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ABSTRACT

Diabetic foot ulcers are responsible for more hospitalizations than any other
complication of diabetes. Bacterial infection is recognized as an important factor
associated with impaired healing in diabetic ulcers. Pseudomonas aeruginosa is
the most frequently detected Gram-negative pathogen in diabetic ulcers. P.
aeruginosa infection has been shown to impair healing in diabetic wounds in a
manner that correlates with its ability to form biofilm. While the majority of
infections in diabetic ulcers are biofilm associated, 33% of infections are
nonbiofilm in nature. P. aeruginosa is the most prevalent Gram-negative
pathogen in all diabetic wound types, which suggests that the deleterious impact
of P. aeruginosa on healing in diabetic wounds goes beyond its ability to form
biofilm and likely involves other factors. The Type III Secretion System (T3SS)
virulence structure is required for the pathogenesis of all P. aeruginosa clinical
isolates, suggesting that it may also play a role in the inhibition of wound repair
in diabetic skin ulcers. We evaluated the role of T3SS in mediating P.
aeruginosa—induced tissue damage in the wounds of diabetic mice. Our data
demonstrate that P. aeruginosa establishes a robust and persistent infection in
diabetic wounds independent of its ability to form biofilm and causes severe

wound damage in a manner that primarily depends on its T3SS.

Diabetic foot ulcers are one of the leading causes of hospi-
talization for patients with diabetes in the developed
world leading to pain, suffering, and a poor quality of
life." About 15% of all diabetics develop foot ulcers at
some point in their lives, of which ~20% become chronic.
This accounts for 67% of all lower extremity amputations
in the United States, and adds between $9 and $13 billion
to the direct annual costs associated with diabetes itself in
the United States.” Bacterial infection and a microbiome
shift toward pathogenic bacteria, particularly Staphylococ-
cus aureus and Pseudomonas aeruginosa, have long been
recogmzed as important factors contributing to impaired
healing in diabetic ulcers.>* While considerable attention
has been given to the role of S. aureus in facilitating
impaired healing in diabetic wounds, the impact of P. aer-
uginosa in diabetic wounds has been limited to two publi-
cations correlating impaired healing in diabetic wounds
infected with P. aeruginosa with the bacteria’s ability to
form biofilm.>°

Although, the majority of infections in diabetic ulcers
are polymicrobial and biofilm associated, 33% of infec-
tions are nonbiofilm and 23% are nonbiofilm and monomi-
crobial.”® P. aeruginosa is the most frequently detected
Gram-negative pathogen in all infection types in diabetic
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ulcers, 1nclud1ng those that are nonbiofilm and/or monomi-
crobial in nature,”® and its presence 1n wounds correlates
with a poor prognos1s for healmg 9 These findings sug-
gest that P. aeruginosa’s deleterious effects on diabetic tis-
sue repair goes beyond its ability to form biofilm and
other P. aeruginosa virulence factors are likely involved,
particularly in nonbiofilm associated wound infection
settings.

P. aeruginosa strains are quite heterogeneous with
respect to their genotype, the virulence factors they pos-
sess, and their physiological profiles. For example, while
PAO1 and PAK strains are flagellated and biofilm formers,
PA103 straln 1s nonflagellated and lacks the ability to
form biofilm.""'* One th1ng that is in common among all
clinical v1ru1ent isolates is that they all require the type III
secretlon system (T3SS) virulence structure to cause infec-
tion."* T3SS injectosome functions as a conduit, allowing
P. aeruginosa to directly translocate multiple proteins,
termed effector toxins, into the target host cytoplasm
where they modity host cellular processes and advance
P. aeruginosa infection."* To date, four type IIT secreted
effectors have been identified in P. aeruginosa: ExoU,
ExoT, ExoS, and ExoY. ExoU is a potent phosphohpase
that induces necrotic cytotoxicity in eukaryotic cells. 14
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ExoS is a potent inducer of apoptosis.'> ExoT exerts sev-
eral virulence functions, including induction of potent apo-
ptosis and inhibition of cytokinesis in epithelial cells.'®™"’
Finally, ExoY is an adenylate cyclase that functions as an
edema factor.”

