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Gene Expressicn of Hematoregulatory Cytokines Is Elevated
Endogenously After Sublethal Gamma Irradiation and Is
Differentially Enhanced by Therapeutic Administration of
Biologic Response Modifiers'

Verlyn M. Peterson,* jefirey J. Adamovicz,” Thomas B. Elliott,’* Mary M. Moore,*
Gary S. Madonna,’ William E. Jackson 111,* G. David Ledney,* and William C. Gause'
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Pronmyn. cytohine nwdiated restonaton o hematopowsss o g presequisate tor sunvnal atter aradiation: Therapn waith
brologie asponse moditers (BRMs, such as TS, 30 monopshosphony | ignd A (MPEYL and synthetic trehalose dico-
nnomytolate (5 TIOAM presumably accederates hematopoietic recoveny after sradiation by enhancimg expression ot
cytohines, However, the hinctics of the Gytokane gene response 1o BRAS andlon irrachation are poorly defined. One hour
after sublethal (7.0 Gy "'Cobah gamma imadiaton, B6D2E 1A temale niuce recenved a single 1p. injex tion of LPS, MPL,
S-TDCM, an extract trom Semalia marcescens (Sm-BRMY, o Tween 800 in saline (TS5, Five bours later, & quantitative
reverse trans nption-PCR assay demonstrated marked splenic gene expression for 1L-18.1L-3, 1L-6, and granulocyte-CSF
(G-CSF). Enhanced gene expression tor TNF -a, macrophage-CSF (M-CSF), and stem cell 1actor (SCF) was not detected.
injection of any BRM Turiher enhanced (ytohine gene expression and plasma levels of CSF activity within 24 h after
irradiation and hastened bone marrow recovery. Mice injected with S-TDCM or Sm-BRM sustained expression of the
iL-6 gene for at least 24 h after wradiation. Sm-BRM-treated nuce exhibited greater gene expression for iL-18, IL-3,
TNF-a, and G-CSF at day 1 than any other BRM. When challenged with 2 LDy, .y, of Klebsiella pneumoniae 4 days
after irradiation, 100% of Sm-BRM:-treated mice and 70% of 5-TDCM-treated mice survived, whereas =30% of mice
treated with LPS, MPL, or TS survived. Thus, sublethal irradiation induces transient, splenic cytokine gene expression
that can be diflerentially amplified and prolonged by BRMs. BRMs that sustained and/or enhanced irradiation-induced
expression of specific cytokine genes improved survival after experimental infection.  The Journal of Immunology,
1994, 153: 2321.

one marrow failure is an inevitable consequence
of life-threatening radiation injurics, and the sc-
verity and duration of the resulting neutropenia
influence morbidity and mortality (1. 2). Survival after ir-
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radiation requires regeneration of bone marrow from qui-
cscent hematopoietic stem cells (3, 4). Proliferation and
differcntiation of these hematopoietic progenitors depends
on the endogenous expression of hematoregulatory cyto-
kines (3-5). Therapeutic administration of IL-1, TNF-a,
IL-6, or SCF" after lethal irradiation improves survival in
animals, suggesting the importance of these hematopoietic
regulatory cytokines after radiation (6-10). Neta et al.
(11-14) rcport that pretrcatment of irradiated mice with
Abs specific for IL-1 receptor, TNF-a, IL-6, or SCF sig-
nificanily decreascs survival, whercas administrat’on of
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2122 CYTOKINE GENE EXPRESSION AFTER SUBLETHAL GAMMA IRRADIATION

Abs specific for §1-3. 114, GM-CSF. or IFN-y does not
altcr survival. These data suggest that afier radiation injury
prescnce of specific cytokines arc critical for restoration of
bonc marmmw and hone survival but do not address the issue
of induction of clevation of these cvtokines.

1t is clear that the therapeutic administration of a single
hematarcgulaton cyvtokine can accelerate hematopoictic
recovery in vivo aficr radianon injury. Howcever, in vitro
studies mdicate that bone marrow must be exposed o mul-
tiplc hematopoictic grwth factons 10 achieve optimal my-
clopealiferation (3. 4) An altcrnative 10 the therapeutic
administration of multipic cytokines in vivo after irradia-
tion s the use of a singlc BRM that induces the cndoge-
nous cxpression of many hematoregulatory cytokines (15).
For cxampie, LPS stimulates expreasion of several CSFs,
IL-1, TNF-a. and IL-6. and administration of LPS to mice
after kethal irradiation improves survival (16 <18). Unfuor-
tunately. preclinical and clinical Mudics indicate that 1LPS
is prohibitively toxic (19-22). Consequently. other bacte-
rially derived BRMs have been developed that retain radio-
protective and/or radiotherapeutic properties but exhibit less
toxicity. These agents include MPL, a dephosphorylated de-
nivative of the lipid A moiety of LPS; S-TDCM, a chemical
preperation similar to a native cell wall-associated glycolipid
isolated from Corvnebacterium specics; and Sm-BRM, a cell
mcmbranc/ribosomal RNA-sized vesicle preparation isolated
from Serratia marcescens.

