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MoCHESNEY. DL G LEDNEYL Gl Do anp Maboxsa, G S.
Trehalose Dimyeolate Enhances Survival of Fission Neutron-
[rradiated Mice and Klebsiella puewmoniae-Challenged 1riadi-
ated Mice. Radiat. Res. 121, 71-75 (1990).

The survival of BoD2F1 female mice exposed to lethal doses
of tission neutron radiation is increased when trehalose dimycol-
ate (TDM) preparations are given either 1 h after exposure or 1
day before exposure to radiation. TDM in an emulsion of squa-
lene. Tween 8O, and saline was the most effective formulation
for increasing the 30-day survival of mice when given 1 day be-
fore (90%) or 1 h after (88%) exposure to radiation. An aqueous
suspension of a synthetic analog of TDM was less effective at
increasing 30-day survival (60%) when given 1 day prior to radi-
ation exposure and not effective when given 1 h after radiation.
Mice receiving a sublethal dose (3.5 Gy) of fission neutron radia-
tion and cither the TDM emulsion or synthetic TDM 1 h after
irradiation were substantially more resistant to challenge with
10. 100, 1000. or 5000 times the L.Dsg,3, dose of Kiebsiella pneu-

moniae than untreated mice. < 1990 Academic Press, Ine.

INTRODUCTION

The effects of radiation on mammalian hematopoietic,
myelopoictic. and gastrointestinal systems are diverse and
depend on both the exposure dose and the quality of radia-
tion. Several studies have focused on the effects of X rays
{1-4)and ""Co v rays (5. 6) on these systems in mice. Other
studies have examined the effect various specific and non-
specific immunomodulators have on survival in mice given
“'Co y rays (7. 8). However. there are a limited number of
reports (5. 9. 10y on the eftects of fission neutron radiation
on these systems and the effect immunomodulators have
on these animals’ survival.

" Supported by the Armed Forees Radiobiology Research Institute. De-
fense Nuclear Agency. under Research Work Unit 00129, The views pre-
sented in this paper are those of the authors, No endorsement by the De-
fense Nuclear Agencey has been given or should be inferred.

“Rescarch was conducted according to the principles enuciated in the
“Cruide for the Care and use of Taboratory Amimals™ prepared by the Insti-
tute of Laboratory Animal Resources, National Research Council.

' To whom correspondence should be addressed.
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Nuclear weapons detonations or nuclear criticality acci-
dents can produce mixed radiation fields of various propor-
tions of photon and neutron radiations. Therefore, it is im-
portant to determine the response of animals 1o mixed-field
radiation in order 1o evaluate realistically the etfect cvto-
kines and immunomodulators of nonspecitic resistance to
infection might have on the animals™ survival, Several
different formulations of the immunomodulator trehalose
dimyvcolate (TDM) have been shown to be effective in in-
creasing survival of mice exposed to *'Co « ravs (7). There-
fore it is of interest to evaluate TDM formulations for their
ability to increase survival in animals irradiated with
mixed-field tission neutrons.

Exposure to fission neutron radiation is more effective in
causing severe leukocytopenia in mice within 4 days than
exposure to “'Co « radiation (11, 12). Hemopoietic recov-
ery occurs in animals exposed to 7.0 Gy *'Co radiation by
Day 14 after exposure (/3. 14). Mice exposed to 3.5 Gy fis-
sion neutrons recover in a similar time period. Exposure
to higher levels of radiation produces leukocytopenia and
irreversible gastrointestinal damage. Death normally occurs
in these mice in less than 14 days due to denudation of the
intestinal mucosa. fluid and electrolvte imbalance. and bac-
teremia (/5). Infection is a major cause of death in animals
exposed to radiation doses sufficient to depress the immune
system severely but not to produce irreversible gastrointesti-
nal damage. for example, 5.75 Gy fission neutrons or 10.5
Gy *°Co. The source of the infection can be translocation
of normal intestinal flora or an external source. In these cir-
cumstances. bacteria of the family Enterobacteriaceae often
become opportunistic pathogens. One member of this fam-
ily, Klebsiella pneumoniae, is associated with a high inci-
dence of mortality in immunocompromised patients
(16, 17).

In this paper. we report on the effects of TDM on the
survival of fission neutron-irradiated mice when TDM s
used as a protectant (before exposure) and as a therapeutic
agent (after exposure) in irradiated mice. We also report the
effects of TDM as a therapeutic agent for irradiated mice
challenged with K. prneumoniae.

