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Abstract

Purpose: A combination therapy for combined injury (Cl) using
a non-specific immunomodulator, synthetic trehalose dico-
rynomycolate and monophosphoryl lipid A (STDCM-MPL), was
evaluated to augment oral antimicrobial agents, levofloxacin
(LVX) and amoxicillin (AMX), to eliminate endogenous sepsis and
modulate cytokine production.

Materials and methods: Female B6D2F,/) mice received 9.75 Gy
cobalt-60 gamma-radiation and wound. Bacteria were isolated
and identified in three tissues. Incidence of bacteria and cytok-
ines were compared between treatment groups.

Results: Results demonstrated that the lethal dose for 50% at
30 days (LDSOBO) of B6D2F,/J mice was 9.42 Gy. Antimicrobial
therapy increased survival in radiation-injured (RI) mice. Com-
bination therapy increased survival after Rl and extended sur-
vival time but did not increase survival after Cl. Sepsis began five
days earlier in Cl mice than Rl mice with Gram-negative species
predominating early and Gram-positive species increasing later.
LVX plus AMX eliminated sepsis in Cl and Rl mice. STDCM-MPL
eliminated Gram-positive bacteria in Cl and most Rl mice but not
Gram-negative. Treatments significantly modulated 12 cytok-
ines tested, which pertain to wound healing or elimination of
infection.

Conclusions: Combination therapy eliminates infection and
prolongs survival time but does not assure Cl mouse survival,
suggesting that additional treatment for proliferative-cell
recovery is required.

Keywords: Anti-microbial therapy, bacterial translocation,
cytokines, chemokines, gamma-radiation, immunomodulator,
infection, mice, sepsis

Introduction

Potential nuclear accidents and terrorist attacks pose seri-
ous and credible threats to health and safety throughout

the world (Benjamin et al. 2009, Singh et al. 2012b). After
a nuclear detonation, depending upon yield and altitude,
40-60% of casualties will sustain combined injury (CI; wounds,
burns, or blast injuries in addition to radiation exposure) (Alt
et al. 1989, DiCarlo et al. 2011). The adverse biological effects
induced by CI act synergistically against the host’s survival. Poly-
microbial septic infections will accompany injuries from the
direct radiation exposure or the CI, especially following lethal
doses of y-radiation (Brook and Ledney 1992, Brook et al. 2004).
Polymicrobial infections especially challenge effective therapy
because multiple microorganisms have different characteris-
tics, means of defense, and antimicrobial susceptibilities.

Sepsis remains the most common cause of death in
North American intensive care units from single-agent
infections, despite the extensive development of antimi-
crobial therapy during the past 60 years, which reduced
mortality from 50-75% to 30-50% (Parrillo 1991). Effective
therapy for polymicrobial sepsis following lethal radia-
tion injury (RI) or CI will be even more complex than for
single-agent sepsis (Brook 1988). Eliminating polymicro-
bial sepsis will require antimicrobial agents, which are
effective against both Gram-positive and Gram-negative
facultative species, while maintaining the integrity of the
beneficial anaerobic intestinal resident bacteria (Brook
and Ledney 1992). Administration of antimicrobial agents
can eliminate polymicrobial infection and extend survival
time but they will not assure survival from cellular injuries
in proliferative tissues. To date, there are no known United
States Food and Drug Administration (US FDA)-approved
non-antimicrobial therapies that will alleviate the injurious
sequelae induced by CI and promote recovery of prolif-
erative tissue. Yet, not all antimicrobial agents can be used
successfully because of variable susceptibility of bacterial
species, particularly among the resident intestinal bacteria
(Brook et al. 1988, Elliott et al. 1995).
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Sublethal irradiation increases susceptibility to common
exogenous microorganisms in animal models (Brook et al.
2001) as it does in human patients, who are given whole-
body radiotherapy prior to bone marrow transplantation
(Engelhard et al. 1986). Whole-body radiation exposure
depresses innate and acquired immunity and damages
intestinal epithelium. As a result, facultative bacteria can
translocate from the intestines to cause sepsis. A perennial
question is this: When is the optimal time to initiate antimi-
crobial therapy after RI or CI? We determined and present
here the differential periods of highest risk for sepsis after RI
and CI. Clinical experience and studies in relevant animal
models of CI remain limited (DiCarlo et al. 2010). Wound
closure is delayed (Ledney and Elliott 2010) and CI-induced
polymicrobial sepsis complicates treatment and increases
mortality. Nearly all treatment paradigms for RI have been
evaluated with radiation alone and only limited studies are
published with the treatment for CI with infection.

In addition to eliminating polymicrobial sepsis, stimula-
tion and recovery of radiation injury to proliferative cells in
bone marrow and intestinal epithelium with a non-specific
immunomodulator (to stimulate the innate immune com-
ponent and prevent translocation of intestinal bacteria) will
be needed for extended and enhanced survival (Madonna
et al. 1991b). Earlier, we have shown that natural trehalose
dimycolate (TDM) or synthetic trehalose dicorynomy-
colate (STDCM), which is a synthetic derivative of TDM
with diminished toxicity, when either were administered
1 h after 10.25 Gy y-radiation, reduced endogenous infec-
tion, increased survival, and also enhanced hematopoi-
esis after 6.5 Gy y photons (Madonna et al. 1989). TDM
and STDCM stimulate macrophage activity (Yarkoni et al.
1977, Madonna et al. 1989) and enhance IL-6 in circula-
tion (Nishizawa et al. 2007). STDCM increases endogenous
splenic colony formation in mixed-field-irradiated mice
(Stewart et al. 1990) and modulates cytokine responses
in bone marrow and spleen of mice exposed to sublethal
v-radiation (Peterson et al. 1994).

Furthermore, STDCM together with antimicrobial agents,
including ofloxacin (levofloxacin [LVX] is the biologically
active enantiomer of the racemate), extended the survival
period of lethally irradiated mice with trauma but STDCM
alone did not increase survival as a single agent in CI mice
(Madonna et al. 1991a). When ofloxacin was administered
at the clinical dosage, it extended the survival period and
increased survivors in mice exposed to a lethal dose for 40%
of mice for 30 days (LD, ,,) of y-radiation (Brook and Elliott
1991) or a sublethal dose of radiation followed by induced
exogenous infection (Brook et al. 1990, Brook and Ledney
1990). However, the clinical dosage is not reliably effective
against polymicrobial sepsis in lethally irradiated mice and
the efficacy at higher doses of LVX has not been reported in
RI or CI mice.

Our long-term goal is to develop a therapeutic regimen
for CI that stimulates recovery of hematopoietic and gastro-
intestinal epithelial tissues as well as obviating sepsis. We
investigated the possibility that a combination of systemic
oral antimicrobial agents, which are active against Gram-
positive and Gram-negative bacteria, together with a non-
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specific immunomodulator, which stimulates proliferative
cells, can eradicate polymicrobial sepsis and extend survival
time or enhance 30-day survival in a mouse model of lethal
v-radiation exposure followed by skin wounding. Specifi-
cally, we evaluated the combined adjuvant, STDCM-MPL,
synthetic trehalose dicorynomycolate and monophosphoryl
lipid A, to augment the oral antimicrobial agents, LVX and
amoxicillin (AMX). The combined adjuvant, STDCM-MPL,
has not been evaluated in RI or CI mice.

