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Pseudomonas aeruginosa wound infection involves activation of
its iron acquisition system in response to fascial contact

M. Kim, MD, S. Christley, PhD, N. N. Khodarev, MD, PhD, I. Fleming, MD, Y. Huang, MD, E.
Chang, MD, O. Zaborina, PhD¥, and J. Alverdy, MD"#
University of Chicago, Chicago, IL

Abstract

Background—Wound infections are traditionally thought to occur when microbial burden
exceeds the innate clearance capacity of host immune system. Here we introduce the idea that the
wound environment itself plays a significant contributory role to wound infection.

Methods—We developed a clinically relevant murine model of soft tissue infection to explore
the role of activation of microbial virulence in response to tissue factors as a mechanism by which
pathogenic bacteria cause wound infections. Mice underwent abdominal skin incision and light
muscle injury with a crushing forceps versus skin incision alone followed by topical inoculation of
P. aeruginosa. Mice were sacrificed on postoperative day 6 and abdominal tissues analyzed for
clinical signs of wound infection. To determine if specific wound tissues components induce
bacterial virulence, P. aeruginosa was exposed to skin, fascia, and muscle.

Results—Gross wound infection due to P. aeruginosa was observed to be significantly increased
in injured tissues vs non-injured (80% vs 10%) tissues (n=20/group, p<0.0001). Exposure of P.
aeruginosa to individual tissue components demonstrated that fascia significantly induced
bacterial virulence as judged by the production of pyocyanin, a redox-active phenazine compound
known to kill immune cells. Whole genome transcriptional profiling of P. aeruginosa exposed to
fascia demonstrated activation of multiple genes responsible for the synthesis of the iron
scavenging molecule pyochelin.

Conclusion—We conclude that wound elements, in particular fascia, may play a significant role
in enhancing the virulence of P. aeruginosa and may contribute to the pathogenesis of clinical
wound infection.
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Background

Methods

The development of a wound infection following elective surgery or traumatic injury
remains a major cause of morbidity to patients and can incur enormous costs and disability
(1). Current strategies to prevent wound infections focus on decreasing exposure of tissues
to bacteria, improving tissue integrity and defenses, and administering antibiotics. Most
often the pathogenesis of wound infection is framed as simple matter of the size of the
bacterial inoculum pitted against host clearance mechanisms. Yet missing in this equation is
the dynamic response of bacteria that can shift their phenotype in response to “cues”
released by local conditions in the wound. While it is well established that host tissues
dynamically respond to bacterial invasion via pathogen recognition molecules (2), it is now
becoming increasingly clear that bacteria similarly respond to host tissues and the signals
they release (3). Thus there is a complex molecular dialogue that develops in tissues exposed
to microorganisms and is a context dependent. Here we posit that the outcome of a healing
wound from bacterial exposure is not merely a matter of the number of the bacteria pitted
against the resilience of the host tissues, but rather is a dynamic process by which ongoing
information processing occurs between the microbe and host tissues during healing. This
hypothesis could explain many of the risk factors that are associated with increased wound
infection such as blood loss, hypoxia, operative time, tissue trauma, etc. (4). Although such
risk factors certainly might decrease the clearance mechanisms of tissues, they also in turn,
might release soluble host factors which stimulate bacteria to express a more virulent
phenotype. Bacteria with more evolved information processing systems, such as the well
described quorum sensing system of Pseudomonas aeruginosa (5), might be better
positioned to express a more invasive phenotype during traumatic conditions.

Here we modeled the activation of bacterial virulence using a prototype P. aeruginosa strain
that is well characterized for its ability to respond to local environmental cues. Our
laboratory has previously reported that P. aeruginosa can express quorum sensing
dependent virulence activation in response to several host compensatory cues such as
opioids (morphine, dynorphin) (6, 7), ischemic end products (adenosine) (8), and
inflammatory mediators (interferons) (9). Here we developed a wound infection model in
which we demonstrated that despite equal inocula, P. aeruginosa can lead to a wound
infection when tissues are traumatically injured. In particular we identify structural
component of tissues (such as fascia) that appear to contain factors resulting in the
production of virulent P. aeruginosa through scavenging of iron ions and affecting host
immune system. The data herein provided shed new light on mechanisms of wound
infection that can be further interrogated in molecular detail.