We have previously demonstrated that P. aeruginosa uses a
variety of virulence strategies that involve the T3SS effector
toxins’ abilit¥ to inhibit wound healing of epithelial cell cul-
ture in vitro; ' however, the role of T3SS in tissue repair
impairment in P. aeruginosa—infected diabetic wounds has
not been examined. Using PA103, a strain of P. aeruginosa
which lacks the ability to form biofilm,'"'* and C57B/6 and
db/db mice models for normal and for type 2 diabetes,?"
respectively, we evaluated the contribution of T3SS in estab-
lishing infection and in mediating P. aeruginosa—induced tis-
sue damage in normal and diabetic wounds. Our data
demonstrate that P. aeruginosa is capable of establishing
robust and persistent infection in diabetic, but not in normal
wounds. Consistent with this infection data, we found that P.
aeruginosa causes severe tissue damage and inhibited wound
repair in diabetic wounds—but not in normal wounds—in a
manner, which is primarily dependent on T3SS.

MATERIALS AND METHODS

Bacteria preparation

PA103 and its isogenic T3SS mutant form (PA103 pscJ-
gent®) strains have been described previously.'®!'” They
were grown overnight in Luria-Bertani (LB) media at
37 °C in a nonshaking incubator. Bacterial counts were
determined by optical density and confirmed by serial dilu-
tion and the determination of colony forming units (CFU)
by plating on LB, followed by 48 hour incubation at
37 °C. Approximately 1,000 bacteria (resuspended in
10 pL phosphate buffered saline solution [PBS]) were
added to normal and diabetic wounds.

Animal studies procedures

All procedures complied strictly with the standards for care
and use of animal subjects as stated in the Guide for the
Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, National Academy of Sciences, Bethesda,
MD). We have an approval from the Rush University Medi-
cal Center Institutional Animal Care and Use Committee
(IACUC No: 10-094) to conduct research as indicated.

Animal wounding and infection studies

A sterile biopsy punch (3 mm-diameter) was used to punch
through the full thickness of the back skin below the
shoulder blades of diabetic mice CS7BLKS-m lepr®® (db/
db), or their normal littermates animals; C57BLKS-m
lepr™ ™ (db/+) or C57BL/6 mice. Bacteria was prepared
as described above and added to the wounds within 10
minutes after wounding. Mice were housed in individual
cages after wounding to prevent cross-contamination.

Bacteria burden evaluation

Wound tissues were harvested on days 1, 3, 6, and 10 after
wounding and infection. Tissues were cut into small pieces
by sterile scissors and digested with collagenase D (Roche
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Diagnostics, 2 mg/mL) at 37 °C for 40 minutes. The total
number of bacteria was determined by serial dilution and
plating on LB agar plates.

Wound healing assessment

For wound healing assessment, transparency paper was
used to trace the wound edges. The wound areas were sub-
sequently calculated using NIH ImageJ software. Wound
healing was assessed, as we described previously,21 at 24
hour intervals by digital photography and expressed as %
wound remaining, calculated as the % of original wound
area ([open wound area/initial wound area] X 100).

Histological analyses

For histological studies, wound tissues were harvested,
fixed in 10% formalin for 48 hour, and embedded in paraf-
fin. Wounds were transversely cut into 7-pm-thick sections
from the middle part of the wound, and stained with hema-
toxylin and eosin (H&E), Masson’s trichrome staining, and
Sirius red, as we described.?'?> H&E and trichrome stain-
ing was visualized on a Nikon Eclipse Ti microscope using
NIS-Elements AR software. Sirius red was visualized by
polarized microscopy on a Zeiss AxioVert 200 microscope
and AxioVision software.

Statistical analysis

Statistical analyses were performed by one-way analysis of
variance, Bartlett’s test for equal variances, or Student ¢
test, using the Prism statistics software. Data are presented
as mean = standard error of the mean (SEM). p-values less
than or equal to 0.05 were taken as significant.

