 2F). K pneumoniae wounds appeared to have the largest
amount of epithelial and granulation tissue among the 3
species (Fig. 2D); P aeruginosa imparted the greatest inhib-
itory effect over the same time period (Fig. 2F). Quantifi-
cation of these histologic parameters revealed statistically
significant differences between P aeruginosa biofilm-
infected wounds and uninfected, K pneumoniae, and S au-
reus wounds in both wound epithelialization and granula-
tion (p < 0.05; Fig. 3). Furthermore, the incremental
progression in virulence was maintained when averaged
across multiple wounds (n = 16 to 20 wounds/species),
progressing from K pneumoniae to S aureus to P aeruginosa.

Individual bacteria species’ virulence was further as-
sessed through measurement of the extent of host inflam-
matory response to each species. The mRNA levels of in-
flammatory cytokines IL-18 and TNF-a were measured
through qRT-PCR for each species, followed by normaliza-
tion to the level seen in nonwounded skin (Figs. 4A, 4B).
For both cytokines, P aeruginosa demonstrated signifi-
cantly higher levels of mRNA as compared with the other 2
species (p < 0.05), indicating a relatively heightened in-
flammatory response to the presence of P aeruginosa bio-
film within wounds. Viable bacterial counts were then per-
formed at the same time point to ensure that differences in
the host response were not related to measurable differ-
ences in bacterial burden (Fig. 4C). There were no differ-
ences in viable bacteria levels between K pneumoniae and
S aureus. However, P aeruginosa wounds had significantly
lower viable bacteria counts (p < 0.01) across all wounds
(n = 8 to 10 wounds/species) than K pneumoniae or
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Figure 2. Gross appearance and histologic sections of biofilm-infected wounds at the time of
harvest from each bacterial species studied. In general, at postoperative day (POD) 12, (A)
K pneumoniae wounds demonstrated the largest amount of gross wound healing. In compari-
son, (B) S aureus and (C) P aeruginosa wounds appeared to have larger gaps in epithelialization
and less wound bed granulation. Correlating with their gross appearance, histologic sections
stained with hematoxylin and eosin at POD 12 show that (D) K pneumoniae had the greatest
amount of new epithelial and granulation tissue in-growth. (E) S aureus appeared to have a larger
epithelial gap in comparison to K pneumoniae. However, (F) P aeruginosa showed the largest
amount of wound healing impairment among the 3 bacterial species studied. (Magnification X

20) EG, epithelial gap.

S aureus, despite triggering the largest inflammarory re-
sponse among all 3 species.

The impressive virulence of P aeruginosa, relative to K
pneumoniae and S aureus, prompted further investigation
into the potential mechanism(s) contributing to these dif-
ferences. Given the density of EPS in P aeruginosa wounds
relative to the other 2 species studied, further experiments
were performed using the P aeruginosa EPS-deficient mutant
pelApsIBCD to investigate EPS’ potential role in P aeruginosa
virulence. Scanning electron microscopy of wounds infected
with the pelAps/BCD mutant bacteria verified the expression
of an EPS-deficient phenotype, with a distinct lack of poly-
meric substance components between bacterial cells as com-
pared with the PAO1 wild-type strain (Fig. 5). However, de-
spite the deficiency in EPS, pelAps/BCD mutants did
demonstrate some bacterial clustering, as would be expected
by biofilm-phase bacteria (Figs. 5C, 5D).

Differences in virulence between wild-type PAO1 and the
EPS-deficient mutant peldps/BCD were assessed using the
endpoints previously described for comparing K pneumoniae
and § awureus with P aeruginosa. The gross appearance of
pelApsIBCD-infected wounds revealed improved healing rela-
tive to PAO1-infected wounds (Figs. 6A, 6B). This result was
also seen on histologic comparison, with visual (Figs. 6C, 6D)
and quantitative (Fig. 7) differences in the extent of wound
healing inhibition between the wild-type and mutant strains
of P aeruginosa. Measurement of inflammatory cytokine
mRNA levels corroborated these differences in viru-
lence, with a significantly lower host response to the
presence of the pelAps/IBCD mutant in the wound (p <
0.05; Figs. 8A, 8B). The number of viable bacteria in
pelApsIBCD-infected wounds was equivalent to that of

PAO1 wounds (Fig. 8C), indicating that the differences
in inflammatory cytokine expression were inherent to
the bacterial strains themselves.