Although therapevtic administration of BRMs appears
to improve host survival by cnhancing endogenous expres-
sion of cytokines that accelerate bone marmow recovery,
the effects of BRMs on the kinetics of cytokine gene ex-
pression after irradiation are not well defined, largely be-
cause quantitation of cytokine gene expression in hypo-
plastic, irradiated tissues has been technically difficult (17,
23). Recently developed RT-PCR assay techniques, how-
ever, enable quantitation of gene expression of multiple
cytokines from limited quantities of mRNA (24, 25). The
purpose of this investigation was to determine in a murine
model of sublethal gamma irradiation whether: 1) irradi-
ation alone is sufficient to induce cytokine gene c¢xpres-
sion; 2) therapeutic administration of BRMs alters post-
irradiation cytokine gene expression; and 3) therapeutic
administration of BRMs alters hematopoietic recovery
and/or improves survival after experimental bacterial in-
fection. Our results indicate that gene expression of spe-
cific cytokines is induced within 5 h after gamma irradi-
ation and is differentially enhanced and/or prolonged by
the therapeutic administration of BRMs. Despite the ob-
servation that therapeutic administration of any one of
these BRMs accelerated bone marrow recovery, only the
administration of S-TDCM or Sm-BRM sustained expres-
sion of specific, irradiation-induced cytokine genes and
improved survival of irradiated mice infected with Kleb-
siella pneumoniae. These data then suggest that the selec-
tion of BRMs capable of enhancing and/or prolonging
gene expression of hematoregulatory cytokines is an im-

portant factor in determining survival to infection after
sublcthal irradiation.

Materials and Methods
Mice

BODZEL ) femake mie (The Jach~on | abuoratons . Bar Harbor, MI). 11
whoof age. 1810 22 gowere hold in guaranting fr 2wk Neorospy
specimens from wentinel mice wete examined 10 cnsure the abaence of
spocifie intesinal hacteria and common munine discases by myrobl-
o). scrology. ano hivopatl ology  Up 100 ) micy were housed in sam-
twred 4bom » Mam > 15 om polycarhonate teaes with a filter aner
(Mucrulalator, 12b Products. I . Maywad. Ny on senlized hard.
wnnd chip hedding 1r 3 facilty scxredited by the Amernwan Asuwiatun
for Acvreditation of 1ahoratons Anmal Care Mg wore gnen foed ad
acrdified (pH 2 $) waier frech The ansmal holding nesm w as maintained
with conditemncd froesh air that was changed at lcast 1 mes per hout at
approuimalely 21°C and 8Fe (2 107 ey relatin e humidny and with a 12-h
leght dark full spoctrum lightang cvele AN rescarch was apprised by the
Inuituonal Animal Csre and Use Commatiee

Irradiation

Mice were placed in sentilated Plevglas containen and cxpened hilat:
crally 1o gamma radstin from the AFRR] “'Co wwrce. as res iushy
dewrnibed (26) Exposure ime was adjusicd s that cach anmal recencd
a 7.0-Gy midline tissuc-abrbed dine a1 3 nominal doae fate of 0.4
Gy ‘min at amiwent temperature Uiang a Mandardized technique. the mud-
line tissue dose ratc was measured by placing a O S.ov Iinsue cquivalent
inization chamber al the conter of 2 2 S-cm diameter cylindncal acryli
mouse phantom hefore Srradiation of animals (27) The tisause-to-211 ratio,
defined as the ratio o4 the dine tate 1n free air 10 the done fate measured
in the phantom. for this artay was 96 Varatson within the expansure
ficld was less than £7% (26) The lethal done for M¥5 of BAD2EL ) female
mice M) days after exposure (1D, o) W this surce was 9.6 2 0.3 Gy,