RESULTS

PA103 establishes robust and persistent infection in
diabetic wounds

PA103 is an ideal clinical strain for the studies involving the
T3SS and the T3SS effector toxins. It is not flagellated and is
incapable of forming biofilm, thus biofilm effects do not con-
tribute to its pathogenesis.' 12 Moreover, PA103 is defective in
lasR, thus the T3SS-independent factors, such as elastase, do
not significantly contribute to pathogenesis in this isolate and
the T3SS-mediated virulence functions predominalte.24

To assess the role of T3SS in mediating P. aeruginosa—
induced damage in wound, we first conducted a time course
infection studies to determine if PA103 is able to colonize
and persist in normal and/or diabetic wounds. We used a
sterile biopsy punch (3-mm diameter) to punch through the
full thickness on the back skin below the shoulder blades in
C57B (Normal) and db/db (diabetic) mice. These wounds
received ~1,000 CFU wild-type PA103 or its isogenic T3SS
mutant PA103 pst-égentR (These strains have been previ-
ously described).'”'#*

Tissue samples were collected on days 1, 3, 6, and 10
after wounding (~1 mm tissue from the wound edges) and
evaluated for bacterial colonization after homogenization
by serial dilution and plating, as previously described.”® In
normal wounds, both wild-type (PA103) and T3SS mutant
(PA103 T3SS-) strains were able to colonize and were

Wound Rep Reg (2015) 23 557-564 © 2015 by the Wound Healing Society
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Figure 1. P. aeruginosa establishes robust infection in diabetic wound. Normal and diabetic wounds were infected with 1 X
10° of wild-type P. aeruginosa (PA103) or T3SS mutant PA103 pscJ-gent” (T3SS-). Bacterial burden was determined by serial
dilution and plating at indicated times after infection and is shown as the mean =SEM (* Represents significance with

p<0.0001, Student t test; n= 18 [6 mice, 3 wounds/mouse]).

detected until day 6 postinfection but by day 10, all bacte-
ria had been cleared and no bacteria could be detected
(Figure 1). In contrast, wild-type and T3SS mutant bacteria
were able to cause similar infection and persist in diabetic
wounds (Figure 1). The bacterial burden in diabetic
wounds were generally several log orders more than their
counterparts in normal wounds (Figure 1, n=18,
p <0.0001). These data demonstrated that P. aeruginosa is
capable of causing robust and persistent infection in dia-
betic wounds in a manner that is independent of P. aerugi-
nosa’s ability to form biofilm.

PA103 exacerbates tissue damage in diabetic wounds
in a T3SS-dependent manner

We next evaluated the role of T3SS in mediating tissue
damage in P. aeruginosa infected normal or diabetic

Days post wounding

A Day 0 Day 5

Day 10

Normal

wounds. Normal and diabetic wounds were infected with
PA103, PA103 pscJ-gent® (T3SS-), or treated with PBS
(Mock). We monitored healing daily by digital photogra-
phy, as we described previously.?' Regardless of the strain,
all infected normal wounds healed at rates similar to the
wounds in the mock group, indicating that PA103 at this
titer did not impact the healing processes in normal ani-
mals (Figure 2A and B).

In contrast, diabetic wounds infected with wild-type
PA103 became substantially exacerbated compared with
PBS treated and the T3SS mutant-infected db/db wounds,
indicating that PA103 exacerbates wound healing in a
manner that depends on its T3SS (Figure 3A and B). Of
note, infection with PA103 or PA103 psc/-gent® (T3SS-)
did not affect the weight of normal or diabetic mice during
these studies (data not shown). This is consistent with pre-
vious reports, indicating that wound infection with PAO1

B
- -+ Mock
100 | ;’ 4 PA103
\
- N - T3SS-
U

Wound size
(% original wound size)

Days post wounding

Figure 2. PA103 does not impact healing in normal skin. C57B (normal) wounds were either treated with PBS (Mock) or
infected with 1 x 10° wild-type P. aeruginosa (PA103) or T3SS mutant PA103 pscJ-gent” (T3SS-). Wound healing was moni-
tored daily by digital photography. Representative images form the indicated timepoints are shown in (A) and the correspond-
ing results are shown as mean = SEM in (B) (n=6 mice per group). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 3. PA103 exacerbates damage in diabetic wound. db/db diabetic wounds were either treated with PBS (Mock) or
infected with 1 x 10° wild-type P. aeruginosa (PA103) or T3SS mutant PA103 pscJ-gent” (T3SS-). Wound healing was moni-
tored daily by digital photography. Representative images form the indicated timepoints are shown in (A) and the correspond-
ing results are shown as mean = SEM in (B) (n =6 mice per group. * Indicates significance with p<0.05). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