DISCUSSION

Understanding bacterial biofilm pathogenicity remains es-
sential to developing effective treatment strategies for
chronic wounds. With several resistance mechanisms and
its dynamic response to environmental cues such as in
wounds, the ability of biofilm to originate from one of
several different bacterial species only increases its com-
plexity. Although many principles of biofilm dynamics are
conserved across bacterial species, potential differences in
biofilm virulence between species have not been studied.
Using an established, in vivo wound biofilm model,'® we
investigated and compared the virulence of different,
species-specific, bacterial biofilms by quantifying their ef-
fects on wound healing and the host inflammatory re-
sponse. As a result, we have used our findings to highlight
a previously underappreciated contributor to biofilm
pathogenicity.

The current literature surrounding biofilm pathogenic-
ity and virulence has focused on a variety of molecular
pathways and bacterial species. In S aureus, many groups
have focused on the accessory regulator protein sarA as a
key mediator of biofilm formation. Beenken and col-
leagues® demonstrated that mutation of sa7A limited the
development of § aureus biofilm in vitro, while the addition
of a mutation in another accessory gene regulator, agr, did
not incrementally effect the end phenotype. More recently,
Weiss and associates® demonstrated that in a catheter-
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Figure 3. Comparison of quantitative histologic parameters be-
tween the 3 bacterial species studied. Measurements of (A) epithe-
lial and (B) granulation gaps and (C) new tissue granulation area
revealed that P aeruginosa wounds had significantly impaired heal-
ing compared with uninfected controls (***p < 0.001), K pneu-
moniae (***p < 0.001), and S aureus (*p < 0.05) across all
measured histologic parameters (n = 16 to 20 wounds/species).

associated in vitro biofilm model, mutation of sa7A4 resulted
in an increased susceptibility of in vitro biofilm to antibiotics.
Meanwhile, a number of groups have continued to demon-
strate the importance of quorum-sensing to P aeruginosa vir-
ulence,” %% although work from Schaber and coworkers*'
indicates that even quorum-sensing deficient P aeruginosa
are capable of forming in vivo biofilms in a thermally in-
jured mouse model. Nevertheless, the virulence of different
bacterial species has never been directly compared, making
it difficult to extrapolate these findings to polybacterial
settings. In addition, as previously mentioned, there re-

I : |
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Mean Viable Bacterial Counts
(colony-forming units/wound)

-
[=}
©

S. aureus P. aeruginosa

Figure 4. Comparison of inflammatory cytokine mRNA levels and
viable bacterial counts in biofilm-infected wounds. P aeruginosa
wounds at postoperative day (POD) 6 demonstrated significantly
higher levels of mRNA for inflammatory cytokines (A) interleukin
(IL)-1B and (B) tumor necrosis factor (TNF)-a as compared with K
pneumoniae and S aureus wounds (***p < 0.001; n = 8 to 10
wounds/species). (C) Bacterial counts were performed at POD 6 to
ensure differences in inflammatory cytokine mRNA levels were not
related to large differences in wound bacterial burden. K pneu-
moniae and S aureus biofilm-infected wounds revealed similar lev-
els of bacterial counts. However, despite triggering a greater host
inflammatory response, P aeruginosa biofilm-infected wounds dem-
onstrated significantly lower levels of viable bacteria relative to the
other 2 species (***p < 0.001; n = 8 to 10 wounds/group).
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Figure 5. Scanning electron microscopy of P aeruginosa wild-type (PAO1) and mutant (pelApsIBCD) biofilm-infected wounds. Wild-type wounds
(A and B) revealed large amounts of extracellular polymeric substance (EPS) matrix arranged in a lattice-like structure (arrows). In contrast,
EPS-deficient mutant pelApsIBCD wounds (C and D) demonstrated minimal amounts of matrix between individual bacterial cells despite some
evidence of clustering (arrows). The lack of EPS in pelApsIBCD wounds verified the phenotype that was expected morphologically.

mains little evidence to support the importance of the EPS  clearance of S. epidermis relative to biofilm-negative strains.
to biofilm virulence. Early work by Deighton and col-  In 2010, Borlee and associates* reported on an adhesin mol-
leagues™ suggested that the extracellular “slime” of S. epi-  ecule important to the structural integrity of P aeruginosa
dermidis biofilm-based catheter infections delayed the  EPS, but did not extend these findings to its effect on