MATERIALS AND METHODS
Mice. JAX:B6D2FL female mice. 12-15 weeks of age (20-25 g). were
quarantined on arrival and screenced for evidence of discase hetore being

O033-7587/90 $ .00
Copynight '« (990 by Acadenue Press, Inc.
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released for experimental use. They were manntained in an AAALAC-ac-
credited facihity in plastic Micro-lsolator cages containing autoclaved hard-
woad chip. contact bedding. Mice were provided commercial rodent chow
and aciditied tap water (pH 2.5 with concentrated HCD ad libitirm. Animal
rooms were maintained at 70+ 2°F with 50 + 109 relative humidity using
at least 10 air changes per hour of 1004 conditioned fresh air. The mice
were on a 12-h hight/dark full spectrum lighting cycle with no twilight.
All research was conducted tn accordance with NIH and our Institutional
Animal Care and Use Committee guidelines tor the care and use of laboru-
tory animals.

Rudiation.  The technigues and dosimetry of exposing mice to mixed
radiation ficlds produced by the AFRRI TRIGA reactor were previously
described (/5. All radiation doses reported in this paper are the midline
tissue dose as measured using wonization chambers (/9). [n the present
study. a neuatron toy hermaratiool 1:HN:G  1)at midhine in the animals
was achieved by using a 15.2-cm lead shield in front of the reactor wall.
The neutron to y-ray kerma was chosen as representative of conditions
which might prevail during a nuclear weapons detonation or nuclear criti-
cality incident. Mice challenged with K. prucustoniae were given a nonle-
thal total (neutron plus y-rav)dose of 3.5 Gy midline tissue dose at 0.4 Gy/
min. Mice notchallenged with K. prcwmoniae received 3.75 Gy this is the
radiation dose that kills 8077 of the mice of this strain receiving no support-
ive therapy within 30 days (L.Dyg ). Mice were exposed individually in
well-ventilated aluminum restraining tubes that rotated at 1.5 rpm.

Dose reduction facter The dose reduction factor was determined for
irradiated mice receiving intraperitoneal (ip) injections of the various
TDM tormulations or control formulations either 1 day before or | h after
irradiation with tission neutrons. Groups of 10 mice were exposed to in-
creasing doses of radiation and their 30-day survival was monitored. Probit
analysis of the survival data was used to determine the best fit, and thus
the L.D<y to LDus s values. and to determine the dose reduction fac-
tor (DRF).

Immunomodudarors. Synthetic trehalose dimyceolate (S-TDM), a prod-
uct containing corynomycolic acid and trehalose. and native TDM in a
mixture of 2% squalene and 0.27% Tween B0 were produced by Ribi Immu-
noChem Rescarch Inc. (Hamilton. MT). S-TDM was prepared as pre-
viously described (7. 20). The native TDM was suspended in saline to give
a native TDM-squakene-Tween 80-saline emulsion (TDM-Q). The con-
centration of both TDM formulations was 200 g TDM/mI. Controls for
these preparations were 0.2 Tween 80-satine (TS) and 2% squalene in
0.27 TS (sqqualene emulsion). Mice received intraperitoneal injections of
0.5 ml of the appropriate TDM formulation or control formulations.

Buacteria. A clhimical isolate of K. ppeumoniae, serotype S, was prepared
as previously described (7). The pellet was washed twice with cold saline
and suspended to an optical density at 650 nm. known to yield | x 10°
viable bacteria/ml. The actual number of viable bacteria was determined
by plate counts on Trypticase Soy Agar (BBL.. Cockeysville. MD). Dilu-
tions for injection into mice and plate counts were made in sterile saline.

Bucterial 1.D«, o, The dose of K. pnewmoniae lethal to 50% of mice
within 30 days (1.D.:0) was determined for control and irradiated mice
by subcutaneously injecting 10-fold dilutions of K. preumoniae (10108
hacteria/0.1 ml) and monitoring survival for 30 days. Mice were injected
with bacteria on Days 1.4, 7. 10, and 14 postirradiation. To assure precise
delivery of bacteria and prevent injury to the animal, mice were anesthe-
tized by inhalation of methoxyflurane prior to injection of bacteria. Eight
mice were used for each treatment group and a total of six bacteria chal-
lenge concentrations were used to determine each LD« end point for
irradiated mice: four challenge concentrations were used for unirradiated
control mice. Groups of irradiated mice challenged on Days 1.4, and 7
received 10,107, 10°, 10, 10°, or 10" CFU/mouse. Irradiated groups chal-
lenged on Days 10 and 14 received 10°, 10%, 10°, 10°.107, or 10* CFU/
mousc. Groups of unirradiated control mice were injected with 10%, 10°,
107, or 10 CFU/mouse.
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FIG. 1. Percentage 30-day survival of B6D2F1 female mice that re-
ceived 5.75 Gy. N:G = 1 (LDgy, ). and 0.5 ml of Tween-saline, squalene
emulsion, TDM-O. or S-TDM. The above formulations were injected ip
into groups of 10 mice cither 1 day betore (filled) or | h after (hatched)
radiation ¢xposure.