We also determined cytokine and chemokine responses
to systemic bacterial infection in lethally irradiated mice and
CI mice, which were treated with STDCM-MPL and LVX.

Materials and methods

Mice

Ten to 12 week-old female, B6D2F,/] specific pathogen-
free mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA) and housed in an air-conditioned
facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care-International. All
mice were kept in rooms with a 12-h light/dark cycle. The
mouse holding room was maintained at 21 * 2°C having
10-15 hourly cycles of fresh air and a relative humidity of
50 = 10%. Upon arrival, the mice were held in quarantine
for 10 days. A microbiological examination of representa-
tive samples ensured the absence of Pseudomonas aerugi-
nosa. Mice were maintained in polycarbonate boxes with
filter covers (Micro-Isolator’, Lab Products, Inc., Maywood,
NJ, USA) on sterilized hardwood chip bedding (Sani-Chips,
PJ] Murphy Forest Products Corp., Montville, NJ, USA).
Mice were provided certified rodent rations (Harlan Teklad
Rodent Diet, Harlan Teklad, WI, USA) and acidified water
(HCI, pH = 2.5-2.8) ad libitum. At the time of our experi-
ment, mice were 20 weeks (wk) old. Experiments with
animals were conducted according to the principles stated
in the Guide for the Care and Use of Laboratory Animals
(National Research Council of the National Academy of
Sciences 2011) prepared by the Institute of Laboratory
Animal Resources, National Research Council, and the
research protocol was approved by the Institutional Animal
Care and Use Committee of the Armed Forces Radiobiology
Research Institute (AFRRI).

Irradiation

Mice were placed in perforated, well ventilated acrylic plastic
restrainers, four mice per restrainer, and given 9.75 Gy, the
lethal dose for 70% of mice for 30 days (LD, ,,), or 0 Gy (non-
irradiated control) %°Co y-radiation at 0.4 Gy/min mid-line
tissue from bilaterally positioned 5°Co sources (Nordion, Inc.,
Ottawa, Ontario, Canada) as described previously (Ledney
et al. 1991, Myska et al. 1997). AFRRI dosimetrists mapped
the dose rate in the experimental array in detail according to
alanine standards traceable to the National Institute of Stan-
dards and Technology (NIST, Gaithersburg, MD, USA), and
the National Physical Laboratory (Teddington, Middlesex,
UK) (International Standardization Organization and ASTM
International 2013, Nagy 2000). Survival was monitored and
recorded two or more times daily.
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Skin wounding

The method of skin wounding was performed as previously
reported (Ledney et al. 1990). One to three days before
irradiation, mice were anesthetized by inhalation of meth-
oxyflurane (Anafane’, Medical Development International
Ltd., Springvale, Victoria, Australia) and the hair of the dor-
sal skin was shaved using electric clippers. Within 1 h after
irradiation or sham irradiation, mice were anesthetized by
methoxyflurane inhalation for approximately 3.5 min prior
to wounding. A non-lethal, approximately 15% total-body-
surface-area wound was administered approximately 20 mm
from the occipital bone and between the scapulae using a
sharp 9/16-inch-diameter (14.29 mm) stainless steel punch
on a Teflon-covered board cleaned with 70% alcohol before
each use. The panniculus carnosus muscle and overlying
skin were removed. Mice that received only sham treatments
were manipulated identically to other groups but were nei-
therirradiated nor wounded. Mice thatreceived only wounds
also were handled identically to other groups but were not
irradiated. All mice were given an injection of 0.5 ml sterile
isotonic 0.9% sodium chloride intraperitoneally (ip) as fluid
therapy immediately after sham handling, irradiation, and/
or wounding.

Drug preparation and administration

The synthetic trehalose dicorynomycolate (STDCM) and
monophosphoryl lipid A (MPL) Sigma-Aldrich (St. Louis,
MO, USA) adjuvant system, which contained 0.5 mg
STDCM and 0.5 mg MPLin 44 ul sterile 2% squalene (SQL)-
0.2% Tween 80-water per vial (S6322-1VL, Sigma-Aldrich)
is a non-specific biological response modifier and was
prepared according to the manufacturer’s instructions.
The reconstituted product (100 pg/0.2 ml) was adminis-
tered to mice ip 1 h after irradiation and wounding. Vehicle
1(2% SQL-0.2% Tween 80-water) was prepared by warming
sterile 2% Squalene (S3626, Sigma-Aldrich)-0.2% Tween
80-saline emulsion to 40-45°C and mixing by vortex for
2 min.

Levofloxacin (LVX), LEVAQUIN' Oral Solution (25 mg/ml,
Ortho-McNeil, Titusville, NJ; NDC 0045-1515-01), is a 4-fluo-
roquinolone antimicrobial agent. It was diluted to a concen-
tration of 10.4 mg/ml in sterile water to deliver a dose of 90
mg/kg every day (g.d., quaque die) in 0.2 ml given orally (po,
per os). Among fluoroquinolones, levofloxacin has improved
activity against Gram-positive as well as Gram-negative bac-
teria (Bergogne-Bérézin 2002).

Amoxicillin (AMX), for oral suspension USP (U.S. Phar-
macopeia), (250 mg per 5 ml, 150 ml, Novopharm Ltd.,
Toronto, Ontario, Canada, manufactured for TEVA Phar-
maceuticals USA, Sellersville, PA, NDC0093-4155-80), is a
semisynthetic aminopenicillin antibiotic. It was diluted to
a concentration of 37.5 mg/ml in sterile water to deliver a
dose of 300 or 325 mg/kg g.d. to mice in 0.2 ml po. The corre-
sponding vehicle, vehicle 2, for LVX- and AMX-treated mice
was sterile water (H,O).

In a preliminary experiment for the purpose of evaluating
LVXinirradiated mice, ahigh conventional dosage regimen of
60 mg/kg twice daily (b.i.d., bis in die) was selected to achieve

a higher maximum concentration (C_,__) and area under the

curve (AUC) in irradiated mice than in non-irradiated mice
or in sublethally irradiated mice given a clinical dosage of
20 mg/kg in previous experiments. Similarly, a dose of
200 mg/kg three times daily (t.i.d., ter in die) was selected
to evaluate AMX in irradiated mice. However, those doses
given once daily extended survival time but they were not
adequate to assure increased survival rates in lethally irra-
diated mice. Thus, for the treatment experiments reported
here, 90-100 mg/kg g.d. for quinolones was selected to
achieve a still higher C__ with a single daily dose that eradi-
cated infection and improved survival. Similarly, a dose of
300-325 mg/kg g.d. for AMX, as an auxiliary component, was
selected to achieve a greater time above minimum inhibitory
concentration (t>MIC) with a single daily dose to better
eradicate infection and improve 30-day survival. A single,
high dose daily was used to reduce irritation to irradiated
tissues in the mouth and throat by the feeding needle. Oral
dosage was used to avoid subcutaneous bleeding following
daily skin injections.

