ORIGINAL ARTICLE

Ultraviolet C light for Acinetobacter baumannii wound

infections in mice: Potential use for battlefield

wound decontamination?

Tianhong Dai, PhD, Clinton K. Murray, MD, Mark S. Vrahas, MD, David G. Baer, PhD,

George P. Tegos, PhD, and Michael R. Hamblin, PhD, Boston, Massachusetts

BACKGROUND: Since the beginning of the conflicts in the Middle East, US Army physicians have noted a high rate of multidrug-resistant Acinetobacter

baumannii infections among US soldiers wounded and initially treated in Iraq. In this study, we investigated the use of ultraviolet C
(UVC) light for prevention of multidrug-resistant 4. baumannii wound infections using mouse models.

Partial-thickness skin abrasions and full-thickness burns in mice were infected with a multidrug-resistant A. baumannii isolate recov-
ered from a wounded US soldier deployed to Iraq. The luxCDABE operon, which was contained in plasmid pMF 385, was cloned into
the A. baumannii strain. This allowed real-time monitoring of the extent of infection in mice using bioluminescence imaging. UVC light
was delivered to the mouse wounds at 30 minutes after the inoculation of A. baumannii. Groups of infected mouse wounds without

In vitro studies demonstrated that 4. baumannii cells were inactivated at UVC exposures much lower than those needed for a similar
effect on mammalian cells. It was observed in animal studies that UVC (3.24 J/cm? for abrasions and 2.59 J/cm? for burns) significantly
reduced the bacterial burdens in UVC-treated wounds by approximately 10-fold compared with nontreated controls (»p  0.004 for
abrasions, p  0.019 for burns). DNA lesions were observed by immunofluorescence in mouse skin abrasions immediately after a

These results suggested that UVC may be useful in preventing combat-related wound infections. (J Trauma Acute Care Surg. 2012;73:

METHODS:
being exposed to UVC served as the controls.
RESULTS:
UVC exposure of 3.24 J/cm?; however, the lesions were extensively repaired within 72 hours.
CONCLUSION:
661 667. Copyright © 2012 by Lippincott Williams & Wilkins)
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A cinetobacter baumannii is a gram-negative bacterium that
can cause infectious outbreaks in critically ill patients often
with limited treatment options because of drug resistance.!™
Since the beginning of the Middle East conflicts, the outbreak
of A. baumannii infections has been a threat to the health of
wounded US soldiers.*”” The primary measures used in the
military evacuation system to prevent wound infections are
antibiotics and surgical management. Although the use of anti-
biotics is feasible across all levels of care in the military evac-
uation system, surgical management is typically only available
at levels Il to V (i.e., the use of antibiotics is the only option at
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levels I to II).>® However, current evidence strongly suggests
that the routine use of antibiotics may be an important factor
in building resistant bacterial strains.”® As a result, there is
a pressing need for the development of alternative treatment
regimens.

Although it has been known for the last 100 years that
ultraviolet C (UVC) light (wavelength 240-280 nm) is highly
germicidal, the use of UVC for wound infections remains at an
early stage of development. The mechanism of UVC inacti-
vation of microorganisms is to cause cellular damage by in-
ducing changes in the chemical structure of DNA chains.'® The
consequence is the production of cyclobutane pyrimidine
dimers (CPDs), causing distortion of DNA molecule, which
causes malfunctions in cell replication and leads to cell death.
Bacteria are particularly vulnerable to UVC damage because
their small size limits effective cellular shading, and their ge-
netic material comprises a significant portion of their cellular
volume.!"!2 In this study using mouse models, we explored the
potential of UVC light for prevention of multidrug-resistant
A. baumannii infections in partial-thickness skin abrasions or
full-thickness thermal burns.

MATERIALS AND METHODS

Bacterial Strain and Culture Conditions

The A. baumannii strain that we used was a multidrug-
resistant clinical isolate recovered from a wounded US soldier
deployed to Iraq. The luxCDABE operon, which was contained
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in plasmid pMF 385, was cloned into the 4. baumannii strain,
as previously described.!® This allowed real-time monitoring
of the extent of infection in mice using bioluminescence
imaging.'* A. baumannii cells were grown in brain heart in-
fusion (BHI) medium in an orbital shaking incubator (37°C,
100 rpm) to an optical density of 0.6 to 0.8 at 600 nm, which
corresponds to 10® colony forming units (CFUs)/mL (mid-log
phase). This suspension was then centrifuged, washed with
phosphate-buffered saline (PBS), and resuspended in PBS at
the appropriate cell density for the in vitro and animal studies.