BRMs

All BRMs were administered i.p. | h after irradiation as sterile solutions
at dosages indicated in the results section. S-TDXOM (Ribi ImmunoChem
Rescarch, lic., Hamilion. MT) was preparcd as an aqueous suspension by
a muodification of the procedure of Vosika and Gray (28). as described
previously (23). Briefly, 2-mg aliquots of S-TDCM were solubilized in
0.2 mi of chloroform methanol (9:1). placed in a S-ml Potter-Elvehjem
tissue homogenizer, dricd under nitrugen, and suspended with homoge-
nization in TS to contain 400 ug/ml. Synthesis of S-TDCM was previ-
ously described (23. 29). Sm-BRM (gencrously provided by Dr. Cathe-
rine McCall, Cell Technology. Inc.. Boulder, CO) contains two distinct
particle classes, i.e., natural bacterial cell membrane vesicles and ribo-
somes derived from Serratia marcescens (31). Sterile distilled wate: was
uscd to dilute 1000 ug of lyophilized Sm-BRM 10 a final concentration
of 200 pg/ml. Sm-BRM was injected within 1 h of reconstitution. MPL
(400 pg/ml) derived from Salmonella enteritidis ser. ryphimurium (Ribi
ImmunoChem Research. Inc.) and protein-free, phenol water-extracted
LPS (50 pg/ml) from Escherichiu coli K235 (kindly provided by
Dr. Stephanic N. Vogel, Uniformed Services University of the Health
Sciences, Bethesda. MD) were prepared as described previously (32).

Collection of tissues

Sterile technique was used throughout. Mice were deeply anesthesized
with methoxyflurane (Pitman-Moore, Washington Crossing, NJ) before
exsanguination by percutaneous cardiac puncture using a syringe rinsed
with sodium heparin solution. Blood was transferred into a vial that con-
tained cthylene diamine letraacetate then placed immediately on ice and
centri’uged within 1 h at 4°C. Scparated plasma was then frozen at
—70°C until assayed for CSF activity. Spleens were pressed through
stainless steel mesh into 5 ml RPMI 1640 medium to disperse cells. Bone
marrow cells were obtained by flushing both tibia with 1 ml of RPMI
1640 per tibia. A 500-u1 aliquot of both cell suspensions was monodis-
persed by gentle pipetting, centrifuged, resuspended in RPMI 1640 sup-
plemented with 10% FCS, and kept on ice until culturcd for CI'U-GM.
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Table I.
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Primer sequences for amplification of cytokine cDNA during PCR and probe sequences for detection of amplified DNA product

Bases
Spanned
tsize}

Cytokine Antisense and Sense Primer

No. of
PCR
Cycles

Bases

Probe Spanned

HPRT GTTGGATACAGGCCAGACTTTGTTG

GATTCAACTTGCGCTCATCTTAGGC

514-538
652-678
(164)
572-592
1072-78/

G-CSF GAGCAAGTGAGGAAGATCCAG

TTAGGCACTGTGTCTGCTGC

1325-37(172)

M-CSF ATTGGGAATGGACACCTGAAG

GCTGTTGTTGCAGTTCTTGG

286-306
662-681
(396)
1000-1016
2485-2504
(256)
955-976
2437-2458
514)
73-94
414432
(159)
397416
572-592
195
156-176
576-595
1439

It-3 ACTGATGATGAAGGACC

TTAGCACTGTCTCCAGATC

TTCTGTCTACTGAAC “TCGGGG

ACTTGGGCAGATTG AZCTCAGC
IL-6 TTCCATCCAGTTGCCTTCTTGG
CTTCATGTACTCCAGGTAG
IL-1g GGGATGATGATGATAACCTG
TTGTCGTTGCTTGGTTCTCCT

SCF
«-kit ligand)

GATAACCCTCAACTATGTCGC
TACTGCTGTCATTCCTARGG

GTTGTTGGATATGCCCTTGAC 562-582 12

618-22/
971-83

AGTTGTGTGCCACCTACA
TTCCATGAGACTCCTCTC 571-588
TCGGAGAGTAAACCTGTCCA 20302049
CCCGACTACGTGCTCCTCACC  2248-2268
ACTTCACAAGTCCGGAGA 127-144
GGCTCCGAGATGAACAACAA 454-471

GAGGCCAGAAACTAGATCCT 384403

The remainder of the spicnucyles weie prumptly centrifuged. resus-
pended in 200 ul HBSS, homogenized 3 to S s in 1.5 mt RNAzol B
(Cinna/Biotecx Laboratorics International. Inc., Fricndswood, TX) by us-
ing a tissue homogenizer. frozen in liquid nitrogen. und stored at ~70°C
until RNA extraction could he performed.

Culture of granulccyte-macrophage progenitor cells

Myeloid progenitors (CFU-GM) in the bone marrow and spleen were
quantitated in soft agar using modifications of a previously described
technique (31). Briefly. 1 % 10* nuclcated bone marrow cells or 1 x 10"
splenocytes were cultured in | ml of 0.3% agar-McCoy's 5a medium
supplemented with 15% FCS and 100 pul of an Amicon-filtered human
urine concentrate that served as a source of CSF. Cells were plated in
35-mm plastic cuiture dishes and incubated for 7 days in 6% CO; at
37°C. Colonies comprised of =50 cells were enumesated with a dissect-
ing microscope. and data were expressed as CFU-GM per organ.