Hematology. Mice received either 3.5 or 5.75 Gy of mixed-field radia-
tion. Experimental groups received either 100 ug/0.5 mi S-TDM or 0.5
mi of 0.2% Tween-saline | h postirradiation. Mice were anesthetized by
inhalation of methoxyflurane immediately before blood was obtained by
cardiac puncture. Immediately after blood was drawn, mice were cutha-
nized by CO, inhalation. Hematology studies were performed by certified
technicians of the Hematology section of our Institute’s Veterinary Sci-
ences Department.

RESULTS

In a series of protection experiments, mice were injected
ip with the TDM preparations | day prior to exposure to a
5.75-Gy MLT dose of fission neutron radiation. TDM-O
provided greater protection (90%) than S-TDM (60%),
while 10% of mice receiving Tween-saline survived and
20% of those receiving the 2% squalene emulsion survived
(Fig. 1). The TDM-O (P < 0.01) and S-TDM (P < 0.05)
were significantly better than TS at increasing 30-day sur-
vival of the mice exposed to radiation. The TDM-O was
significantly better (P < 0.01) than the 2% squalene emul-
sion.

When the TDM preparations were given therapeutically
1 h after exposure to 5.75 Gy fission neutron radiation,
TDM-0O provided the most benefit (88%) (Fig. 1). The
TDM-O formulation was significantly better than the squa-
lene emulsion alone (P < 0.001) when given 1 h after radia-
tion. No mice survived in the groups receiving S-TDM, TS,
or 2% squalene emulsion. Incremental increases in the
amount of S-TDM given up to 800 ug/mouse did not sig-
nificantly increase the survival of mice when given | h after
mixed-field radiation over that observed with 100 ug/
mouse (data not shown).

Dose reduction factors were determined for irradiated
mice which received S-TDM, TDM-O, Tween-saline (con-
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TABLEI
Probit Analysis of Mortality Data for Mixed-Field Irradiated
Mice Receiving Formulations Pre- or Postirradiation

Time of LD
{reatment Vehicle Treatment (Gy) DRFE¢

I Day  Tween-saline Tween-saline 530 1.00
I'ween-saline S-TDM 569 1.07
Squalene emulsion  Squalene emulsion RN 1.00
Sgqualene emulsion  TDM-O 396 1.07
I'ween-saline None 542 0.9%8
+lh I'ween-saline Tween-saline S14 1.00
Tween-saline S-TDM S48 1.07
Squalene emulsion Squalene emulsion S0 1.00
Squilene emulsion TDM-O 581 1.O%
Tween-saline None 542 09§
Nore Dose-response survival tactors inirradiated mice receiving TDM

tormulations. BoD2Fi mice received increasing amounts of mived radia-
tion (N:G - 1) One day betore or 1 hatter irradiation. groups of 20 mice
recenved 0.5 ml of one of the following tormulations ( Ireatment) by ip
injection: Tween-sahine. 2'¢ squalene emulsion. 100 gzg TDM-O. or 100
ug S-TDM. Mice used in this experiment recerved only one 1ip injection:
the formulation in the Vehicle column was not injected unless it also ap-
pearsin the Treatment column, Survival was followed for 30 davs. Probit
analysis of the results showed the slopes of the probit lines in the comparni-
sons 1o be parallel; all reported DRFEs are based on the LDy i, radiation
dose for case of comparison.
“DRF 1Dy 1 vehicle.

trol). or the squalene emulsion (control) (Table 1). Probit
analysis of the results showed the slopes of the probit lines
in the comparisons to be parallel: all DRFs are reported at
the LD, radiation dose for case of companison. For both
time courses, the DRFs for TDM-O and S-TDM were sim-
illar when compared to the appropriate controls. Tween-
saline lowered the DRF below that of irradiated animals not
receiving injections.

The bacterial LDy, for mice exposed to 3.5 Gy fission
neutron radiation and challenged with K. pneurntoniae fell
by 5 orders of magnitude by Day 4 and remained depressed
(2.5 orders of magnitude) on Day 7 (Fig. 2). On Day 10
postirradiation the increased LDy, indicated that the
mice were recovering. By Day 14 the LDy, returned to
nearly that of controls (overlapping 95% confidence inter-
vals). These data indicate that the animals are at greatest
risk between Days | and 7 postirradiation because it is dur-
ing this time that an exogenous bacterial challenge has the
greatest effect on mortality.