Bacterial Strains

Pseudomonas aeruginosa MPAO1(10) and luminescent strain XEN41 (11) were used in the
experiments. Strain XEN41 (Calpier, Inc) is a constitutively luminescent derivative of
PAOL.
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Murine Model of Surgical Site Infection

All experiments were approved by the Animal Care and use Committee at the University of
Chicago (IACUC Protocol 72090). Specific pathogen free C57B/L6 mice weighing 18 to 22
g and 7-8 weeks old were used for all experiments. Mice were routinely fed tap water and
Harland Teklad feed under 12 hour light/dark cycles and were allowed to acclimate for at
least 48 hours prior to surgery. Mice were anesthetized with a combination of 90 mg/kg of
ketamine and 5 mg/kg of xylazine via intraperitoneal injection. Once anesthetized, mice
were restrained supine, shaved in their lower abdomens, and draped in a sterile field. The
abdominal wall was sterilized with betadine solution. A vertical lower abdominal incision
was made approximately 1 cm in length and only through the depth of the skin and the
abdominal wall muscles were exposed on both sides. To simulate tissue trauma, a small
needle driver was used to crush three small areas (2-3 mm?2) of muscle injury to the right
rectus abdominus, leaving the other side intact; for controls, no tissue injury was performed.
The bacterial inoculum of P. aeruginosa was applied to the surgical site and left for 15
minutes. Briefly, bacterial cells grown overnight on TSB agar were suspended into a 10%
glycerol solution to an optical density (OD 600nm) of 0.05 (2.5 x 108 CFU/ml) for P.
aeruginosa, and 10 pL of the bacterial suspension was mixed with 190 pL of a solution
containing homogenized sterile mouse feces suspended in sterile normal saline (0.9% NaCl).
The bacterial inoculum was used within two hours of preparation. After inoculation, the
surgical site was irrigated using 4 mL of sterile saline solution to wash off the inoculum and
the skin was closed using two interrupted 4-0 silk sutures. Mice were observed for 7 days for
development of a surgical site infection, which was defined as the presence of pus within the
healing wound.

Quantitative Cultures

In vivo growth of P. aeruginosa was examined by quantitative tissue cultures. Groups of
mice in reiterative experiments were sacrificed on post-operative days 1, 3and 7anda 1l x 1
cm area of abdominal wall (including muscle and fascia) was dissected from the previously
injured site. Tissue samples were homogenized in 1 mL of sterile normal saline solution, and
serial 10-fold dilutions of the homogenates were plated onto Pseudomonas Isolation Agar
for overnight growth in 37°C. Results were expressed as CFU per gram of mouse tissue.

Bioluminescent Imaging

Photon-camera imaging was used to determine the in vivo surface distribution patterns of P.
aeruginosa. A bacterial inoculum of 107 CFU/mI of bioluminescent strain XEN41 was
prepared and applied to our murine model of wound infection. Mice were sacrificed at 4, 24,
and 48 hours, and skin was excised over the prior surgical site to expose the abdominal wall
surface for imaging using the Xenogen 1V1S-200 system.

Ex vivo experiments of P. aeruginosa exposed to tissue components

To determine which components of murine tissue were capable of activating bacterial
virulence, ex vivo tissue homogenates were prepared. For this, 7-8 weeks old C57BL/6 mice
weighing 18-22 grams were sacrificed and their skin, anterior rectus muscle, and fascia were
collected. Samples were normalized by weight (20 mg) and homogenized into 1 mL of TY
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medium consisting of 10 g/L tryptone (EMD) and 5 g/L yeast extract (Sigma). P.
aeruginosa MPAO1 culture grown overnight in TY medium was diluted (1:5,000) in fresh
TY medium, and 10 pL of this inoculum was added to each 1 ml of tissues component
homogenate solution. Samples were incubated at 37°C for 24 hours, after which pyocyanin
was extracted into chloroform followed by re-extraction into 0.2 N HCI and measured as
previously described (12).