Bioassay for CSF in plasma

The presence of CSF activity in plasma was detected with modifications
of a bioassay described previously (31). Briefly, twofold dilutions of
pooled piasma were added to duplicate 35-mm tissue culture plates (final
plasma concentrations were 2.5, 5. and 10%). Plasma samples were then
covered with 1 ml of 0.3% agar in McCoy’s Sa culture medium supple-
mented with 15% FCS that containcd | X 10* nucleated tibial bone
marrow cells harvested from nonirradiated B6D2F1/J mice. Cultures
were incubated in 6% CO, at 37°C for 7 days and colonies were counted
with a dissecting microscope. CSF activity, expressed as U/ml, was cal-
culated as the product of the reciprocal of the sample dilution and the
mean number of coloni¢s per plate.

RT-PCR

RNasc-free plastic ware, water, and surgical gloves were uscd thruughout
the procedure.

Isolation and purification of RNA. Totl RNA was isolated using mod-
ifications of » one-step phenol guanidium isothiocyanate chloroform ex-

traction technigue (33). Aliei 2-piopanal precipitation and UV spectro.
pictometric quantitation for twotal ccllular KNA, S ug of RNA was
clectrophoresed in a 2% formaldchyde agarose gel that contained
cthidium bromide to ascertain whether the RNA was undegraded and
accuraicly quantitated. With this technique. the final preparation was free
of DNA and prolcin, with a 260:280-nm ratio >1.8

RT reaction. RT of RNA was performed in a final volume of 25 ul
using the technigue described by Svetic et al. (24), which is a modilica-
tion of that described by Diamond et al. (34). The final mixt e was
heated 10 70°C for S min to denature the RNA and cooled on ice. Then,
1.2 pal of RT (200 U/ml) was added to the mixture, centrif-aped 1o bring
down any condensation, and incubated at 17°C for 60 srin The reaction
was then heated al Y0°C for § min then quickly chil! J on ice.

PCR. Sensc and antisense primen, specific for the desited cytokine.
were added 1o the RT reaction product. along with PCR buffer, de-
oxynucleotide mixwures, and Taq pulymerase (24). For cach cylokine. the
optimum number of cycles was determined by achicving a detectable
concentration that was well below saturating conditions, as previously
described (24). To further cnsure that equal amounts of RNA were
added to cach PCR reaction, ptim .~ tor a housckeeping gere, HPRT,
were used 10 amplify the cUNA that was reverse transcribed from total
RINA and probed in the same 1.auner as the cytokines. Ampliticd product
was identified by Southern blot analysis {35) and quantitated by densi-
tometry with a Phospho' imager (Molecular Dynan: s, Sunnyvale, CA).
as previously described (24). The probes were specifically selected 1o
hybridize to a portion of the amplified scgment that was between the
nuclcotide sequences complementary to the primers to ¢nsure identitica-
tion of the ampfified segment. Sequences for primers and probes for I1.-6
and HPRT verc as previously described (24). Sequences for HPRT, G-
CSF, M-CSF, IL-3, TNF-a, IL-6. IL-18, and the c-ki* ligand, SCF, ap-
pear in Table 1.

Bacteria

K. pneumoniae AFRR] 7 was prepared as previously described (36).
Bacteria were injecied s.c. into mice that were lightly ancsthetized with
methoxyflurane.
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gene expression determined by RT-PCR.
One hour after gamma irradiation (7.0 Gy)
groups of five mice received a single i.p.
injection of TS and were killed at the times
indicated. Splenic cytokine mRNA levels
of IL-18, IL-3, IL-6, TNF-a, G-CSF, M-CSF,
and SCF are expressed as a proportional
change relative to the respective cytokine
mRNA levels in untreated, nonirradiated
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Survival measurement and statistical evaluation

Thirty-day survival among the various experimental groups of irradiated
mice were compared with the gencralized Savage (Manicl-Cox) proce-
dure (Program 1L, BMD Statistical Software, Inc., Los Angeles, CA).
When analyzing cylokine gene expression by RT-PCR, a log tiansform
was made of the ratio of the corrected densities for cytokine mRNA
measurements to the corrected densities for the housckeeping gene,
HPRT. For cach time period and treatment group (c.g.. LPS. MPL, S-
TDCM, Sm-BRM, and TS). the mean of these values was calculated and
the mean of the log transformed ratio for untreated values was subtracted
from these means. The antilog values of these diffcrences were then plot-
ted along with their standard error. A proportion of the nonirmadiated
control of “1” i~dicates that the valuc for a treated group cquals the value
for the urireated, unirradiated control group. In addition, a onc-way anal-
ysis of variance was performer on the log transformed ratios at each time
period to compare treatments. If the onc-way analysis of variance was
significant, then a Newman-Keul's test was conducted to determine
where statistically significant differences umong reatment groups ex-
isted. Unless stated otherwise, data are caiculated as the mean = SEM,
and statistical significance is assumed for p < 0.05.