To determine the C_, of the antimicrobial agents, which
were achieved in serum, concentrations were determined in
six irradiated mice 15 and 30 min after oral administration of
LVX or AMX. Six doses of LVX (60 mg/kg po in 0.2 ml) were
administered g12h (every 12 hours) for three days starting on
day 3 after9.75 Gyirradiation. On day 6 afterirradiation, blood
was collected by intracardiac puncture at timed intervals
from six mice anesthetized by inhalation of methoxyflurane.
Similarly, in CImice, six doses of LVX were administered g12h
for three days beginning 12 h after CI. Blood serum was col-
lected from eight anesthetized CI mice at each time interval
after the sixth dose on day 3. To determine the concentration
ofthe antimicrobial agent, serum samples were analyzed by a
validated high-performance liquid-chromatography (HPLC)
assay with fluorescence detection as described earlier (Nix
et al. 1997). The lowest detectable concentration of the assay
was 0.05 pug/ml LVX. The assay measured the total drug in
the sample (free plus bound). Protein-binding of LVX was
determined by adding precise quantities to aliquots of
1.2 ml pooled normal mouse serum to concentrations of
8.00, 2.00, and 0.60 pg/ml compared to a six-point standard
curve, 0.2-15 pug/ml, and analyzed.

Six doses of AMX (200 mg/kg po in 0.2 ml) were admin-
istered g8h for two days starting on day 4 after 9.75-Gy
irradiation. On day 6 after irradiation, blood was collected
by intracardiac puncture at timed intervals from six mice
anesthetized by inhalation of methoxyflurane. To deter-
mine the concentration of the antimicrobial agent that was
achieved, serum samples were analyzed by a validated HPLC
as described earlier (Nix et al. 1997). The lowest detectable
concentration of the assay was 0.02 pug/ml AMX.

Evaluation of intestinal bacterial translocation

To evaluate facultative bacterial translocation from the
intestinal tract, bacteria circulating in the blood are detect-
able in samples of heart ventricular blood, liver, and/or
spleen, particularly when bacteria accumulate in liver and
spleen in acutely septic animals (Brook et al. 2004). These
samples were collected aseptically from euthanized mori-
bund or recently deceased (<2 h) mice. The samples were



immediately inoculated onto 5% sheep blood agar (SBA),
colistin-nalidixic acid in 5% sheep-blood agar (CNA), and
xylose-lysine-desoxycholate agar (XLD) media. Cultures
were evaluated in the manner as previously described (Singh
etal. 2013b). Inoculated specimens were distributed by four-
dilution streaking with a sterilized bacteriological loop onto
the agar media. SBA and CNA were incubated for 18-24 h at
35°C in 5% CO, and XLD was incubated at 35°C. SBA is an
enriched, non-selective medium, whereas CNA is selective
for Gram-positive bacteria and XLD is selective for Gram-
negative bacteria. Culture media without observable growth
after 24 h were re-incubated for an additional 24 h. Colony
morphologies were observed and recorded. Individual colo-
nies were differentiated and selected for subculture using
Gram staining. Pure subcultures were identified using a Vitek
2 Compact automated instrument (bioMérieux, Durham,
NC, USA). The term, bacterial isolate, is used here to mean
a single strain of a bacterial species, which is isolated from a
single mouse.

Blood and spleen collection for cytokine analysis

Blood was collected from mice, which were anesthetized
by inhalation of methoxyflurane, by cardiac puncture with
a 23-gauge needle at 4-5 h, and 1, 3, and 7 days after irra-
diation (n = 5 mice per group per time point). Blood samples
from unirradiated mice served as controls. After collection,
blood was transferred to microfuge tubes with gel separators
(Capiject’ T-MG; Terumo Medical Corp., Elkton, MD, USA),
allowed to clot for 30 min, and centrifuged at 1200 g for 10
min. The serum was collected and stored at—70°C until
analyzed.

Immediately following cardiac puncture, the abdomen
was opened. The spleen was excised, homogenized promptly,
and frozen in liquid nitrogen (the process took 65-70 sec per
spleen). The spleens were homogenized for 3 sec in 2 ml of
ice-cold phosphate-buffered saline (0.9% sodium chloride)
containing 1% bovine serum albumin to which 220 pl of
0.1 M phenylmethanesulfonyl fluoride (P93482 Sigma-
Aldrich) in ethanol was added immediately before homoge-
nization to inhibit protease action. Each sample was aliqoted
(1 ml per tube into two snap-topped 1.7-ml microfuge
tubes) to which 110 pl of 10% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate  (C3023 Sigma-
Aldrich) in phosphate buffered saline had been added
at room temperature before sampling began to remove
proteins bound to cell membranes, and the two tubes were
immersed above the meniscus for 35 sec in liquid nitrogen,
then stored on dry ice until stored in a freezer at — 70°C. Prior
to analysis for cytokines, the homogenates were thawed on
ice, mixed gently by vortex, incubated for 30 min on wet ice
(0°C), and then centrifuged for 15 min at 2000 g and 4°C.

Luminex analysis of cytokine, chemokine, and growth
factor concentrations

Luminex 200 (Luminex Corp., Austin, TX, USA) was used to
detect 12 cytokines, chemokines, and growth factors. Mouse
serum and homogenized spleen samples were analyzed
for interleukin-1o. (IL-1c), IL-1PB, IL-6, IL-10, granulocyte-
colony-stimulating factor (G-CSF), granulocyte-macrophage
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colony-stimulating factor (GM-CSF), interferon-y (IFN-y),
keratinocyte-derived chemokine (KC, now known as CXCL1
[chemokine (C-X-C motif) ligand 1]), monocyte chemotac-
tic protein-1 (MCP-1), macrophage inflammatory protein-1
o (MIP-1o,, now known as CCL3 [chemokine (C-C motif)
ligand 3]), MIP-1B (now CCL4), and tumor necrosis fac-
tor-o. (TNF-0). A cytokine analysis kit was custom ordered
(M20006245K, Bio-Rad Inc., Hercules, CA, USA) and analy-
sis was performed as described earlier (Singh et al. 2012a).
Cytokine quantification was performed using Bio-Plex Man-
ager software, version 6.1 (Bio-Rad Inc.).