(a biofilm-producing strain) does not affect the animal
weight.s’6

To further corroborate these findings, we stained the
day 10 normal and diabetic wound tissues with H&E, as
described.”! Regardless of the treatment, day 10 normal
wounds were fully reepithelialized, exhibiting contraction,
epidermal thickening, substantial granulation associated
with scar formation, and loss of hair follicles (Figure 4A).
In contrast, PA103 infected diabetic wounds showed mini-
mal reepithelization and were substantially inflamed as
quantified by the number of leukocytes present in the
wound (Figure 4B, n=24, p<0.05). Diabetic wounds
infected with the T3SS mutant strain also showed
increased inflammation relative to the PBS treated wounds,
although their inflammation levels were still significantly
less than PA103 treated diabetic wounds. Of note, wounds
treated with PBS or infected with the T3SS mutant were
reepithelized, but they did not exhibit epidermal thickening
or contraction.

Prompted by heightened inflammation in diabetic
wounds infected with PA103 or the T3SS mutant strain
(Figure 4B), and given the adverse impact of inflammation
on collagen deposition and the remodeling phase of wound
healing,”" we evaluated the impact of P. aeruginosa infec-
tion on collagen deposition and connective tissue regenera-
tion in normal and diabetic day 10 wounds by Masson’s
Trichrome staining, as described.”” Consistent with the
H&E staining results, normal wounds showed similar col-
lagen depositions for all wounds regardless of treatment,
as assessed by aniline blue densitometry of the wound area
(Figure 5A). In contrast, diabetic wounds infected with
wild-type PA103 or the T3SS mutant strain showed mini-
mal collagen deposition (Figure 5, n =18, p <0.05). The
connective tissues in these wounds were poor in collagen
bundles, as shown by Masson’s Trichrome light and dif-
fuse blue staining. Mock treated diabetic wounds showed
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modest but reduced collagen compared with normal
wounds (Figure 5B, n =18, p <0.05). We confirmed the
deleterious impact of P. aeruginosa on collagen deposition
by Sirius red staining in day 10 wounds (Supporting Infor-
mation Figure S1).

DISCUSSION

Given that P. aeruginosa is the most frequently detected
Gram-negative bacterial pathogen even in nonbiofilm asso-
ciated planktonic infections in diabetic foot ulcers,m’28
and given that P. aeruginosa’s presence in wounds corre-
lates with a poor prognosis for healing,”'® we postulated
that there are likely other virulence factors that contribute
to P. aeruginosa pathogenesis within the diabetic wound.
In this communication, we focused on the role of T3SS as
one such virulence factor that could potentially contribute
to P. aeruginosa—induced damage in diabetic wounds. Our
rationale for these studies was based on the understanding
that T3SS is a major virulence structure that is required
for Eathogenesis of all P. aeruginosa strains studied thus
far,”?° and our previous reports which demonstrated the
importance of T3SS effector toxins in mediating P. aerugi-
nosa inhibition of wound repair in epithelial cell
culture.'®'®

In this report, we demonstrate for the first time that
P. aeruginosa can establish a robust and persistent infec-
tion in diabetic wounds in a manner that does not depend
on its ability to form biofilm (Figure 1). We also demon-
strate for the first time that the T3SS plays a major role in
mediating P. aeruginosa—induced tissue damage in diabetic
wounds in vivo (Figures 2-5). We found that diabetic
wounds generally contained several log order more
P. aeruginosa bacteria than normal wounds (Figure 1).
The impaired antimicrobial defenses in diabetic wounds
are at least in part due to delayed leukocyte infiltration in

Wound Rep Reg (2015) 23 557-564 © 2015 by the Wound Healing Society
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Figure 4. Histological analysis of normal and diabetic wounds infected with P. aeruginosa. Skin wounds were harvested from
day 10 wounds of normal and diabetic mice which were either treated with PBS (Mock) or infected with 1 X 10° wild-type P.
aeruginosa (PA103) or T3SS mutant PA103 pscJ-gent” (T3SS-). (A) Wounds were fixed and stained with H&E. Wound edges
are indicated by black arrows. (B) The corresponding tabulated number of leukocytes (per field of view) is shown as the mean-
+ SEM. (n=18, 3 wounds per treatment and two fields of view assessed. *indicates significance with p< 0.05). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

diabetic wounds early after injury®’ and impaired bacterial
killing by diabetic neutrophils due to reduced reactive oxy-
gen species production resulting from impaired NADPH
oxidase activity.’