Figure 6. Gross appearance and histologic sections of (A and C) wild-type PAO1- and (B and D)
mutant pelApsIBCD-infected wounds on postoperative (POD) 12 before harvest. (B) Wounds
infected with pelApsIBCD appeared to have consistently smaller gaps in epithelial and granula-
tion tissue compared with (A) PAO1, indicating a decreased ability to impair wound healing.
Histologic sections stained with hematoxylin and eosin at POD 12 showed that (D) mutant
pelApsIBCD wounds had improved healing compared with (C) PAO1 wounds, including a smaller
epithelial gap, correlating with their gross appearance. (Magnification X 20) EG, epithelial gap.
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Figure 7. Comparison of quantitative histologic parameters between
wildtype PAO1 and mutant pelApsIBCD wounds. Mutant pelApsIBCD
biofilm-infected wounds had significantly smaller (A) epithelial and (B)
granulation gaps (***p < 0.0001) and larger amount of (C) new
granulation tissue (*p < 0.05; n = 16 to 20 wounds/strain).

P aeruginosa virulence. Consequently, there remains lim-
ited evidence on the importance of the EPS to biofilm
pathogenicity, particulatly in vivo.

Through this study, we have demonstrated measurable
differences in biofilm virulence between K pneumoniae, S
aureus, and P aeruginosa. An analysis of their effects on
wound healing inhibition and the host inflammatory re-
sponse revealed that P aeruginosa biofilm was the most

PAO1

pelApsIBCD

Figure 8. Comparison of inflammatory cytokine mRNA levels and via-
ble bacterial counts between wild-type PAO1 and mutant pelApsIBCD
wounds. On postoperative day (POD) 6, mutant pelAps/BCD wounds
demonstrated significantly lower levels of mRNA for cytokines (A) inter-
leukin (IL)-18 and (B) tumor necrosis factor (TNF)-« in comparison with
wild-type PAO1, indicating that the extracellular polymeric substance
(EPS)-deficient mutant triggered a decreased host inflammatory re-
sponse (*p < 0.05; n = 8 to 10 wounds/strain). Verifying that the
differences in inflammatory response were not related to differ-
ences in bacterial burden, mutant pelAps/IBCD wounds had similar
levels of (C) viable bacteria in comparison with PAO1 wounds (n =
8 to 10 wounds/strain).

pathogenic species studied. In particular, P aeruginosa had
the greatest effect on inflammatory cytokine expression
despite the smallest number of viable bacteria. However,
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visualization of biofilm morphology on SEM showed that
P aeruginosa had the highest density of EPS among the 3
species, prompting additional investigation using an EPS-
deficient P aeruginosa mutant. By observing a significant
decrease in virulence from wild-type to mutant P aerugi-
nosa, we concluded that the EPS is a critical factor in the
heightened virulence of P aeruginosa.

Although several biofilm virulence factors have been
identified for different bacterial species, no studies have
performed a direct comparison of species-specific virulence
using multiple endpoints. Through quantification of these
differences, we have established a hierarchy of biofilm vir-
ulence among these common pathogens. These findings
have multiple clinical implications for biofilm-infected
chronic wounds. Previous work from our group has dem-
onstrated that frequent, aggressive, and multimodal clini-
cal wound care against P aeruginosa biofilm is necessary to
obtain significant improvements in wound healing and
bacterial viability.*> However, wounds infected with a less
virulent bacterial species, such as K pneumoniae, may not
require the same level of treatment. Differentiating the se-
verity of chronic wound infections based on the infecting
bacteria’s virulence can help with the development of ap-
propriate treatment plans, while also allowing for prioriti-
zation of wound care resources. In addition, given that
most chronic wounds are infected by multiple bacteria spe-
cies,>*”"> understanding the contribution of each bacterial
species to the overall infection is important for developing
effective therapeutics against a polybacterial biofilm. These
differences in virulence may also have an impact on the
dynamics of a polybacterial infection by influencing the
interactions that occur between bacterial species.