Statistical analysis

For survival data, a log-rank test was used to compare sur-
vival curves. Fisher’s exact test was used to compare survival
rates at the end of 30 days, with a Bonferroni correction used
to control for type-I error if multiple comparisons were used.
For analyses of cytokines, mean values with standard errors
(SE, when applicable) were reported. Analysis of variance
(ANOVA) was performed to determine if there were signifi-
cant differences between experimental groups. When sig-
nificance was indicated, a Tukey’s post-hoc test was used to
determine where significant differences occurred between
the treatment groups. All statistical tests were two-sided with
a 5% significance level. Statistical software SPSS version 19
IBM was used for analyses.

Results

Determination of LD, ., for female B6D2F,/J mice to

60Co y-radiation by probit analysis

Eight groups of mice received different doses of whole-body
0Co y-radiation (8.0 Gy: 40 mice, 8.5 Gy: 40 mice, 9.0 Gy: 32
mice, 9.5 Gy: 28 mice, 10.0: 28 mice, 10.5 Gy: 32 mice, 11.0 Gy:
40 mice, 11.5 Gy: 40 mice, and 12.0 Gy: 40 mice) at a dose rate
of 0.4 Gy/min. Survival was monitored two or more times
daily and survival at 30 days was analyzed by probit analysis.
The LD, was found to be 9.42 Gy with 95% confidence
interval 9.28-9.58 and the LD, ., was 9.76 Gy [9.60-9.95]
based on probit analysis (Figure 1).

100
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LDjg130 =9.42[9.28, 9.58]

40 A

Mortality (%)

20

8 8.5 9 9.5 10 10.5 1
Dose %°Co y-radiation (Gy)

Figure 1. Probit plot of radiation dose response of female B6D2F,/]
mice exposed to ®°Co y-radiation. Groups of mice were given 8.0
(40 mice), 8.5 (40 mice), 9.0 (32 mice), 9.5 (28 mice), 10.0 (28 mice),
10.5 (32 mice), 11.0 (40 mice), 11.5 (40 mice), or 12.0 Gy (40 mice) at
0.4 Gy/min mid-line tissue from bilaterally positioned Co-60 gamma-
radiation sources in the AFRRI cobalt high-dose-rate irradiation
facility. Survival at 30 days was evaluated by probit analysis.
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Bacterial translocation in irradiated and Cl mice

The range of facultative Gram-negative and Gram-positive
bacterial species were isolated and identified by standard
microbiological procedures with time after irradiation from
heart blood, liver, and/or spleen of a total of 32 euthanized,
moribund mice of the 36 irradiated mice (four mice were not
suitable for bacterial culture), which were given either 9.50
or 9.75 Gy radiation (n = 18 per dose). Four species of Gram-
negative bacteria were isolated from 23 of 32 mice (25 bac-
terial isolates), Klebsiella oxytoca (13 isolates), Enterobacter
cloacae (9), Escherichia coli (2), and Pasteurella trehalosi
(1), and seven species of Gram-positive bacteria were iso-
lated from 13 of 32 mice (14 bacterial isolates), Enterococcus
faecalis (6), E. gallinarum (2), E. faecium (1), Staphylococ-
cus cohnii (2), S. saprophyticus (1), S. simulans (1), and
Lactobacillus sp. (1). Polymicrobial infections were detected
in 12 of the 32 mice (37.5%): One Gram-negative and one
Gram-positive species were isolated from nine mice, two
Gram-negative species were isolated from two mice, and
two Gram-positive species were isolated from one mouse.
Notably, Gram-negative bacteria predominated begin-
ning on day 9 in moribund mice and declined among the
isolated species after day 16, whereas, Gram-positive bac-
teria appeared on day 10 and became predominant among
the isolated species beginning on day 17. We continued to
observe such a pattern of translocation in subsequent exper-
iments. No bacteria were isolated from two moribund mice.
(Moribundity and bacterial translocation occur randomly
over time after irradiation depending upon the susceptibility
of individual animals to radiation-induced injuries.) Figure 2
depicts the incidence of composite Gram-negative and
Gram-positive bacteria detected vs. time after irradiation,
that is, the period of highest risk for sepsis and mortality and
the transition from predominantly Gram-negative bacteria
to predominantly Gram-positive bacteria.

In a separate experiment, incidence of translocated
bacteria in CI mice was compared with mice exposed only
to radiation (RI, 9.75 Gy) (Table I). Bacteria were isolated
and identified from tissues of 41 of 44 RI mice and 45 out
of 46 CI mice (no bacteria were detected in 3 RI and 1 CI
mice). Polymicrobial infections were detected in 15 RI
mice (37%) and 25 CI (56%) mice.

oOGram-negative (25 isolates / 23 mice)
BGram-positive (14 isolates / 13 mice)

Number of bacterial isolates
-

H “ll I

L e A o o o e e e e e e L e e

0 5 10 15 20 25 30 35
Time post-irradiation (d)

Figure 2. Incidence of Gram-negative and Gram-positive bacteria
detected in ventricular heart blood, liver, and/or spleen of euthanized,
moribund B6D2F, /] mice vs. time (days) post-irradiation (9.5 Gy or
9.75 Gy Co-60 gamma-radiation).

Table 1. Bacterial translocation in combined injured (CI) and radiation
injured (RI) mice given 9.75 Gy %°Co gamma-photon radiation.

Number of mice with Treatment
number of isolates CI RI
Mice sampled 46 44
Mice, septic 45 41
Single isolate 20 26
Multiple isolates 25 15
2 isolates per mouse 16 13
1GN?+1GP? 15 10
2GN 1 0
2GP 0 3
3 isolates per mouse 9 2
1GN +2GP 8 2
2GN+1GP 1 0

AGN, Gram-negative; bGP, Gram-positive.

The range of bacterial species isolated during the same
period from RI and CI mice are similar and are compared
graphically in Figure 3. In RI mice (Figure 3A), both Gram-
negative species (31 isolates), E. coli (30), E. cloacae (1),
and Gram-positive species (27 isolates), E. faecalis (13),
S. xylosus (13), and S. cohnii (1), were isolated. Similarly, in CI
mice (Figure 3B) Gram-negative species (47 isolates): E. coli
(42), E. cloacae (5) and Gram-positive species (32 isolates):
E. faecalis (15), E. gallinarum (8), Staphylococcus xylosus (7),
and Lactobacillus sp. (2) were isolated. It should be noted
that moribundity and detection of bacteria in CI mice began
on day 5 (five days earlier than in RI mice) and continued

-
o

Radiation Injury

( A) oS. cohnii ®10)

14 OS. xylosus

BLactobacillus sp.