Persistent, nonresolving inflammation is a hallmark of
human diabetic foot ulcers and is one of the well-recognized
underlying factors contributing to impaired healing in
diabetic chronic wound.*'*? Increased apoptosis in diabetic
wounds has been reported and correlates with unresolved
inflammation in the diabetic wound environment.*’
P. aeruginosa’s T3SS effectors, ExoS, and ExoT are potent

Wound Rep Reg (2015) 23 557-564 © 2015 by the Wound Healing Society

inducers of apoptosis in various cell types.'>'®!? Therefore,
P. aeruginosa colonization could perpetuate persistent
inflammation in diabetic wounds by increasing apoptosis in
diabetic wound environment. We are currently investigating
the role of T3SS effector toxins in inflicting damage in dia-
betic wounds.

The importance of the T3SS in mediating P. aeruginosa
pathogenesis in diabetic wound provides us with a potential
target for therapy. Small molecules or antibodies that can
interfere with the T3SS structure and/or its function could
potentially serve as a therapeutic means to enhance wound
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Figure 5. Analysis of collagen deposition of normal and diabetic wounds infected with P. aeruginosa. Skin wounds were har-
vested from day 10 wounds of normal and diabetic mice which were either treated with PBS (Mock) or infected with 1 x 10°
wild-type P. aeruginosa (PA103) or T3SS mutant PA103 pscJ-gent” (T3SS-). (A) Wounds were fixed and stained with Masson’s
trichrome stain. Wound edges are indicated by black arrows. (B) The amount of collagen was analyzed by densitometry for
aniline blue using ImageJ and shown as the mean = SEM. (n= 18, 3 wounds per treatment and two fields of view assessed.
* indicates significance with p<0.05). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

healing in diabetic ulcers. Salicylidene acylhydrazides small
molecules, INP0400, INP0401, and INP0402, have been
successfully used to block T3SS-mediated secretion in a
number of Gram-negative pathogens includinﬁg Yersinia,
Chlamydia, Shigella, and Salmonella species.34’3 Moreover,
the plant auxin molecules indole-3-acetic-acid sodium salt,
indole-3-butyric acid potassium salt, and 1-naphthalacetic
acid potassium salt have been used to block T3SS expres-
sion and assembly in P. aeruginosa.36 Finally, antibodies
against the T3SS translocon components have also been
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used as immunotherapy to treat infections bgf various Gram-
negative pathogens including P. aeruginosa.”’

Acknowledgments

Source of funding: This work was supported by National
Institutes of Health grant R21 AI110685-01 (to S.H.S.),
NIH R21NRO013876-0 (to C.Z. and S.H.S.), and The Rush
University Committee on Research, Young Investigator
Award Fund #: 31184 (to S.H.S.).

Wound Rep Reg (2015) 23 557-564 © 2015 by the Wound Healing Society


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

Goldufsky et al.

Disclosure: The funders had no role in study design, data
collection, and analysis, decision to publish, or preparation
of the manuscript.

Conflicts of Interest: None.

References

1. Reiber GE, Vileikyte L, Boyko EJ, del Aguila M, Smith DG,
Lavery LA, et al. Causal pathways for incident lower-
extremity ulcers in patients with diabetes from two settings.
Diabetes Care 1999; 22: 157-62.

2. Rice JB, Desai U, Cummings AK, Birnbaum HG, Skornicki
M, Parsons NB. Burden of diabetic foot ulcers for medicare
and private insurers. Diabetes Care 2014; 37: 651-8.

3. Bjarnsholt T, Kirketerp-Moller K, Jensen PO, Madsen KG,
Phipps R, Krogfelt K, et al. Why chronic wounds will not
heal: a novel hypothesis. Wound Repair Regen 2008; 16: 2—-10.

4. Kirketerp-Moller K, Jensen PO, Fazli M, Madsen KG,
Pedersen J, Moser C, et al. Distribution, organization, and
ecology of bacteria in chronic wounds. J Clin Microbiol
2008; 46: 2717-22.

5. Zhao G, Hochwalt PC, Usui ML, Underwood RA, Singh PK,
James GA, et al. Delayed wound healing in diabetic (db/db)
mice with Pseudomonas aeruginosa biofilm challenge: a
model for the study of chronic wounds. Wound Repair Regen
2010; 18: 467-77.