Results
Effects of irradiation on cytokine gene expression

Irradiation (i.c., irradiated mice injected with TS) was suf-
ficient to induce an early (4 h after TS or § h after irradi-
ation) increase in cytokine gene expression for IL-18,
IL-3, IL-6, and G-CSF but TNF-a, M-CSF, and SCF
mRNA levels were unaltered compared with untreated,
unirradiated control mice (Fig. 1). At 24 h after radiation,
mRNA levels for =l cytokines, except IL-3, had returned
10 baseline. Exposure to sublethal irradiation alone thus

induces a transient expression of mRNA for IL-18, IL-6,
and G-CSF and a slightly more prolonged expression of
mRNA encoding IL-3.

Effects of BRMs on cytokine gene expression after
irradiation

The kinctics of cytokine gene expression of IL-18, IL-3,
IL-6. TNF-a, G-CSF, M-CSF, and SCF were monitored
for 10 days beginning 4 h after a single i.p. injection of
either 25 ug LPS, 200 ug MPL. 200 ug S-TDCM. 100 ug
Sm-BRM, or 0.5 ml TS. Because the biologic responses
were cquivalent at the dosages of LPS and MPL used in
this study, only data from LPS-injected micc are presented
for cytokine gene expression after injection of these two
BRMs. Initially, injection of BRMs tended to enhance
and/or prolong cytokinc genc expression but over time
gene expression returned toward levels observed in irra-
diated mice injected with TS. For example, IL-18 mRNA
levels 4 h after injection (i.e., 5 h after irradiation) were
not increased by BRMs above the initial ~15-fold in-
crease seen in TS-injecied, irradiated controls (Fig. 24).
but injection of S-TDCM or Sm-BRM maintained IL-18
gene expression abuve levels seen in TS-injected mice at
day 2. Only an Sm-BRM injection prolonged IL-18 genc
cxpression beyond day 2.

TNF-a gene expression was modestly enhanced (~S5-
fold increase over irradiated controls) a* 4 h after injection
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FIGURE 2. Comparative effects of a single i.p. injection of
BRMs on gene expression for IL-18, TNF-a, and IL-6 after
sublethal gamma irradiation. One hour after irradiation, L™S,
MPL, S-TDCM, Sm-BRM, or TS was injected into groups of
five mice and splenic mRNA levels quantitated serially by
RT-PCR for IL-18 (A), TNF-a (B), and IL-6 ((). Data are ex-
pressed as a proportional change relative to the respective
cytokine mRNA levels in untreated, unirradiated controls.
Cytokine gene expression for LPS and MPL are comparable
and only data for LPS-injected mice are shown.

of LPS and at both 4 and 24 h after injection of Sm-BRM
(Fig. 28). S-TDCM administration failed to induce cx-
pression of TNF-a mRNA at any time point after injec-
tion. Although irradiation resulted in an ~40-fold increase
in levels of IL-6 mRNA, injection of BRMs furthcr cn-
hanced IL-6 gene expression at 4 und 24 h after injection
(Fig. 2C). Subsequently, only Sm-BRM or S-TDCM
maintained levels of IL-6 gene expression above levels
found in TS-injected, irradiated controls, and beyond day
3, only irradiated mice that received Sm-BRM continued
to express high levels of IL-6 mRNA.

Levels of G-CSF mRNA were increased ~ 100-fold 4 h
after injection of TS but subsequent determinations found
G-CSF mRNA levels equal to or bele & those observed in
unirradiated controls (Fig. 34). Administration of LPS or
Sm-BRM amplified gene expression threefold and four-
fold, respectively, above levels scen in TS-treated mice at
4 h but S-TDCM injection did not enhance G-CSF gene
expression. However, injection of LPS, S-TDCM, or Sm-
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FIGURE 3. Comparative effects of a single i.p. injection of
BRMs on gene expression for G-CSF and M-CSF after suble-
thal gamma irradiation. One hour after irradiation, LPS, MPL,
S-TDC'M, Sm-BRM, or TS was injected into groups of five
mice and splenic MRNA levels quantitated serially by RT-
PCR for G-CSF (A) and M-CSF (B). Data are expressed as a
proportional change relative to the respective oytokine
mRNA levels in untreated, unirradiated controls. Cytokine
gene expression for LPS and MPL were comparable and only
data for LPS-injected mice are shown.