The TDM formulations given | h after exposure to 3.5
Gy fission neutron radiation had an effect on the 30-day
survival of mice challenged with 10, 100, 1000, or 5000
times the LDs,, 5, dose of K. pneumoniae on Day 4 after
exposure to radiation (Fig. 3). At the relatively low chal-
lenge dose of 10 times the LDsy,y,. all of the TDM formula-
tions increased 30-day survival, as did the squalene emul-
sion. When the challenge dose of K. pneumoniae was in-
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FIG. 2. Bacterial LDy, of mice challenged with K. pneumoniae fol-
lowing radiation exposure. BOD2F1 mice were given 3.5 Gy (N:G - 1)
radiation. K. prewmoniae was injected into groups of eight mice on Days
1.4, and 7 (10°, 107, 10%, 10, 10, 10" CFU/mouse): and on Days 10 and
14 (107 10, 10%, 10%, 107, 10* CFU/mouse). Groups of cight unirradiated
control mice were injected with 10%, 10°, 107, or 10* CFU/mousc. The
[.D¢.0 was determined by probit analysis and plotted for each time of
injection after radiation. Vertical bars represent the upper and lower 95%
contidence limits tor each L.Dqy .

creased to 100 times the LDsy,3, only the TDM-O, S-TDM.,
and squalene emulsion increased the number of mice sur-
viving over that of the control. The therapeutic effect pro-
vided by the squalene emulsion was not significantly (P
> (.25) different than control. At 1000 and 5000 times the
LDsy,0 dose of K. preumoniae, only TDM-O and S-TDM

100 ‘ r:{ 8
80 ~ § — —
. [
2 60 = T
2 L = — .
4 . =
g =
c
B a0 = = ]
& — =
20+ & E = ,
% = =
/a ] =
071010, 30 10010500 1000 LDgg,50 5000 LDgg 40
CHALLENGE DOSE OF K. pneumoniae
FIG. 3. Thirty-day survival of B6D2F1 female mice given 3.5 Gy (N:

G = 1) radiation and treated with TDM prior to challenge with K. pneu-
moniae. One hour after irradiation. 0.5 mi of one of the following was
injected ip into groups of 20 mice: (88) Tween-saline: (M8) squalene emul-
sion; (1) 100 mg TDM-O: (8) 100 mg S-TDM: (83) controls. Mice were
challenged on Day 4 after irradiation with either 10. 100. 1000. or 5000
times the LD« of K. preumoniac serotype 5.
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increased survival, TDM-O increased survival to twice that
of the S-TDM-treated group. The LDs, 5, e, 809 sur-
vivab for unirradiated mice is 2.08 =~ 10" with a lower con-
fidence limit of 7.95 x 10°, while for the irradiated mice
tredated with TDM-O the corresponding LDy, 5, 15 4.38

107, Thus TDM-O is capable of increasing the irradiated
mouse’s resistance to bacterial challenge to nearly that of a
nornitl mouse.

White blood cell (WBC), red blood cell (RBO). and plate-
let counts were obtained from mice given 3.5 or .75 Gy of
miaed-tield radiation and treated with cither 100 ug S-
TDM.053 ml or an equal volume of the vehicle (0.2
Tween-saliney 1 h postirradiation. White blood celf counts
were simtlar tor mice recenving either 3.5 or 3,75 Gy until
Day 14 atter radiation exposure. At this time the values
were significantly lower (2 -0 0L03) for mice exposed to 3,73
Gy (data not shown). This is true whether or not mice re-
cenved S-TDM T h atter exposure to radiation,

The ctfect of the two doses of radiation on the RBC and
platelet counts appeared to be similar until Day 14 for mice
treated with S-TDM (data not shown). By Day 14, the RBC
and platelet counts in mice exposed to 3.5 Gy were recover-
ing. and by Day 28 they were within 2000 of unirradiated
controd values, On Day 14, the surviving mice of the group
given 373 Gy and S-TDM [ h atter radiation had RBC and
platelet levels significantly lower (P < 0.05) than those of
mice receiving S-TDM 1 h afier 3.5 Gy,