6. Zhao G, Usui ML, Underwood RA, Singh PK, James GA,
Stewart PS, et al. Time course study of delayed wound heal-
ing in a biofilm-challenged diabetic mouse model. Wound
Repair Regen 2012; 20: 342-52.

7. Ramakant P, Verma AK, Misra R, Prasad KN, Chand G,
Mishra A, et al. Changing microbiological profile of patho-
genic bacteria in diabetic foot infections: time for a rethink
on which empirical therapy to choose? Diabetologia 2011,
54: 58-64.

8. Ge Y, MacDonald D, Hait H, Lipsky B, Zasloff M, Holroyd
K. Microbiological profile of infected diabetic foot ulcers.
Diabet Med 2002; 19: 1032-4.

9. Madsen SM, Westh H, Danielsen L, Rosdahl VT. Bacterial
colonization and healing of venous leg ulcers. Apmis 1996;
104: 895-9.

10. Gjodsbol K, Christensen JJ, Karlsmark T, Jorgensen B, Klein
BM, Krogfelt KA. Multiple bacterial species reside in
chronic wounds: a longitudinal study. Int Wound J 2006; 3:
225-31.

11. Schulert GS, Feltman H, Rabin SD, Martin CG, Battle SE,
Rello J, et al. Secretion of the toxin ExoU is a marker for
highly virulent Pseudomonas aeruginosa isolates obtained
from patients with hospital-acquired pneumonia. J Infect Dis
2003; 188: 1695-706.

12. Feltman H, Schulert G, Khan S, Jain M, Peterson L, Hauser
AR. Prevalence of type III secretion genes in clinical and
environmental isolates of Pseudomonas aeruginosa. Microbi-
ology 2001; 147(Pt 10): 2659-69.

13. Hauser AR. The type III secretion system of Pseudomonas
aeruginosa: infection by injection. Nat Rev Microbiol 2009;
7: 654-65.

14. Sato H, Frank DW. ExoU is a potent intracellular phospholi-
pase. Mol Microbiol 2004; 53: 1279-90.

15. Jia J, Alaoui-El-Azher M, Chow M, Chambers TC, Baker H,
Jin S. c-Jun NH2-terminal kinase-mediated signaling is essen-
tial for Pseudomonas aeruginosa ExoS-induced apoptosis.
Infect Immun 2003; 71: 3361-70.

Wound Rep Reg (2015) 23 557-564 © 2015 by the Wound Healing Society

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

P. aeruginosa inhibits wound healing

Garrity-Ryan L, Shafikhani S, Balachandran P, Nguyen L,
Oza J, Jakobsen T, et al. The ADP ribosyltransferase domain
of Pseudomonas aeruginosa ExoT contributes to its biologi-
cal activities. Infect Immun 2004; 72: 546-58.

Shafikhani SH, Engel J. Pseudomonas aeruginosa type IlI-
secreted toxin ExoT inhibits host-cell division by targeting
cytokinesis at multiple steps. Proc Natl Acad Sci USA 2006;
103: 15605-10.

Shafikhani SH, Morales C, Engel J. The Pseudomonas aeru-
ginosa type III secreted toxin ExoT is necessary and suffi-
cient to induce apoptosis in epithelial cells. Cell Microbiol
2008; 10: 994-1007.

Goldufsky J, Wood S, Hajihossainlou B, Rehman T,
Majdobeh O, Kaufman HL, et al. Pseudomonas aeruginosa
exotoxin T induces potent cytotoxicity against a variety of
murine and human cancer cell lines. J Med Microbiol 2015;
64(Pt 2): 164-73.

Vance RE, Rietsch A, Mekalanos JJ. Role of the type III
secreted exoenzymes S, T, and Y in systemic spread of Pseu-
domonas aeruginosa PAOL1 in vivo. Infect Immun 2005; 73:
1706-13.

Wood S, Jayaraman V, Huelsmann EJ, Bonish B, Burgad D,
Sivaramakrishnan G, et al. Pro-inflammatory chemokine
CCL2 (MCP-1) promotes healing in diabetic wounds by
restoring the macrophage response. PloS One 2014; 9:
e91574.

Brown GL, Nanney LB, Griffen J, Cramer AB, Yancey JM,
Curtsinger LJ, III, et al. Enhancement of wound healing by
topical treatment with epidermal growth factor. N Engl J
Med 1989; 321: 76-9.