BRM was associated with cnhanced levels of G-CSF
mRNA at days 1, 3. and S after irradiation, although not to
the levels observed in the Sm-BRM treatment group. In
contrast, BRM administration failed to alter splenic gene
cxpression of M-CSF at any time point aficr irradiation
(Fig. 38).

IL-3 and SCF genes were also expressed differentially
in response to administration of BRMs (Fig. 4). IL-3 genc
expression was markedly enhanced at 4 h and at days 1, 2,
and 5 after injection of Sm-BRM campared with irradiated
mice injected with TS (Fig. 44). LPS, MPL, and S-TT-CM
did not augment IL-3 gene cxpression, and, similar to the
pattern of gene expression observed for M-CSF. spicnic
mRNA levels of SCF were not enhanced at any time after
irradiation by any of thc BRMs evaluated in this study
(Fig. 4B).

Effects of BRMs on plasma CSF activity

Irradiated mice that were given saline exhibited a minimal
increase in plasma CSF activity (110 = 30 U/m!) 5 h after
irradiation but all subsequent plasma determinations for
CSF activity were comparable to plasma CSF levels in
unirradiaied, untreated controls (i.c., =40 U/ml) (Fig. 5).
Administration of BRMs resulted in an enhanced but tran-
sient plasma CSF responsc 4 h after injection. The CSF
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FIGURE 4. Comparative effects of a single i.p. injection of
BRMs on gene expression of IL-3 and SCF after sublethal
gamma irradiation. One hour after irradiation, LPS, MPL, -
TDCM, Sm-BRM, or TS was injected into groups of five mice
and splenic mRNA levels quantitated serially by RT-PCR for
IL-3 (A) and SCF (B). Data are expressed as a proportio:al
change relative 10 the respective cytokine mRNA ievels in
untreated, unirradhated controls. Cytokine gene expression
for LPS and MPL were comparable and only data for LPS-
injected mice are shown.

response to LPS was approximately twicc that observed
after injection of MPL, S-TDCM, or Sm-BRM and ~15-
fold above levels found in irradiated mice injected with
TS. However, plasma CSF levels in LPS-treated mice de-
clined to levels scen in irradiated controls S days after
irradiation. Plasma CSF levels in irradiated mice injected
with MPL or S-TDCM also fell rapidly but rcmained
higher than CSF levels seen in mice injected with LPS or
TS. In contrast, irradiated mice injected with Sm-BRM
experienced a rise in plasma levels of CSF activity that
was sustained for 24 h before declining. Measureable
plasma CSF activity beyond day 7 was observed only in
irradiated mice treated with Sm-BRM and S-TDCM. This
late advantage in the plasma CSF response to Sm-BRM
and S-TDCM is depicted in the insert in Figure S.

Eflects of BRMs on myeloid progenitors after
radiation

Late myecloid progenitors (CFU-GM) in bone marrow and
spleen were undetectable in all treatment groups at day 7
after irradiation (Fig. 6). However, CFU-GM appeared in
both the bone marrow and spleen in all BRM treatment
groups but not irradiated controls by day 14 after irradia-
tion. CFU-GMs were not detected in bone marrow or

CSF Activity (U/mL)

CSF Activity (U/mL)

o MPL
—a- S-TDCM

021
Days atter rradiation

FIGURE 5. Comparative effects of BRMs on the plasma
CSF response after sublethal gamma irradiation. One hour
after irradiation, LPS, MPL, S-TDCM, Sm-BRM, or saline was
injected into groups of three mice and plasma was collected
at4 hand ondays 1, 2, 3, 5,7, 10, 14 and 21 after irradi-
ation, Serial dilutions of pooled plasma (three mice/pool)
were assayed in triplicate for CSF activity, as outlined in the
Materials and Methods section. Data represent one of two
identical experiments with comparable results.