Microarray Analysis

To investigate the transcriptional changes of P. aeruginosa in response to fascial tissue, total
RNA was isolated using the Ribopure Bacteria Kit (Invitrogen) after 12 hours of incubation
under conditions described above. Three biological replicates in each group were used. Prior
to RNA isolation, samples were preserved in 2 mL of RNA Protect (Qiagen) to stabilize
RNA. DNase | treatment was performed using DNA-free DNase kit (Ambion). RNA quality
and quantity were assessed using the Agilent Bioanalyzer 2100 electrophoresis system
(Agilent Technologies) and the Nanodrop ND-1000 spectrophotometer (Thermal Scientific),
The cDNA synthesis, fragmentation, and labeling were performed according to the protocol
for GeneChip®R Pseudomonas aeruginosa Genome Array (Affymetrix). Microarray slides
were scanned using the 2500 GeneArray Scanner (Agilent Technologies). Gene expression
values were calculated and normalized using the “gcrma” function (http://
watson.nci.nih.gov/bioc_mirror/packages/2.13/bioc/manuals/gcrma/man/gcrma.pdf) in the R
(v3.02) Bioconductor “affy” (v1.40.0) package (13). Robust multichip average (RMA)
approach was used for background correction and quantile normalization of expressional
data. To identify differentially expressed genes, we used Significance Analysis of
Microarrays (SAM) (14) with two-class un-paired comparisons. The criteria for
differentially expressed genes were set at false discover rate (FDR) <10% and fold change
>1.4. The microarray data have been deposited in NCBI's Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/) under the GEO Series accession number GSE61925.

Statistical Analysis

Results

Z-tests were used to determine statically significant differences between rates of wound
infections. A student's unpaired t-test was used to test for significant differences in
quantitative cultures and pyocyanin production.

Tissue injury significantly increases the rate of post-operative soft tissue Infection due to
P. aeruginosa

The two-hit model of murine wound infection included wound trauma combined with
contamination by P. aeruginosa (total ~ 10* cells). In the majority of mice (i.e., 80%),
wound infection developed as indicated by visible pus directly overlying the site of injury
(Figure 1A, right panel). Wound trauma alone or P. aeruginosa contamination of non-
traumatized wounds resulted in a negligible amount of pus development (Fig.1A, left panel).
The percentage of post-operative soft-tissue infections is presented in Fig.1B (n=20/group),
where a significant increase (p<0.001) in purulence was observed in mice subjected to tissue
injury+ P. aeruginosa contamination.
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The number of P. aeruginosa cells is similar in injured vs non-injured groups up to day 3

In order to show in the early progression of the model that the bacterial inoculum remained
the same in both muscle injured and non-injured mice, we performed reiterative experiments
in mice sacrificed on POD1, POD3, and POD7. At sacrifice, abdominal tissues were
homogenized and then cultured on Pseudomonas isolation agar plates. Numbers of colonies
were normalized to the weight of isolated tissues. Results demonstrated negligible
differences in bacterial counts between the groups at sacrifice on POD1 and POD3.
However, by POD7, P. aeruginosa growth in wounds with injured muscle increased while
growth in the non-injured muscles decreased (Fig.2).

Localization of P. aeruginosa following in vivo inoculation

In vivo bioluminescent imaging was used to track the surface colonization patterns of P.
aeruginosa in murine model of wound infection. In non-injured mice, the growth of P.
aeruginosa was observed.in the center of the wound cavity, immediately under the incision
site. In group of mice with injured tissues, bacteria mostly localized to the site of trauma.
This led us to hypothesize that the exposure of P. aeruginosa to some tissue components
may play a role in the development of clinical infection.