Chen L, Guo S, Ranzer MJ, DiPietro LA. Toll-like receptor
4 has an essential role in early skin wound healing. J Invest
Dermatol 2013; 133: 258-67.

Gambello MJ, Iglewski BH. Cloning and characterization of
the Pseudomonas aeruginosa lasR gene, a transcriptional
activator of elastase expression. J Bacteriol 1991; 173: 3000—
9.

Mahmood F, Hakimiyan A, Jayaraman V, Wood S,
Sivaramakrishnan G, Rehman T, et al. A novel human anti-
microbial factor targets Pseudomonas aeruginosa through its
type III secretion system. J Med Microbiol 2013; 62(Pt 4):
531-9.

Wood S, Pithadia R, Rehman T, Zhang L, Plichta J, Radek
KA, et al. Chronic alcohol exposure renders epithelial cells
vulnerable to bacterial infection. PloS One 2013; 8: €54646.
Diegelmann RF, Evans MC. Wound healing: an overview of
acute, fibrotic and delayed healing. Front Biosci 2004; 9:
283-9.

Malik A, Mohammad Z, Ahmad J. The diabetic foot infec-
tions: biofilms and antimicrobial resistance. Diabet Metab
Syndr 2013; 7: 101-7.

Stavrinides J, McCann HC, Guttman DS. Host-pathogen
interplay and the evolution of bacterial effectors. Cell Micro-
biol 2008; 10: 285-92.

Huang CK, Zhan L, Hannigan MO, Ai Y, Leto TL.
P47(phox)-deficient NADPH oxidase defect in neutrophils of
diabetic mouse strains, C57BL/6J-m db/db and db/+.
J Leukoc Biol 2000; 67: 210-5.

Menke NB, Ward KR, Witten TM, Bonchev DG,
Diegelmann RF. Impaired wound healing. Clin Dermatol
2007; 25: 19-25.

Wetzler C, Kampfer H, Stallmeyer B, Pfeilschifter J, Frank
S. Large and sustained induction of chemokines during

563



P. aeruginosa inhibits wound healing

33.

34.

35.

36.

37.

impaired wound healing in the genetically diabetic mouse:
prolonged persistence of neutrophils and macrophages during
the late phase of repair. J Invest Dermatol 2000; 115: 245-53.
Galkowska H, Olszewsk WL, Wojewodzka U, Mijal J,
Filipiuk E. Expression of apoptosis- and cell cycle-related
proteins in epidermis of venous leg and diabetic foot ulcers.
Surgery 2003; 134: 213-20.

Veenendaal AK, Sundin C, Blocker AJ. Small-molecule type
IIT secretion system inhibitors block assembly of the Shigella
type III secreton. J Bacteriol 2009; 191: 563-70.

Nordfelth R, Kauppi AM, Norberg HA, Wolf-Watz H,
Elofsson M. Small-molecule inhibitors specifically targeting
type II secretion. Infect Immun 2005; 73: 3104—14.

Shen DK, Filopon D, Chaker H, Boullanger S, Derouazi M,
Polack B, et al. High-cell-density regulation of the Pseudo-
monas aeruginosa type IIl secretion system: implications for
tryptophan catabolites. Microbiology 2008; 154(Pt 8): 2195—
208.

Goure J, Broz P, Attree O, Cornelis GR, Attree I. Protective
anti-V antibodies inhibit Pseudomonas and Yersinia translo-

564

Goldufsky et al.

con assembly within host membranes. J Infect Dis 2005;
192: 218-25.

Supporting Information

Additional Supporting Information may be found in the
online version of this article.

Supporting Information Figure S1. Determination of
collagen deposition in normal and diabetic wounds
infected with P. aeruginosa. Skin wounds were harvested
from day 10 wounds of normal and diabetic mice, which
were either treated with PBS (Mock) or infected with 1 X
10° wild-type P. aeruginosa (PA103) or T3SS mutant
PA103 pst—gentR (T3SS-). Wounds were fixed and
stained with Sirius red stain. Polarized light microscopy
was used to visualize the birefringence of early and late
collagen fibers, thereby distinguishing type III fibers
(green birefringence) from type I fibers (yellow—orange
birefringence), respectively.
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