12 BE. gallinarum
uE. "

10 E. faecalis

BE. cloacae

BE. coli

(# infected mice per day /
6 mice with no bacterial growth)
(4/0)

(3/0)
(21)(200) (20) (211)
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Number of isolates of bacterial species
-]
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Time post-irradiation (d)

T300) Combined Injury

20 (11/0)

Number of Isolates of bacterial specles
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Time post-irradiation (d)

Figure 3. Incidence of isolates of bacterial species from ventricular
heart blood, liver, and/or spleen of lethally irradiated (RI, 9.75 Gy
Co-60 gamma-radiation) mice compared to CI (RI + skin wound)
mice vs. time (days) post-irradiation. Numbers (e.g., 2/0) above the
bars indicate total number of infected mice from which the indicated
bacterial species were isolated/number of mice with no detectable
bacterial growth on each day.



through day 14 whereas moribundity and detection of bac-
teria in RI mice began on day 10 and continued through day
22. In both groups, Gram-negative bacteria predominated
among the isolated species during the first few days and the
proportional cumulative incidence of Gram-negative and
Gram-positive bacteria among the isolated species became
similar after day 13 in RI mice (19 and 20 isolates, respec-
tively) and after day 8 in CI mice (10 and 11 isolates, respec-
tively) during the periods of mortality.

Serum concentrations of antimicrobial agents

Mean peak serum concentration (C ) of LVX following
9.75-Gy irradiation was 21.94 *+ 0.76 pug/ml += SEM (standard
error of the mean) at 15 min and 17.77 = 1.56 pg/ml at 30
min compared to 15.91 =2.59 ug/ml at 15 min and 14.41 *
2.20 ug/ml at 30 min in non-irradiated mice and 11.63 =
1.04 pg/ml at 15 min and 12.95* 1.01 pg/ml at 30 min in
CI mice. Freely available LVX was measured to be 83.61%,
96.81%, and 97.91% in samples of pooled normal mouse
serum, which contained 0.60, 2.00, and 8.00 pug/ml, respec-
tively. The quantity of free drug increased with increasing
concentration of total drug. Therefore, bound drug was mini-
mal in the test samples collected at 15 and 30 min. The C
of AMX following 9.75-Gy irradiation was 82.91 + 13.00 ug/
ml at 15 min and 91.13 £8.86 pug/ml at 30 min compared
to 108.00 = 6.55 pg/ml at 15 min and 89.73 * 8.78 pg/ml at
30 min in non-irradiated mice (the C___ of AMX was
not determined in CI mice). Protein binding of AMX was
approximately 20-30% in mouse serum (Moine et al. 1997).

Effects of antimicrobial therapy on survival after lethal
irradiation in mice

Antimicrobial therapy was initiated in groups of mice (n = 20
per group) on day 8 post-irradiation (9.75 Gy), anticipating
bacterial translocation, and administered for a duration of
14 days through day 21 (during the period of highest risk
for morbidity and sepsis). LVX alone (90 mg/kg g.d. po; 85%
survival) and the combination given in the order of LVX first
followed by AMX (300 mg/kg g.d. po; 80% survival) improved
survival (p = 0.01 and p = 0.05, respectively) compared to
control mice administered water (40% survival) (Figure 4).
When AMX was administered alone, it increased survival
marginally (50% survival) compared to control group and
this difference was not significant. LVX afforded significant
protection compared to the AMX group (p = 0.05). Overall,
there was no survival benefit demonstrated by combining
LVX with AMX. AMX administered either before or after LVX
was not beneficial over LVX treatment alone. The time inter-
val between LVX and AMX administration in combination
was approximately 20 min as a practical experimental pro-
cedure, which allowed absorption of the first drug to reach
peak concentration in blood. (After delivery of AMX, the pink
suspension was observed to coat the lining of the stomach
and intestinal tract.)

Effects of combined therapy with STDCM-MPL and
antimicrobial agents in Cl mice

Within 1 h after a lethal dose of radiation (9.75 Gy), groups of
mice (n =20 per group) were wounded or sham wounded.
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Figure 4. Survival of lethally irradiated (RI, 9.75 Gy ®°Co gamma-
radiation) mice (n = 20) administered oral antimicrobial therapy with
LVX (90 mg/kg g.d. po) and AMX (300 mg/kg g.d. po) for 14 days from
day 8 through day 21 after irradiation. *p < 0.01 (RI + water vs. RI +
LVX), #p < 0.05 (RI + AMX vs. RI + LVX), @p < 0.05 (RI + water vs. RI
+ LVX AMX).

STDCM-MPL or SQL vehicle was administered ip immedi-
ately after wounding and fluid therapy. Antimicrobial ther-
apy was initiated in CI mice on day 1 to anticipate bacterial
translocation and given daily thereafter through day 21 for a
duration of 21 days (during the period of highest risk for mor-
bidity and sepsis). The combination therapy of STDCM-MPL,
LVX, and AMX did notincrease cumulative 30-day survival in
CI mice. Irrespective of treatment provided, all CI mice died
by day 18. Nevertheless, the treatment with STDCM-MPL in
conjunction with LVX and AMX extended survival time of
CI mice by 3-5 days compared to the control group receiv-
ing SQL and LVX plus AMX (Figure 5). The differences were
significant on days 8, 9, 10, and 11 post-irradiation. The
table associated with Figure 5 demonstrates significant
differences between the various paired groups on different
days post-irradiation.

Elimination of bacterial sepsis in Rl and Cl mice

Bacteria were isolated and identified from tissues of mori-
bund or recently deceased (<2 h) mice in each treatment
group to compare incidence of bacterial species among
treatment groups (Table II). The combination of LVX and
AMX eliminated bacterial sepsis in 34 out of 34 CI mice and
in 19 out of 22 RImice. E. coliwas isolated from one RI mouse
that died early on day 8, the first day of antimicrobial therapy,
and E. faecalis was isolated from two RI mice on days 25 and
29 (several days after the end of therapy) that were treated
with the combination of STDCM-MPL, LVX, and AMX. Also,
in 15 CI mice treated with only STDCM-MPL, no Gram-
positive bacteria were isolated and in 10 RI mice treated only
with STDCM-MPL, Gram-positive species were found in
only two mice (E. faecalis in one and E. faecalis and S. xylosus
in the other) but STDCM-MPL did not prevent infection by
Gram-negative bacteria. As an ancillary observation, Can-
dida parapsilosis (a yeast) was isolated from two CI mice on
days 12 and 16 that were treated with STDCM-MPL, LVX, and
AMX and from one RI mouse on day 20 that was treated with
SQL vehicle, LVX, and AMX.
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Figure 5. Survival of CI (lethally irradiated, 9.75 Gy, then wounded) B6D2F,/] mice (n= 20) administered an immunomodulator (STDCM-MPL,
100 pg, ip, 1 h after irradiation), and antimicrobial agents (LVX, 90 mg/kg ¢.d. po and AMX, 325 mg/kg ¢.d. po). Antimicrobial agents were
administered for 21 days from day 1 through day 21 after irradiation. *p < 0.01 (CI + STDCM-MPL + LVX + AMX vs. CI + SQL + LVX + AMX).