A. Tiblal Bone Marrow

LPS MPL
S-TCCM Sm-BAM

Salne

Days After (rrgcighon

FIGURE 6. Comparative effects of BRMs on recovery of
myeloid progemitors (CFU-GM) in bone marrow and spleen
after sublethal gamma irradiation. One hour after irradiation,
LPS. MPL, S-TDCM, Sm-BRM or saline was injected into
groups of three mice and animals were killed at the times
indicated. Pooled tibial hone marrows and spleens (three
mice/pool) were assayed in triplicate to quantitate CFU-GM,
as autlined in the Materials and Methods seciion.

spleen of TS-treated, irradiated mice until day 21. At day
14, splenic CFU-GM were ~2-fold greater in mice treated
with S-TDCM and Sm-BRM compared with LPS and
MPL treatment groups. Compared with all other treaiment
groups, bone marrow CFU-GM were ~1.5-fold higher in
Sm-BRM-treated mice at day 21.
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FIGURE 7. Comparative effects of BRMs on 30-day survival
in sublethally gamma irradiated mice inoculated with K. pneu-
moniae. One hour after irradiation, LPS, MPL, S-TDCM, Sm-
BRM, or saline was injected into groups of 10 mice and 4 days
later mice were given a subcutaneous inoculation of 6.1 x 10°
CFU (2 LDgyys,y)- Survival in each experimental group was noted
daily for 30 days after irradiation.

Effects of BRMs on survival in irradiated mice
challenged with K. pneumoniae

To determine whether the differences that were observed
in cytokine gene expression, plasma CSF levels, or my-
eloid progenitor recevery among experimental groups al-
tered survival in response to sepsis, BRMs were used in an
experimental infection model in irradiated mice. One hour
after irradiation, groups of 10 mice received a single i.p.
injection of a BRM or TS. Four days later, mice received
a s.c. inoculation of either saline or 6.1 X 10° CFU (2
LDyg,,3,) of a washed suspension of K. pneumoniae. Sur-
vival was assessed for 30 days and K. pneumoniae was
isolated from heart blood of dead mice to confirm the
cause of infection. The resulting survival curves, depicted
in Figure 7, revealed that all mice treated with Sm-BRM
survived. Mice that were treated with S-TDCM suffered
no mortality until tlie 5th day after bacterial challenge, and
the 30-day survival was 70%. In contrast, <30% of irra-
diated mice that were injected with saline, LPS, or MPL
survived infection. The majority of mortalities in these ¢x-
perimental groups occurred within 7 days of bacterial
challenge.

Discussion

Our data demonstrated a rapid, transient increase in endo-
genous splemic gene expression of IL-18, IL-3, IL-6, and
G-CSF in response to sublethal irradiation. The cytokine
gene response observed in splenic tissue in our in vivo
model appeared 10 be specific because gene expression of
TNF-a, SCF, and M-CSF was not amplified after irradia-
tion. The data also ind.cated that expression of cytokine
genes could be differentially enhanced and prolonged, de-
pending on the BRM used. Although LPS and MPL elic-
ited abbreviated splenic cytokine gene responses and tran-
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sient increases in plasma CSF activity. both S-TDCM and
Sm-BRM elicited more prulonged gene responses and an
carly and late incrcasc in plasma CSF activity. In addition,
prolonged expression of multiple cytokine genes, such as
that seen after a single injection of S-TDCM or Sm-BRM,
was associated with superior protection against experi-
mental infection

No previous in vivo studies to our knowiedge have pro-
vided direct evidence of endogenous cytokine gene ex-
pression after irradiation but several in vivo studies have
provided indirect evidence that reconstitution of medullary
and extramedullary hematopoiesis after sublethal irradia-
tion is mediated by hematoregulatory cytokines (3, 4, 6, 8,
36, 37). Neta and Oppenheim (6) reported that a single i.p.
injection of IL-1 1 to 3 h after lcthal irradiation improved
survival in a dose-dependent fashion in mice, presumably
due to known myelopoietic effects of IL-1 (38—-40). Ad-
ministration of IL-3, 1L-6, G-CSF, and GM-CSF has also
hastened myelorestoration after irradiation by enhancing
proliferation of myeloid progenitors (6, 41-45).

Irradiation did not induce increased expression of
TNF-a, SCF, and M-CSF genes. The absence of splenic
expression of these cytokines may be a reflection of the
specificity of the cytokine gene response to sublethal irra-
diation. Alternatively, an apparent lack of expression of
these gencs may have resulted from tight gene regulation
and by waiting 5 h after irradiation to sample spleens tran-
sient early gene expression may have been missed. Evi-
dence for this possiblity has been found in cell culture
studies in which i10nizing radiation induced transient gene
expression of TNF-« and IL-1 that returned to baseline
within 6 h (46, 47). Several in vivo studies have provided
indirect evidence that endogenous expression of TNF-a,
SCF, and M-CSF is induced after irradiation and is im-
portant for susvival. Therapeutic administration of TNF-a
improved survival in lethally irradiated mice and injection
of an Ab that is specific for TNF-« before irradiation de-
creased survival (6, 12). Chronic administration of recom-
binant canine SCF restored bone marrow hematopoiesis
and enhanced recovery of circulating neutrophils in lc-
thally irradiated dogs (10) and injection of an Ab specific
for SCF before radiation decreased survival in mice (14).
Similar studies with Abs specific for M-CSF have not been
reported, but administration of M-CSF accelerated hema-
topoietic regeneration after bone marrow ablation in mice
(48). Therefore, it is possible that expression of genes for
TNF-a, SCF, and M-CSF occurred after irradiation in our
murine model but probably 1ook place in extrasplenic tis-
sues, such as endothelium, bone marrow stroma, or skin
(16, 49-51).