Confluent Keratinocyte Monolayer Cultures

PAM 212 cells, a mouse keratinocyte cell line, were used.
To obtain keratinocyte monolayer cultures, keratinocytes were
inoculated into 35-mm Petri dishes (=200 cells/dish) in RPMI-
1640 medium (Sigma-Aldrich Co., St. Louis, MO). The dishes
were then incubated at 37°C in a humidified atmosphere of 5%
CO, for 18 to 24 hours before the experiment.

UVC Light Source

The UVC light was delivered using a low-pressure mer-
cury vapor lamp (American Ultraviolet Co., Lebanon, IN).
Emission spectrum measurement of this lamp using a spectro-
radiometer (SPR-01; Luzchem Research, Inc., Ottawa,
Ontario, Canada) showed a peak emission at 254 nm =
2 nm. The UVC irradiance on the target surface was adjust-
ed by manipulating the distance between the UVC lamp and
the target and was measured using a model IL-1700 re-
search radiometer/photometer (International Light, Inc.,
Newburyport, MA).

UVC Irradiation of Keratinocytes in Monolayer
Cultures

Before UVC exposure, the culture medium was replaced
with PBS and lids were removed. For each trial, five culture
dishes were exposed to UVC for 0, 3, 6, 9, and 12 seconds,
respectively, at an irradiance of 1.6 mW/cm?. After UVC ex-
posure, PBS was removed from the 35-mm Petri dishes. The
keratinocyte cells were then detached using 2 mL of trypsin—0.25%
ethylenediaminetetraacetic acid (EDTA) solution (Sigma-Aldrich,
St. Louis, MO) and recultured to 150-mm Petri dishes inoculated
with 50 mL of fresh culture medium. The 150-mm dishes were
then incubated at 37°C for 10 days for growing keratinocyte col-
onies to visible sizes. Culture medium in the 150-mm dishes was
refreshed every 3 days. After 10 days of incubation, the culture
medium was removed from the 150-mm dishes, and keratino-
cyte viability was assessed by staining the keratinocyte colonies
in the dishes with crystal violet solution. The stained keratino-
cyte colonies were then counted.

UVC Inactivation of A. baumannii In Vitro

The experiments were performed using two different types
of bacterial culture: monolayer cell culture on agar plates and
suspension in PBS. Bacterial monolayers were a direct com-
parison with cellular monolayers; since bacteria are smaller in
size than mammalian cells, the susceptibilities to UVC between
bacteria and keratinocytes were also compared in a fairer manner
(bacterial suspension vs. keratinocytes monolayer).
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For the experiments using monolayer bacterial cell cul-
tures, before UVC exposure, bacterial suspensions with the
density ofat least 10® CFU/mL were subject to five serial 10-fold
dilutions in PBS. Aliquots (10 L) from the serial dilutions were
streaked on square BHI plates in an order of most (1:10°) to least
(1:1) diluted.'® This procedure resulted in monolayer bacterial
cell cultures with five serial 10-fold dilutions on BHI plates.
The BHI plates were then exposed to UVC at an irradiance of
0.072 mW/cm? for 0, 10, 20, 30, 40, and 50 seconds, respective-
ly. After UVC exposure, the BHI plates were incubated at 37°C
for 18 to 24 hours before the surviving cells were counted.

For the experiments using bacterial suspensions, 3 mL
of A. baumannii suspension containing 10 CFU/mL in PBS
was placed into a 35-mm Petri dish at room temperature to give
a 3-mm depth liquid. The suspension then was exposed to
UVC at an irradiance of 1.6 mW/cm? with the lid removed.
During UVC exposure, the bacterial suspension was stirred
by a mini-magnetic bar. Aliquots (40 L) of the bacterial sus-
pension were withdrawn at 0, 3, 6, 9, and 12 seconds, respec-
tively. Post-UVC CFU were then analyzed by serial dilutions
on BHI plates.'> Colonies were allowed to grow for 18 to
24 hours at 37°C before counting.