It is particularly notable that K pneumoniae was found to
have the least virulent wound biofilm among species stud-
ied, given its pathogenicity in other organ systems.** Al-
though nota common chronic wound pathogen, relative to
S aureus and P aeruginosa, multidrug resistant strains of X
pneumoniae have been identified in the infected wounds of
soldiers returning from war in Iraq.* Despite the tissue
damage seen in these wounds, our results using one of these
clinically isolated strains indicate that these strains may
trigger only a modest amount of healing impairment when
in a monospecies infection. Therefore, one can speculate
that the detrimental effects of K pneumoniae wound bio-
film may actually be potentiated in a polymicrobial envi-
ronment, such as that within an infected war wound. How-
ever, additional work is needed to understand these
dynamic differences in the pathogenicity of a single bacte-
rial species.

The high level of virulence exhibited by P aeruginosa was
investigated through the use of an EPS-deficient mutant

strain of P aeruginosa. Recent literature has focused on
quorum-sensing between P aeruginosa cells as a critical vir-
ulence factor,”*"**** with the goal of developing therapeu-
tics aimed at disrupting these cell-to-cell signaling path-
ways. However, there is littdle evidence to date that
P aeruginosa EPS may also be an important mediator of its
biofilm pathogenicity. Qin and coworkers* used the same
mutant, pelApsIBCD, to demonstrate that extracellular
products within the supernatant of P zeruginosa are capable
of disrupting S. epidermidis biofilm formation in vitro.
Meanwhile Koo and associates*” suggest that in oral bio-
films, the EPS of S mutans can contribute to the pathogen-
esis of dental caries. In similar fashion, our results indicate
that P aeruginosa deficient in EPS triggers a milder inflam-
matory response and a decreased impairment in wound
healing when compared with wild-type. As previously dis-
cussed, the EPS provides a number of protective advantages
against host defense mechanisms,*>**?* which may provide
an explanation for our findings. However, EPS consists of a
diverse group of polymers, including polysaccharides, pro-
teins, and nucleic acids.*® This complexity indicates that it
may act as a platform for dynamic signaling pathways
rather than being solely a physical barrier. Furthermore, the
high density of EPS seen in P aeruginosa biofilms on SEM,
as compared with K pneumoniae and S aureus, may further
validate its contribution to the differences in virulence
that we report. However, given that each species pro-
duces its own specific EPS using different substrates, it is
difficult to validate this relationship without further
molecular studies.

CONCLUSIONS

The potential importance of the EPS to biofilm virulence
indicates a need for further investigation into therapeutics
aimed at disrupting its dense structure. Traditional wound
care methods, such as debridement and lavage, have been
shown to disturb P aeruginosa biofilm structure in previous
iterations of our model.” However, without an aggressive
regimen of frequent multimodality treatments, the biofilm
EPS appears to regain its structure, and therefore presum-
ably some of its virulence as well. Others have demon-
strated that topical formulations of specific D-amino acids
are effective in both preventing biofilm growth and trigger-
ing disassembly of biofilm structure in both S aureus and P
aeruginosa.*>* Treatments such as these not only weaken
the physical barrier that the EPS provides, but may also
reduce the effectiveness of any innate virulence factors that
it may have. Although biofilm research continues to focus
on mechanisms of virulence such as quorum sensing, we
believe our findings highlight the importance of a renewed
interest in understanding, and rtargeting, the molecular
pathways associated with biofilm EPS.
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We acknowledge that despite our novel findings, our
study is limited by a lack of understanding of species-
specific biofilm virulence at a molecular level. Instead, we
have performed work that has outlined the dynamics of
different species” biofilms, while preliminarily implicating
the EPS as a potential target warranting future investiga-
tion. However, we chose to not expand our initial investi-
gation of EPS to S aureus and K pneumoniae given the ready
availability of an EPS-deficient P aeruginosa mutant. Un-
derstanding the individual role of EPS in different species
of bacteria will be crucial in implicating it as a therapeutic
target. Furthermore, we did not perform additional exper-
iments to compare the importance of EPS to other viru-
lence factors, such as the well-known quorum-sensing
pathways of P aeruginosa. However, with the power of this
in vivo model, we have created a solid foundation for being
able to compare different virulence factors whose end ef-
fects might otherwise be difficult to differentiate from one
another. As our understanding of biofilm virulence contin-
ues to grow, our ability to counteract its destructive effects
on chronic wounds will also improve. Future studies ex-
tending from this work will help further define the rela-
tionships and mechanisms introduced here, setting the
stage for a new era of microbiologic therapeutics.
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