Induction of cytokines, chemokines, and growth factors
after therapy with STDCM-MPL adjuvant and LVX

in serum samples and spleen lysate

Based on the encouraging results with antimicrobial agents
and an immunomodulator (STDCM-MPL) in RI and CI
mice survival and bacterial sepsis studies, we determined
the cytokine and chemokine profile in serum samples and
spleen tissue of mice receiving various treatments at differ-
ent time points in CI compared to RI mice to demonstrate
whether STDCM-MPL and LVX will modulate early cytokine
responses provoked by CI as a means of monitoring recovery
and efficacy. We hypothesized that treatment with STDCM-
MPLand LVXwill promote an early adjustment of the cytokine
responses as the treatment reduces severity of infection. The
following twelve groups of animals were used in this study:
(1) Radiation alone (R, 9.75 Gy); (2) R + wound (W); (3) R +
water, 4. R + W + water; (5) R + LVX; (6) R + W + LVX; (7) R
+SQL; (8) R + W + SQL; (9) R + STDCM-MPL; (10) R + W
+ STDCM-MPL; (11) Sham R; (12) Sham R + W. Blood and
spleen samples were collected from terminally anesthetized
and euthanized animals at various time points (4-5 h, 1, 3,
and 7 days after irradiation) for cytokine analysis by multi-
plex Luminex (n = 5 mice per group per time point). We eval-
uated serum and spleen lysate for 12 cytokines, chemokines,
and growth factors: IL-10,, IL-1B, IL-6, IL-10, G-CSE, GM-CSE,

IFN-y, KC (CXCL1), MCP-1, MIP-1c. (CCL3), MIP-1p (CCL4),
and TNF-o. Most of the cytokines/chemokines and growth
factors in our list are pro-inflammatory agents (Cavaillon
2001, Scheller et al. 2011). Statistically significant concentra-
tions (pg/ml = SEM, standard error of the mean) of various
cytokines in response to different treatments compared
to respective controls are presented in Figure legends (Figures
6A, 6B, 7A and 7B). The results demonstrate that STDCM-
MPL stimulated most of the cytokines tested in serum and
spleen on day 0 (4-5 h after irradiation) and/or day 1 post-
irradiation in RI as well as in CI mice compared to respective
control groups receiving SQL in both experimental sets (RI
and CI). In particular, stimulation of G-CSF at 4-5 h and day
1 after irradiation and stimulation of MIP-1f at 4-5 h after
irradiation was remarkable. Overall, the cytokine stimulation
patterns in serum samples and spleen lysates were similar
except that the background levels of cytokines in spleen
lysate were lower. The levels of some cytokines, specifically
G-CSF and KC, were higher in serum samples compared to
spleen lysates.

Discussion

Our results demonstrate the complexity of treating polymi-
crobial infections and cellular injuries in tissues following
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Mice were treated with STDCM-MPL, 100 ug i.p., 1 h after irradiation and oral antimicrobial therapy with levofloxacin (LVX), 90 mg/kg g.d. po, and amoxicillin (AMX), 325 mg/kg g.d. po, for 14 days from Day 8 through Day 21 after RI or

from Day 1 through Day 21 after CI. * (#), total number of mice evaluated in each treatment group; bSQL, 2% squalene-0.2% Tween 80-water; ‘STDCM-MPL, synthetic trehalose dicorynomycolate and monophosphoryl lipid A adjuvant;
4LVX, levofloxacin; *AMX, amoxicillin; 'E. coli was isolated from one RI mouse early on d 8, the first day of antimicrobial therapy and E. faecalis was isolated from two RI mice on d 25 and 29, several days after the end of therapy, that were

treated with the combination STDCM-MPL, LVX, and AMX from two CI mice on d 25 and 29, several days after the end of therapy, that were treated with the combination STDCM-MPL, LVX, and AMX.

Table II. Bacterial isolation from ventricular heart blood, liver, and/or spleen from euthanized moribund or recently deceased (< 2 h) irradiated (RI) or combined injured (CI) B6D2F, /] mice.

Enterococcus faecalis

E. gallinarum

S. xylosus
No microbial growth

Microbial species
Enterobacter cloacae
Gram-positive
Lactobacillus sp.
Candida parapsilosis

Escherichia coli
Yeast

Gram-negative
S. cohnii
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lethal irradiation alone (LD, ;) and CI. We determined the
definitive differential periods of detected sepsis in lethally
irradiated and combined injured B6D2F1 mice, which pro-
vide the basis for appropriate timing of systemic oral antimi-
crobial therapy for each condition.

The combined adjuvant, STDCM-MPL, when combined
with oral antimicrobial agents LVX and AMX, did extend the
survival period of CI mice by 3-5 days. This increase in sur-
vival time by a few days isimportantbecause such anincrease
in the survival window may provide extra time to introduce
additional therapeutic interventions in CI victims. Further,
STDCM-MPL alone prevented Gram-positive infections
and, thus, contributed to antimicrobial therapy, perhaps by
stimulating the macrophage function (Madonna et al. 1989)
and hematopoiesis (Madonna et al. 1989) and by modulat-
ing cytokine gene expression in spleen and bone marrow
and serum concentration (Peterson et al. 1994, Nishizawa
et al. 2007). Although LVX, with or without AMX, improved
survival time from bacterial sepsis after lethal irradiation,
this antimicrobial agent (with or without AMX) at the high
dosage used did not increase total 30-day survival of CI mice
even though the infecting microorganisms were eliminated.
Also, although there was no survival benefit by combining
LVX and AMX in RI mice, there was a difference in 30-day
survival depending upon the order in which LVX and AMX
were administered in combined treatment. Survival was
higher when LVX was administered prior to AMX. Perhaps
this difference was because the coating of AMX on the lin-
ing of the stomach and intestinal tract slowed the absorption
of LvX and decreased its C__ . A thorough pharmacokinetic
study might elucidate this observation.

We observed polymicrobial sepsis several days earlier
in B6D2F1 CI mice compared directly with mice given only
a lethal dose of radiation. In combination with a sublethal
dose of radiation, a sublethal wound synergistically increases
translocation of intestinal bacteria, leading to higher mortal-
ity (Yan et al. 1995). Madonna et al. reported that death asso-
ciated with bacterial translocation occurred 2-4 days after
Clin a radiation dose-dependent manner in C3H/HeN mice
(Madonna et al. 1991a). While the evidence clearly indicates
that trauma increases the likelihood of sepsis by intestinal
flora, the mechanism is not well understood and usually
controversial. Carter et al. (1990) argued that cutaneous
trauma has a causative link to increased gut permeability to
bacteria in rats, whereas, others suggested against such a link
in humans (Steinberg 2003, Wiest and Rath 2003). Instead of
changes in gut permeability, these authors have suggested
that resultant sepsis may be more related to alterations in the
gut-associated lymphoid tissue and its interaction with the
rest of the body.