All in vitro experiments were performed in triplicate.

Wound Infections in Mice

Seven-week old female BALB/c mice (Charles River
Laboratories, Wilmington, MA) were used. The mice were
housed singly to prevent cross-contamination, fighting, and
chewing on the wounds and had access to food and water ad
libitum. They were maintained on a 12-hour light and dark
cycle at room temperature.

For skin abrasion infections, 19 mice were randomly
divided into two groups: UVC-treated group (n = 10) and non-
treated control group (n =9). All mice were given two intraper-
itoneal (i.p.) injections of cyclophosphamide before the
infection on day 0. The first dose, 150 mg of cyclophosphamide
per kilogram mouse body weight (150 mg/kg), at day —4 was
followed by the second dose of 100 mg/kg at day —1. This
treatment reduced peripheral blood neutrophils to less than
100/nL of blood, fostering a more vulnerable environment in
the mice to infection. Before the creation of skin abrasions,
mice were anesthetized by i.p. injection of a ketamine-xylazine
cocktail (80 and 10 mg/kg) and then shaved on the dorsal surfaces
using an electric fur clipper. Mouse skin was then scraped with
no. 15 scalpel blades until a reddened area appeared (just short
of drawing blood).'®!” This procedure resulted in first-degree
skin abrasions, with most of the epidermis removed. Each
wound measured approximately 1.2 cm x 1.2 cm. One drop
(60 pL) of the prepared bacterial suspension containing 3 X
107 CFU was then smeared onto the wound surface.

For burn infections (for which no cyclophosphamide
was necessary), 21 mice were also randomly divided into
2 groups: UV C-treated group (n = 12) and nontreated con-
trol group (n = 9). Mice were anesthetized and shaved, and
burns were incurred by applying a preheated (=95°C) brass
block to the dorsal surface of each mouse for 7 seconds, resulting
in nonlethal, full-thickness, third-degree burns'”'® measur-
ing approximately 1 cm X 1.5 cm. Five minutes after burn
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incurrence, 60-uL bacterial suspension containing 3 x 10°
CFU was topically applied on to the eschar of each burn.
The bacterial inocula for both skin abrasion and burn
infections were the minimum numbers of bacterial cells to de-
velop infections in mice and were analyzed by preexperiments.

UVC Prophylaxis of Wound Infections in Mice

UVC light was delivered at 30 minutes after bacterial
inoculation with the irradiance of 2.7 mW/cm?®. Mice were
given a total UVC exposure of 3.24 J/cm? (20 minutes illu-
mination, for skin abrasion infection) or 2.59 J/cm?® (16 minutes
illumination, for burn infection) in aliquots with biolumines-
cence imaging taking place after each aliquot of UVC expo-
sure. During UVC exposure, the unwounded areas surrounding
the abrasions or burns were masked using aluminum foil.
Bacterial luminescence from mouse wounds was measured daily
after UVC exposure until the infections were cured (character-
ized by the disappearance of bacterial luminescence).

Bioluminescence Imaging

The setup consisted of an ICCD camera (model C2400-
30H; Hamamatsu Photonics, Bridgewater, NJ), a camera con-
troller, a light-tight imaging chamber, an image processor
(C5510-50, Hamamatsu Photonics), and a color monitor
(PVM 1454Q, Hamamatsu Photonics). Using photon-
counting mode, an image can be obtained by detecting and in-
tegrating individual photons emitted by the bacterial cells.

Anesthetized mice were placed on an adjustable stage in
the imaging chamber, and the infected wounds were positioned
directly under the camera. A grayscale background image of
each wound was made, and this was followed by a biolumi-
nescence image of the same region displayed in a false color
scale ranging from pink (most intense) to blue (least intense)
and superimposed on the grayscale image. The signal from the
bioluminescence image was quantified as relative luminescence
units (RLUs) using Argus software (Hamamatsu Photonics).