Fascial tissues causre the greatest activation of the virulence of P. aeruginosa Ex Vivo

To determine the independent effect of wound components on P. aeruginosa virulence,
wound tissue components (i.e., skin, muscle and fascia) were isolated and homogenized. The
homogenized components were co-incubated with P. aeruginosa. Bacterial virulence
activation was assayed by pyocyanin production, an important virulence factor capable of
inducing apoptosis in neutrophils (15). After 24 hours of incubation, while all tissue
homogenates appeared to induce the production of pyocyanin, only fascia was observed to
achieve statistically significant effect (Fig. 4, p<0.001).

Fascia induces a specific transcriptional response in P. aeruginosa characterized by the
activation of pyochelin biosynthesis

Given the potential of fascia to induce P. aeruginosa virulence, we performed whole
genome expressional profiling of P. aeruginosa MPAOL1 exposed to homogenates of mouse
fascia. Microarray analysis was performed after incubation of P. aeruginosa for 12 hours
with fascia homogenates vs. controls (grown in TY media only). Differentially expressed
genes were selected as described in Methods; in total out of 5,900 genes, presented on the
array, 136 were identified as differentially expressed under given conditions. Clustering of
these genes revealed that they contain two major groups- those, from which 46 were up-
regulated upon incubation with fascia homogenates and 90 were down-regulated (Fig. 5A,
and supplemental Table S1). Analysis of up-regulated genes revealed that cluster of
pyochelin biosynthesis (PA4221 fptA, PA4223 pchH, PA4224 pchG, PA4226 pchE,
PA4228-PA4230 pchD, pchB, pchC) (16) was up-regulated due to exposure to fascia. (Fig.
5B). While activation of the siderophore pyochelin could be hypothesized to be a result of
the recognition of iron limitation by P. aeruginosa, the overall gene expression pattern did
not confirm this. Except for pyochelin, none of the other iron limitation-induced genes,
however the iron-sulphur [Fe-S] cluster assembly genes (PA3812-PA3814, iscA, iscU, iscS)
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(17) was up-regulated in our study (Fig.5C, supplemental table S1) possibly to reduce the
total intracellular iron content increased due to pyochelin action. Genes encoding multidrug
efflux pump MexGHI-OpmD (PA4207 mexl, PA4208 opmD) were also activated. It was
shown that the MexGHI-OpmD controls growth, antibiotic resistance and virulence
including the production of pyocyanin (18). Analysis of down-regulated genes revealed the
suppression of the important phosphate limitation-induced PA5369 pstS gene whose
expression is induced by phosphate limitation (19). Downregulation of pstSin response to
fascia may have been due to the release of phosphate from damaged tissues. Interestingly,
we also observed downregulation of 29 bacteriophage related genes in the fascia exposed
bacteria (Fig.5D, supplemental Table S1). That may suggest that P. aeruginosa becomes
less predisposed to bacteriophage-mediated lysis (20) when contacts fascia. An another
important cluster of down-regulated genes relates to the Mg2+ transport system regulated by
PhoP that is known to maintain magnesium homeostasis in low Mg2* environment (21) (Fig.
5E, supplemental Table S1). These data suggest an increase of magnesium concentration in
damaged tissues. In general, these data demonstrated coordinated transcriptional response of
P. aeruginosa to fascia extracts with specific involvement of genes related to pyochelin
biosynthesis despite nutrient rich environment.