Although the mechanism for increased lethality associ-
ated with CI remains not well understood, we hypothesize
that not only is early bacterial translocation from the intesti-
nal tract a major contributor to the synergism of CI because
sepsis is one of the major causes of mortality in individu-
als with CI (Reid et al. 1955, Kiang et al. 2010) but also, the
wound induces a remote effect on proliferative cells of the
intestinal tract to exacerbate bacterial translocation caused
directly by ionizing radiation. On the one hand, sublethal
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Figure 6. (A) Induction of cytokines in serum (IL-1q, IL-1p, IL-6, IL-10, G-CSF, and GM-CSF) by STDCM-MPL and LVX in irradiated and CI mice.
Mice were given 9.75 Gy Co-60 gamma-radiation (or sham irradiated) and wounded within 1 h of irradiation. Mice received treatments of STDCM-
MPL (100 pg, ip, 1 h after irradiation and wounding) and/or LVX (90 mg/kg g.d., po, days 1-7). Blood samples were collected (n =5 mice per group
per time point) at indicated time points (day 0 [4-5 h], 1, 3, 7 d after irradiation) and serum samples were analyzed by multiplex Luminex assay for
cytokines (pg/ml = SEM). Numbers above bars denote significant difference (p <0.05) compared to respective controls: 1 signifies a statistically
significant difference between groups R and R + W; 2, between R + W + water and R + W + LVX; 3, between R + SQL and R + STDCM-MPL; 4,
between R + W + SQL and R + W + STDCM-MPL; 5, between R + STDCM-MPL and R + W + STDCM-MPL; 6, between Sham R and Sham R + W;
and 7, between R + LVX and R + W + LVX. The apostrophe (") indicates significant reduction of cytokine or chemokine production compared to the
respective control. (B) Induction of cytokines in serum (IFN-y, KC, MCP-1, MIP-10a, MIP-1f, and TNF-0.) by STDCM-MPL and LVX in irradiated and
CI mice. Mice were given 9.75 Gy Co-60 gamma-radiation (or sham irradiated) and wounded within 1 h of irradiation. Mice received treatments of
STDCM-MPL (100 pg, ip, 1 h after irradiation and wounding) and/or LVX (90 mg/kg g.d., po, days 1-7). Blood samples were collected (n =5 mice
per group per time point) at indicated time points (day 0 [4-5 h], 1, 3, 7 d after irradiation) and serum samples were analyzed by multiplex Luminex
assay for cytokines (pg/ml = SEM). Numbers above bars denote significant difference (p <0.05) compared to respective controls: 1 signifies a
statistically significant difference between groups R and R + W; 2, between R + W + water and R + W + LVX; 3, between R + SQL and R + STDCM-
MPL; 4, between R + W + SQL and R + W + STDCM-MPL; 5, between R + STDCM MPL and R + W + STDCM-MPL; 6, between Sham R and
Sham R + W; and 7, between R + LVX and R + W + LVX. The apostrophe () indicates significant reduction of cytokine or chemokine production
compared to the respective control.

doses of radiation or wounds alone do not elicit bacterial depending upon the quality of radiation (Elliott et al. 1995).
translocation leading to infection, sepsis, and death in mice. This also correlates with the onset and severity of neutrope-
On the other hand, lethal RI and CI cause significant, over- nia and thrombocytopenia (Madonna et al. 1991a). In addi-
whelming bacterial translocation and polymicrobial sepsis, tion, the decreasing concentration of citrulline in plasma as
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Figure 7. (A) Induction of cytokines in spleen lysates (IL-1c, IL-1f, IL-6, IL-10, G-CSF, and GM-CSF) by STDCM-MPL and LVX in irradiated and
CI mice. Mice were given 9.75 Gy Co-60 gamma-radiation (or sham irradiated) and wounded within 1 h of irradiation. Mice received treatments
of STDCM-MPL (100 g, ip, 1 h after irradiation and wounding) and/or LVX (90 mg/kg g.d., po, days 1-7). Spleen lysates were collected (n =5
mice per group per time point) at indicated time points (day 0 [4-5 h], 1, 3, 7 d after irradiation) and spleen lysate samples were analyzed by
multiplex Luminex assay for cytokines (pg/ml = SEM). Numbers above bars denote significant difference (p <0.05) compared to respective
controls: 1 signifies a statistically significant difference between groups R and R + W; 2, between R + W + water and R + W + LVX; 3, between R
+ SQL and R + STDCM-MPL; 4, between R + W + SQL and R + W + STDCM-MPL; 5, between R + STDCM-MPL and R + W + STDCM-MPL;
6, between Sham R and Sham R + W. The apostrophe (’) indicates significant reduction of cytokine or chemokine production compared to
the respective control. (B) Induction of cytokines in spleen lysates (IFN-y, KC, MCP-1, MIP-1c, MIP-1f3, and TNF-0.) by STDCM-MPL and LVX
in irradiated and CI mice. Mice were given 9.75 Gy Co-60 gamma-radiation (or sham irradiated) and wounded within 1 h of irradiation. Mice
received treatments of STDCM-MPL (100 g, ip, 1 h after irradiation and wounding) and/or LVX (90 mg/kg g.d., po, days 1-7). Spleen lysates
were collected (n = 5 mice per group per time point) at indicated time points (day 0 (4-5 h), 1, 3, 7 d after irradiation) and spleen lysate samples
were analyzed by multiplex Luminex assay for cytokines (pg/ml + SEM). Numbers above bars denote significant difference (p < 0.05) compared
to respective controls: 1 signifies a statistically significant difference between groups Rand R + W; 2, between R + W + water and R + W + LVX;
3, between R + SQL and R + STDCM-MPL; 4, between R + W + SQL and R + W + STDCM-MPL; 5, between R + STDCM-MPL and R + W +
STDCM-MPL; 6, between Sham R and Sham R + W. The apostrophe (') indicates significant reduction of cytokine or chemokine production
compared to the respective control.
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a biomarker of intestinal radiation injury correlated with loss
of crypts and increasing dose of y-photon radiation in irra-
diated Goéttingen minipigs, which developed polymicrobial
sepsis (Elliott et al. 2014).

Appropriate antimicrobial therapy is critical because use
of inappropriate agents exacerbates injury and antimicrobial
resistance. Effective therapy should eradicate only the bac-
teria causing sepsis but not the beneficial anaerobic intes-
tinal microflora promoting colonization resistance against
potentially pathogenic bacteria (Elliott and Ledney 2012).
Adequate antimicrobial therapy will cover a range of both
Gram-positiveand Gram-negativemicroorganismsthatcause
polymicrobial sepsis. Currently, in the event of a radiological
exposure, conventional clinical doses of systemic antimicro-
bial agents would be used as signs of infection develop. How-
ever, anticipating the initiation of bacterial translocation and
preventing translocation of potentially pathogenic bacteria
from the intestinal tract, with higher doses to achieve higher
serum concentrations and consequent greater areas under
the curve or longer times above minimum inhibitory con-
centrations for the infecting bacteria, will reduce incidence
of bacteremia, sepsis, and multi-organ dysfunction. We have
demonstrated definitively here and previously (Kiang et al.
2010) that initiation of moribundity and incidence of sepsis
occurs several days earlier in CI mice compared with RI mice.
We began antimicrobial therapy to cover the periods of high-
est risk for sepsis that resulted in increased 30-day survival
in RI mice and increased the survival period by several days
in CI mice. In another study, skin wounding exacerbated not
only RI but also radiation-induced anemia, which, together
with bone-marrow and intestinal injuries, was mitigated by
oral ciprofloxacin treatment (90 mg/kg), another quinolone
related to levofloxacin, leading to increased survival (Kiang
et al. 2012, Fukumoto et al. 2013).