Immunohistochemical Analyses of UVC-Induced
DNA Lesions in Mouse Skin Abrasions

The UVC light was delivered to mouse skin abrasions
at the antimicrobial dose of 3.24 J/cm?. Skin biopsies from
the irradiated wounds were taken before, immediately after,
24 hours, 48 hours, and 72 hours after UVC exposure. They
were fixed in 10% phosphate-buffered formalin at 4°C for
18 to 24 hours and then embedded in paraffin. For immu-
nohistochemical analyses, serial sections of skin (4 wm)
were made, deparaffinized, and rehydrated with distilled
water. Skin sections were incubated for 30 minutes at
room temperature with antithymine dimer monoclonal anti-
body (Kaniya Biomedical Company, Seattle, WA), which
reacts specifically with CPD produced by UV irradiation
in double- or single-stranded DNA. Antibody dilution was
1:50. Skin sections were then incubated with M.O.M. bio-
tinylated antimouse IgG reagent (second antibody; Vector
Laboratories, Burlingame, CA) for 10 minutes at room tem-
perature. Then the skin sections were incubated in the dark
for 5 minutes at room temperature with Fluorescein Avidin
DCS (Vector Laboratories). Between the incubations, the

© 2012 Lippincott Williams & Wilkins

skin sections were extensively washed in PBS. The skin
sections were then mounted with coverslips using mounting
medium with 4’,6-diamidino-2-phenylindole (Vector
Laboratories) and observed using an Olympus Fluoview
FV1000 MPE multiphoton microscope (Olympus Co.,
Tokyo, Japan).

Statistical Analysis

Differences between the in vitro cell inactivation rates of
A. baumanni and keratinocytes were analyzed using a Student’s
t test. The area-under-the-curve (AUC) data, which represent
the time courses of bacterial luminescence of the skin abra-
sions or burns and also the overall bacterial burden of the
skin abrasions/burns, were calculated using numerical integra-
tion. Differences in the AUC between the nontreated control
and UVC-treated mouse wounds were compared for statistical
significance using a Student’s ¢ test. Values of p < 0.05 were con-
sidered significant.

RESULTS

In Vitro Susceptibilities to UVC of A. baumannii
Cells and Keratinocytes

Figure 1 compares the susceptibilities to UVC inacti-
vation in vitro between A. baumannii cells and keratinocytes.
All the inactivation curves approximately followed first-order
kinetics,'” a linear relation between the log-transformed cell
survival fraction log;o (NV/Ny) and UVC exposure H, that is,

N
1 — = —kyH 1
0g10N0 H (1)

where N is the CFU count at the UVC exposure H, N, is the
initial CFU count, and kg is the cell inactivation rate
coefficient (or the slope of the inactivation curve).?° It can
be seen that the UVC exposures required to induce a 90% (1-
log;o-cycle) reduction in CFU count were 1.4, 6.1, and 16.8
mJ/cm” for bacterial monolayer cell culture, bacterial suspen-
sion, and keratinocyte monolayer culture, respectively. The

0.1 - —~.._,__J
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2 0.01
2
w 0.001
=
: x
[
2  0.0001
T = z
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Figure 1. In vitro cell survival fractions of A. baumannii and
keratinocytes in response to UVC irradiation. Bars indicate SD.
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mean ky of A. baumannii monolayer, A. baumannii sus-
pension, and keratinocyte monolayer were 1.35, 0.28, and
0.06 cm?/mlJ, respectively (4. baumannii monolayer vs. ke-
ratinocyte monolayer, p = 0.002; 4. baumannii suspension Vs.
keratinocytes monolayer, p = 0.0017).

UVC Prophylaxis for Partial-Thickness Mouse
Skin Abrasions Infected With A. baumannii
Panels 4 and B of Figure 2 show the successive bacterial
luminescence images of representative A. baumannii—infected
mouse skin abrasions with and without UVC prophylaxis, res-
pectively. After exposure to 3.24 J/cm® UVC at 30 minutes
after bacterial inoculation, a greater than 2-log;q-cycle reduc-
tion of bacterial luminescence (proportional to CFU count)
was observed in the UVC-treated wound, and only a modest
reoccurrence of bacterial luminescence was observed from
day 1 to day 3 (Fig. 2A), since strong bacterial luminescence
remained in the untreated wound during the same period
(Fig. 2B). Figure 2C shows the time courses of the mean bac-

A
.
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3.24)/em?