The mechanisms responsible for prolonged cytokine
gene expression in sublethally irradiated mice injected
with S-TDCM or Sm-BRM are unknown but the manner
in which macrophages ingest and subsequently degrade
S-TDCM and Sm-BRM may explain the protracted cyto-
kine gene response (31, 52, 53). The superior ability of
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Sm-BRM to protect septic mice may represent synergistic
cffects of LPS and non-LPS-rclated components of Sm-
BRM. Ribi ct al. (54) showed that a combination of MPL
and S-TDCM was superior to cither BRM alone in im-
proving survival to Salmonella enteritidis infection. It is
possible that Sm-BRM. by providing both LPS and non-
LPS components of the bacterial celi wall, ensured a sim-
ilar synergistic advantage in our study.

The ranked order of the ability of BRMs to induce and
sustain cytokine gene expression (Sm-BRM > S§-TDCM
> LPS ~ MPL = TS) paralleled the ability of each group
to survive infection. This relationship was most pro-
nounced for IL-6 gene expression. IL-6 has been shown to
improve survival after a septic challenge by decreasing
overexpression of 1L-1 and TNF-a, increasing a protective
hepatic acute phase protein response, and augmenting ad-
renocortical responsiveness (13, 49-51). In addition, all
BRMs induced an early plasma CSF response and an ac-
celerated appearance of CFU-GM in bone marrow and
spleen. Enhanced gene expression of IL-3 was observed in
Sm-BRM-treated, irradiated mice and may have been
partly responsible for the late increase in plasma CSF lev-
els and improved survival to infection. IL-3 synergizes
with M-CSF in vitro to enhance myeloproliferation and
prevents apoptosis by reducing the rate of DNA cleavage
during a G, arrest point, which occurs in the first few
hours after radiation (55, 56).

Although BRMs may have been present in plasma sam-
ples that were assayed for CSF activity, it is unlikely that
a carryover of BRMs was responsible for the mcasured
CSF activity. In our hands, spiking plasma samples with
BRMs before bioassay does not increase colony formation
(i.e., CSF activity). Comparable plasma CSF responses
have been noted by other investigators in normal and ir-
radiated mice injected with LPS (16, 31, 57, 58). The im-
portance of this prolonged, endogenous expression of
CSFs in micc injected with S-TDCM and Sm-BRM in this
study is suggested by earlicr studies that reported that
chronic administration of hematoregulatory cytokines ac-
celerated bone marrow recovery and improved survival
after myeloablative therapy (8, 9, 43, 59-61).

Bone marrow and splenic proliferation of CFU-GM
were absent in all treatment groups at day 7 after irradia-
tion, and no correlation between the absolute number of
CFU-GM and postinfeciion survival at day 7 was evident.
Other studies have documented the absence of myeloid
progenitors and circulating neutrophils 7 days after ir-
radiation, even after therapy with hematopoietic cytokines
(8, 9, 43). The lack of correlation between the number of
myeloid progenitors found in the bone marrow and
host survival after irradiation has been noted by others
(17, 55, 58, 62).

On balance it appears that sublcthal irradiation induces
limited splenic cytokine gene expression that can be ex-
panded, amplified, and prolonged by a single i.p. injection
of BRM 1 h after irradiation. Kinetics of the BRM-asso-

CYTOKINE GENE EXPRESSION AFTER SUBLETHAL GAMMA IRRADIATION

ciated cytokine gene response to radiation depends on the
particular BRM used. LPS and MPL clicit an abbreviated
cytokine gene expression and initiate prompt but transient
increases in plasma CSF activity. S-TDCM and Sm-BRM
clicit similar carly responses but the responses tend to be
morc protonged. The ability of irradiated mice o with-
stand a septic challenge appears to depend on the ampli-
tude and duration of cytokine gene expression and the
genes that are expressed. Induction of a broad-bascd cy-
tokine response after sublethal irradiation, such as that
scen after a single injection of S-TDCM or Sm-BRM, is
associated with the best protection against septic mortality.
Additional studics nced to be performed to determine
whether these BRMs are cfficacious in the setting of
lethal gamma irradiation, with and without superimposed
infection.
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