Discussion

Wound infection models in mice are highly problematic due to the lack of subcutaneous
tissue and the overall resilience of mice to infection. Others have described models
introducing different stressors such as foreign bodies (22, 23), ischemia (24), burn injury
(25). These models often require highly virulent strains of bacteria to produce a wound
infection such as P. aeruginosa or Staphylococcus aureus (26). We focused on traumatic
soft-tissue infections that can be classified as crushed contaminated wounds (26, 27), which
are more relevant to surgical site infections (28) that develop after elective surgery or
trauma. Here we introduce the concept that dynamic virulence activation of the
contaminating pathogen in the response to the wound environment itself may be an
unrecognized yet highly contributory element in the pathogenesis of wound infection. We
have previously reported that P. aeruginosa is an organism with a highly evolved
information processing system termed quorum sensing. In the intestinal tract, P. aeruginosa
can “sense” soluble elements released during systemic injury and “respond” with enhanced
virulence. Elucidating the precise host elements that trigger this response and uncovering the
mechanisms by which P. aeruginosa and other pathogens activate their virulence could lead
to novel anti-virulence strategies to prevent infection. The density of P. aeruginosa detected
in the wound of injured versus non- injured abdominal muscle was the same at day 3 but
drastically increased at day 7 perhaps due to activation of siderophores and thereby
increased capacities of host iron acquisition.

The main finding of this study was the induction of P. aeruginosa virulence by fascia.
Fascia consists primarily of collagen fibers that enclose muscles and confer stability. Injury
of fascia leads to the accumulation of macrophages and fibroblasts that are involved in the
healing process (29). Fascia has attracted increasing interest in the process of wound healing
and infection (30, 31). Necrotizing fasciitis (32) is the prototype soft tissue infection that can
be severe and life threatening. The specific changes in the transcriptional pattern of P.
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aeruginosa when exposed to fascia demonstrates that much remains to be elucidated that
may shed light on surgical wound infections

Data from the present study show for the first time, that wound tissues can induce bacteria
virulence ex vivo and thus provide a system in which the provocative host factors may be
able to be identified. One may consider a wound infection as a dynamic process that
develops as a result of a complex bidirectional molecular dialogue between the host and the
pathogen. Host tissue cues can activate bacteria to express highly potent virulence factors
that impair neutrophil clearance (i.e., pyocyanin), and iron scavenging systems (i.e.,
pyochelin) allowing them to proliferate and cause tissue inflammation and gross clinical
infection. Further work along this line of inquiry is needed to form a more complete
understanding of why certain patients develop wound infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tissueinjury significantly increasestherate of post-operative soft tissue I nfection
(A) Clinical soft tissue infection defined as pus localized to the wound cavity was observed

by POD #7 in injured (right panel, shown by arrow) but not in non-injured (left panel), as
demonstrated by the mouse that received tissue injury (right). (B) The injured group
demonstrated a significantly higher (*p<0.001) rate of post-operative soft tissue infection for
P. aeruginosa (n=20/group).
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Figure 2. Quantitation of P. aeruginosain traumatized and non-traumatized wounds
Quantitative cultures of P. aeruginosa demonstrated no significant differences in the early

post-operative period (POD3) (n=5, p=0.14). However, significant differences in bacterial
counts were observed on POD7 (*n=5, p<0.05).
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Figure 3. P. aeruginosa localizesto the skin incision site
Bioluminescent images demonstrating localization of P. aeruginosa XEN41 to the sites of

skin incision at early post-operative period.
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Figure 4. Pyocyanin production by P. aeruginosa upon the contact with components of wound
tissues

Ex-vivo tissue experiments performed to test for virulence activation of P. aeruginosa
(measured as pyocyanin production) demonstrated significant increases by fascia compared
to control (growth in TY medium without addition of mouse tissues) (p<0.001). Each
symbol represents a mouse wound component incubated with P. aeruginosa in TY medium.
Pyocyanin reading were performed after 24 hours of growth at 37°C, 200 rpm.
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control fascia

Figure 5. Transcriptional responsein P. aeruginosato fascia
(A) Heat map generated from microarray data depicts specific pattern of gene clusters

involved in the activation of pyochelin biosynthesis (B), and iron-sulfur cluster biogenesis
(C), while suppression of bacteriophage genes (D). B, C, and D represent gene clusters with
predicted functional links retrieved from a Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING 9.1). Genes in circular red yellow circles represent genes with
alter expression in the response to fascia.
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