Day 0

o

3x10° CFU

C

500000
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400000 \ I ~=Control j |
300000 3
2 \
o«
200000 \

100000 I o) i
0 r

Days post-infection

terial luminescence (RLU) from day 1 to day 5 of the infected
mouse wounds treated with UVC (n = 10) and without treatment
(n =9). Statistical comparison of the AUC of biolumines-
cence time course in Figure 2C demonstrated that UVC signif-
icantly reduced the bacterial burden of the infected wounds
(Fig. 2D). The mean AUC of the UVC-treated and untreated
wounds were 1.42 x 10° and 1.04 x 10°, respectively—almost
a 10-fold difference (p = 0.004).

UVC Prophylaxis for Full-Thickness Mouse Burns
Infected With A. baumannii

Figure 3A is a set of bacterial luminescence images from
a representative mouse burn infected with A. baumannii and
exposed to 2.59 J/em® UVC at 30 minutes after bacterial in-
oculation. The bacterial luminescence was almost completely
eradicated after UVC exposure, and no bacterial regrowth
was observed on the successive days. In contrast, stable in-
fection was developed in the burn without UVC prophylaxis
(Fig. 3B). Figure 3C shows the time courses of the mean bacterial

0,324 J/em?

0.162 J/em?

1.94 J/em?

8000000

7000000 - ' muve

6000000 - |I # Control

5000000 p20.004
§ 4000000

3000000
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1000000

Figure 2. UVC prophylaxis of A. baumanniiinfections in partial-thickness mouse skin abrasions. (A) Successive bacterial luminescence
images of a representative mouse skin abrasion infected with 3 x 107 CFU of A. baumannii and exposed to 3.54 |/cm? UVC at

30 minutes after bacterial inoculation. (B) Successive bacterial luminescence images of a representative mouse skin abrasion infected
with 3 x 107 CFU of A. baumannii and without being exposed to UVC. (C) Time courses of mean bacterial luminescence of the
infected skin abrasions with (n = 10) and without (n = 9) UVC prophylaxis. Bars indicate SD. (D) Mean areas under the
bioluminescence versus time curves (in the two-dimensional coordinate system in Fig. 3C), representing the overall bacterial
burden of the mouse wounds. Bars indicated SD. Color figure available online as Supplemental Digital Content 1,

http://links.lww.com/TA/A179.
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Figure 3. UVC prophylaxis of A. baumannii infections in full-thickness mouse burns. (A) Successive bacterial luminescence images
of a representative mouse burn infected with 3 x 10° CFU of A. baumannii and exposed to 2.59 J/cm? UVC at 30 minutes after
bacterial inoculation. (B) Successive bacterial luminescence images of a representative mouse burn infected with A. baumannii
but without being exposed to UVC. (C) Time courses of bacterial luminescence of the infected mouse burns with (n = 12)

and without (n = 9) UVC prophylaxis. Bars indicate SD. (D) Mean areas under the bioluminescence versus time curves (in the
two-dimensional coordinate system in Fig. 4C), representing the overall bacterial burden of mouse burns. Bars indicate SD.
Color figure available online as Supplemental Digital Content 2, http://links.Iww.com/TA/A182.

luminescence RLU from day 1 to day 16 of 4. baumannii—infected
mouse burns with (n = 12) and without UVC prophylaxis (n =
9). Statistical comparison of the AUC of bioluminescence time
courses in Figure 3C demonstrated that UVC significantly
decreased the bacterial burden of the infected burns (Fig. 3D).
The mean AUC of the UVC-treated and untreated burns
were 3.25 x 10% and 4.12 x 107, respectively, indicating a
more than 10-fold reduction as a result of UVC prophylaxis
(p =0.019).

Effects of UVC on Mouse Skin at the
Antimicrobial Dose

Figure 4 depicts the effects of UVC at the antimicrobial
dose (3.24 J/em?) on host tissue in mouse skin abrasion. CPD-
positive nuclei were observed in the immunofiuorescence micro-
graph of the skin biopsy taken immediately after UVC exposure.
However, the damage was extensively repaired within 72 hours,
as shown in the immunofluorescence micrograph of the skin bi-
opsy taken at 72 hours after UVC exposure, where only traces
of fluorescence remained.