It is well known that immunocompromised individuals
are at an increased risk for developing infections. Treatment
with an immunomodulator stimulates the immune system
and boosts immunity to fight infections (Agarwal and Singh
1999). STDCM-MPL is a combined non-specific immuno-
modulator and it was used to stimulate the immune system
of immunocompromised mice (RI and CI). This immuno-
modulator increased the survival period of CI mice. Thus,
we were provoked to study its effects on cytokine responses.
Our results demonstrated that STDCM-MPL stimulates most
of the pro- and anti-inflammatory cytokines tested in serum
samples and spleen lysates on day 0 (4-5 h after irradiation)
and/or day one post-irradiation in RI as well as in CI mice
compared to respective control groups receiving the vehicle,
SQL, in both experimental sets. In particular, stimulation of
G-CSF at 4-5 h and day 1 after irradiation and of MIP-1 at
4-5 h after irradiation was remarkable. Overall, the cytokine
stimulation patterns in serum samples and spleen lysates
were similar. Levels of G-CSF and KC were higher in serum
samples compared to spleen lysates.

Various cytokines and growth factors have been investi-
gated as radiation countermeasures in different animal mod-
els (Singh et al. 2014a). G-CSF has been found to be effective
as a radiomitigator in four different animal models and
has been used for treating victims of several radiological

accidents (Singh et al. 2014b, 2015). This agent is available
in the Strategic National Stockpile to be used during any
radiological/nuclear emergency (US FDA 2014). Stimula-
tion of G-CSF by STDCM-MPL suggests that this agent has
a mitigating role in RI and CI mice. G-CSF stimulated by
STDCM-MPL likely contributed to eliminating infecting
bacteria, since G-CSF is produced by epithelial cells as well
as macrophages and other immune cells and induces prolif-
eration and differentiation of bone marrow progenitor cells
into mature neutrophilic granulocytes, which migrate to the
wound site and sites of endothelial inflammation. Further-
more, STDCM-MPL stimulated KC (CXCL1) and IL-6 as did
several other radiation countermeasures recently evaluated
(Singh et al. 2012b, 2013a). Chemokines regulate the migra-
tion of resident and inflammatory cells during complex
interactions of the wound-healing processes (Zaja-Milatovic
and Richmond 2008). CXCL1, produced by keratinocytes and
released by wounding, is one of the principal chemokines,
which recruit neutrophils to the wound site. This process is
further induced by IL-1 and TNF-o.

Further, in other studies, G-CSF and interleukin-6 have
been identified as candidate biomarkers for the radiopro-
tective and radio-mitigating efficacy of CBLB502 (Krivokry-
senko et al. 2012). Increasing doses of tocopherol succinate
induced higher levels of G-CSF and provided higher levels of
protection in irradiated mice (Singh et al. 2013a) suggesting
that G-CSF can be used as an efficacy biomarker for this radi-
ation countermeasure also. Administration of a G-CSF anti-
body exacerbates radiation injury, which further indicates
the radioprotective role of G-CSF (Singh et al. 2012c) and
administration of a G-CSF antibody completely abrogates
the radioprotective efficacy of some radiation countermea-
sures such as 5-androstenediol (androst-5-ene-3f3,173-diol:
5-AED) (Grace et al. 2012), CBLB502 (Krivokrysenko et al.
2012), od-tocotrienol (Singh et al. 2014c), y-tocotrienol
(Kulkarni et al. 2013), and o-tocopherol succinate (Singh
et al. 2010, 2011) in mice, suggesting that this growth fac-
tor plays an important role in the radioprotective efficacy of
these agents. These biomarkers may be useful for accurately
predicting radiation injury and the status of recovery during
therapy.

In future studies, it would be appropriate to evaluate the
hematological and hematopoietic responses to treatment
with STDCM-MPL and LVX to compliment the initial evalu-
ation of the early cytokine/chemokine responses and, also,
to evaluate cytokine/chemokine responses between days
12-16 in RI mice and 6-10 in CI mice during the course of
sepsis in response to combination therapy. In a preliminary
study (data not shown) in sublethallyirradiated (7 Gy) mice,
which were challenged on day 4 by subcutaneous injec-
tion of Klebsiella pneumoniae, IL-10 and IL1-B in spleen
lysates were highly elevated at 24-36 h and declining at 48 h
after bacterial challenge, IL-6 was only slightly elevated
between 4 and 48 h, and TNF-a and GM-CSF concentra-
tions were similar to those in saline-challenged controls
between 4 and 48 h.

Further, to augment the combination therapy investigated
in the present study, we also hypothesize that incorporat-
ing 5-AED and §-tocotrienol regimens 2 h after irradiation



to augment STDCM-MPL and antimicrobial therapy would
contribute to increased survival time and 30-day survival
in irradiated and CI mice. 5-AED increased 30-day survival
in irradiated mice, which were subsequently challenged
subcutaneously with K. pneumoniae (Whitnall et al. 2000).
We recently demonstrated that &-tocotrienol protected
intestinal epithelium and reduced bacterial translocation
when injected subcutaneously 24 h before lethal irradiation
(Lietal. 2013).

In summary, lethal, whole-body, ionizing radiation
exposure together with a skin wound induces polymicrobial
sepsis as a result of bacterial translocation from radiation-
induced intestinal epithelium injury earlier than after only
irradiation alone. Combined injury, therefore, presents a
critical challenge to appropriate therapy and ultimate sur-
vival. An optimal therapy after radiation exposure would:
(1) Enhance resistance to bacterial infections, reduce trans-
location of bacteria, and eliminate infections leading to
increased survival and a longer window of opportunity for
additional intervention to military and civilian casualties,
and (2) promote prompt recovery of injured proliferative
cells and tissues in the intestinal tract and bone marrow.
We elucidated and defined that the period of highest risk
for sepsis occurs earlier in CI mice compared with RI mice.
Thus, antimicrobial therapy needs to be initiated early in
the case of CI injury scenarios but somewhat later in RI to
anticipate the inception of polymicrobial sepsis. We also
demonstrated that a combination of a non-specific immu-
nomodulator with high-dose oral antimicrobial agents can
eliminate infections in CI mice and extend survival by a
few days, providing extra time for additional interventions
required to induce recovery. The regimen used for therapy
significantly modulated pro- and anti-inflammatory cytok-
ines and chemokines in RI and CI mice, particularly G-CSF
and KC (CXCL1), which contribute to recovery from sepsis
and wounding.
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