DISCUSSION

For an immunomodulator to be uscful as a therapeutic
or radioprotective agent in the context of mined-held radia-
tion. it must be effective over a range of neutron to photon
ratios and have a fow potential for toxicity. Madonna ¢r al.
( 7y showed that TDM and a synthetic analog, S-TDM.
are capable of increasing survival tn mice exposed to an
1.D.. . dose of "'Co radiation. Additionally. they showed
that TDM-O and S-TDM increase the survival of mice ex-
posed to a sublethal dose of “’Co y vadiation and challenged
with KA. pueumoniae serotype S, In our experiments. we
have used the more severe radiation challenge generated by
a mived radiation field of equal doses of fission neutrons
and photons. Our results demonstrate that both TDM-O
and S-TDM formulations are effective in increasing sur-
vival when given | day before exposure to an LDy, dose
ot mixed-field radiation. However. only TDM-O is effective
at increasing survival at this radiation level when given | h
after radiation. The inability of S-TDM to increase survival
at the LDy, , radiation level when given 1 h after mixed-
field radiation is unclear, especially since S-TDM is effective
in increasing survival to an equivalent radiation dose when
the radiation is only photons (7). The difterences observed
are most likely due to the slightly different eftect cach type
of radiation has on cells (21). Specifically. the difference

AND MADONNA

might be related to a ditference in the ability of each type
of radiation, mixed-field or pure y radiation, to generate
oxvegen-derived free radicals and hvdrogen peroxide that
cause peroxidation of membrane-polyunsaturated fatty
acids (22). Additionally, squalene. a long-chain, polyunsat-
urated hvdrocarbon, may act as a quencher to destroy free
radicals and hydrogen peroxide before these agents can
affect membrane-polvunsaturated fatty acids. This concept
is consistent with the increased survival observed (Figs. |
and 3) when squalene alone is given and might also explain
the increased effectiveness of the TDM-O formulation.

Svnthetic TDM is an effective therapeutic agent for both
endogenous and exogenous infections in irradiated mice.
Mixed-field radiation doses of either 3.5 or 5.75 Gy both
reduce the number of WBCs. RBCs. and platelets on Days
I through 7 to similar levels. However. with the sublethal
dase. recovery of these cellular fractions begins by Day 14,
while with the 5.75-Gy dose they remained depressed. If the
mice receiving the sublethal dose of radiation are chal-
lenged with A preumoniae on Day 14 after radiation the
number of organisms required for an LDy, 1S equivalent
to unirradiated controls. 1.4 X 10°. However if these mice
are challenged on Day 4. the LDx, 418 reduced to 81 organ-
isms. If. however. mice receive SS-TDM | h after irradiation,
407 of those challenged are able to survive 5000 times the
LDy, 1, dose of the organisms. An identical experiment us-
ing TDM-Q had 807 survival at this level of bacterial chal-
lenge. From our results. itis clear that S-TDM is an effective
therapeutic agent at moderate mixed-field radiation levels
and an cflective therapeutic agent at both moderate and
high levels of 'Co (7).

Preliminary data suggest that S-TDM increases the
amount of tumor necrosis factor (TNF) present in the 24-h
supernatants of macrophages isolated from B6D2F1 mice
given S-TDM either | day before or | h after exposure to
an LD« w dose of mixed-tield radiation. compared to radia-
tion and S-TDM controls. Measurement of interleukin |
(IL.-1) in the same supernatants showed a decrease in the
amount of I1L.-1 present when S-TDM is given in conjunc-
tion with radiation, compared to radiation alone. If these
results are confirmed. they suggest that the ratio of TNF to
IL-1 may be an important aspect in determining whether
mice survive. These results would also be consistent with
the work of Neta using y-irradiated C3H/HEN mice (8) and
the work of Cross with unirradiated and bacterial-chal-
lenged C3H/HEN mice (23). Furthermore, they would be
consistent with the recent finding of Slordal ¢7 ¢/. (24). who
showed that murine rTNF-« given before sublethal irradia-
tion reduced the decline of neutrophils and total blood
counts after irradiation and also accelerated the subsequent
normalization of peripheral blood cell counts.

In conclusion, both S-TDM and TDM-O offer substan-
tial protection to endogenous infection when given | day
before high levels of mixed-tield radiation but only TDM-
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O is effective at this level when given after irradiation. Addi-
tionally. both S-TDM and TDM-O are effective in increas-
ing survival in irradiated and bacteria-challenged mice
when given | h after mixed-field radiation. The use of
TDM-O in tuture experiments because of its greater effec-
tiveness when compared to S-TDM must be weighed
against the reported toxicity of native TDM preparations
delivered in oil emulsions and the absence of toxicity of syn-
thetic analogs of TDM at equivalent concentrations
(25). We are continuing to explore the interaction of dif-
ferent tvpes of radiation and S-TDM stimulation of TNF
and IL-1.

RECEIVED: April 21, 1989: ACCEPTED: August 28. 1989
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