DISCUSSION

The results obtained from the present study demonstrated
that the multidrug-resistant clinical isolate of 4. baumannii is

© 2012 Lippincott Williams & Wilkins

highly susceptible to UVC inactivation. In addition, the UVC
inactivation rate of 4. baumannii is significantly faster than that
of keratinocytes. The UVC inactivation rates of 4. baumannii
monolayer and suspension cultures are 22.5 and 4.67 times fas-
ter than that of keratinocyte monolayer culture, suggesting that
the UVC may selectively inactivate microorganisms while hav-
ing little cytotoxic effect on mammalian cells. In vivo studies
showed that both the infections in partial-thickness mouse
skin abrasions and full-thickness mouse burns could be well
controlled by a single exposure to UVC.

It was also observed that when mouse skin abrasions
were exposed to UVC at the antimicrobial exposure, UVC did
cause DNA lesions in host tissue. However, the DNA lesions
were almost completely repaired within 72 hours after UVC
exposure. In general, we think that there are situations where
the risk-benefit ratio is favorable for the use of UVC for treating
infectious diseases particularly when the microorganisms re-
sponsible are antibiotic resistant. For wound infections, we ex-
pect that only a limited number of repetitions of UVC would be
required, whereas the UV-induced carcinogenic mutation is a
long-term effect.?! Furthermore, the cells in the upper epider-
mis that receive the nonpenetrating UVC are already en route
to being shed, whereas the basal epidermal cells that could un-
dergo malignant transformation are shielded from UVC. In
situations such as abrasions, where the epidermis has been
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Before UVC Right after UVC

24 h after UVC

48 h after UVC

T Fi_"_

72 h after UVC

Figure 4. Immunohistochemical analyses of DNA lesions in a representative mouse skin abrasions after UVC exposure.

Biopsies were taken before, immediately after, 24 hours, 48 hours, and 72 hours after UVC irradiation. (A) Micrographs of

the morphologies of skin abrasion. (B) Micrographs of 4’,6-diamidino-2-phenylindole counterstaining of cell nuclei.

(O) Immunofluorescence micrographs of CPDs in skin cell nuclei. Color figure available online as Supplemental Digital Content 3,

http://links.lww.com/TA/A183.

removed, the host cell density is much sparser in the dermis
and long-lived “stem or progenitor” cells that could serve
as originators of malignancy are absent.

Similar to all topical antimicrobials, the efficacy of topical
light delivery is limited for deeply located infections (e.g., open
facture infections). However, with the advancement of techni-
ques in optics, this limitation could be overcome by the use of
optical fibers to interstitially deliver light to the infected wound
sites. Interstitial light delivery has been extensively investigated
in photothermal therapy?>?* and photodynamic therapy.?* >’
For UVC prevention of deeply located infections, tissues in-
cluding bone, nerves, and blood vessels would be exposed to
UVC. The effects of UVC on these tissues need to be investi-
gated in future studies.

In the present study, we only investigated the use of UVC
for prophylaxis of 4. baumannii infections, that is, applying
UVC before the infections are established or biofilms are
formed. Clearly, it is of great interest to elucidate the efficacy of
UVC on biofilm or established infections. Future studies in this
regard are warranted.

In recent years, infections caused by multidrug-resistant
microorganisms have complicated the care of US soldiers
wounded in Middle East conflicts.”-?®2° The uniquely austere
environment encountered in the combat zone raises the issue of
how best to prevent infections in wounded soldiers. It is sug-
gested that wound care and the use of prophylactic antimicrobials
should occur as soon as possible in the evacuation process.” As a
result, the use of UVC light for combat-related wound infec-
tions is compelling, and it is conceivable that portable UVC
devices could be distributed to the US soldiers and used with-
out medical training. This technology could be implemented on
the battlefield and could delay the onset or progression of infec-
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tion until medical intervention is available. As a pilot study, we
only tested the efficacy of UVC light for infections in partial-
thickness skin abrasions and full-thickness burns in mice. To
explore the full use of UVC light for combat-related wound
decontaminations, future studies on investigating UVC for
infections in open fractures and large soft tissue defects are
warranted.

CONCLUSIONS

The multidrug-resistant 4. baumannii cells were inacti-
vated at UVC exposures much lower than those needed for
a similar effect on mammalian cells. UVC significantly reduced
the bacterial burdens in partial-thickness skin abrasions and
full-thickness burns in mice infected with 4. baumannii.
UVC-induced DNA lesions in skin abrasions were extensively
repaired within 72 hours after UVC exposure. These results
suggested that UVC may be used to prevent combat-related
wound infections.
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