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res tb a potent ln!hmmatory challange,

such as Gram-negative endotoxin, a number of cy- -

tokines are induced that, in turn, mediate many of
the pathophysiologic alterations associated with
endotoxicity. In this study, we have observed two

endotoxin- ted monokines, recombinan: in-
terleukin-grll, 13hand recombinant tumor necro-
sis factora)( ‘to induce colony stimulating
factor (CSF) in The ctivities produced in
response to riL a)gave rise to a mixture

of gmnulocyte-mcrophnge colonies and were in-

duced in a dose- and time-denendent fashion, peak-

ing within 3 hr of cytokine injection {preceding peak

CSF induction by endotoxin by several hours). Com-
lped in of su concentrations of riL
(@)and rTNFa) were additive, and simultaneous in-

jection of optimal concentraticns of each faiied to

increase CSIF levels over that observed with either .

cytokine alone. Unlike endotoxin, neither cytokine
induced interferon in vivo. These findings extend
our understanding of the cytokine cascade that is

operative in an inflammatory response and may.

account for many of the observed hematopoietic
alt;rations that accompany inflammation.

\[J‘v’ *'.z.\

Many of the pathophysiologic responses to endotoxin.
the lipopolysaccharide (LPS} derived from Gram-negative
bacteria. are mediated by the induction of specific mac-
rophage-derived soluble factors (1-3). For example, LPS

induces the production of interleukin 1 (IL 1), which in.

turn mediates fever. neutrophilia. hypoferremia. and the
production of acute-phase reactants. such as fibrinogen.
C-reactive protein. and serum amyloid A (4. 5). More
recently. IL 1 has been reported to mimic the radioprotec-
tive effeccs of LPS (6). Tumor necrosis factor (TNF) has
also been tmpiicated as a mediator of endotoxicity by the
demonstration that passive administration of poivcional
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.anti-TNF antibodies protected mice against lethal chal-

fenge with LPS (7). Both of these factors. as weill as others
associated with LPS-responsiveness. e.g.. glucocorticoid

" antagonizing factor (8) and interferon (IFN) (9). are pres-

ent in' maximal titers in the serum within several hours
of LPS administration (10-12).

Recent evaluation of the effects of cloned. recombinant
IL 1a (rlL la) and recombinant TNFa (rTNFa) prepara-
tions has revealed that the induction sequence for these
two factors. as well as the specific contribution each
makes physiologically. may be more interdependent than
originally imagined. Dinarello et al. (13) and Bachwich et
al. (14} have shown that rTNFa induces IL ! in macro-
phage cultures. Dinarello et al. (13) further showed that
rTNFa itself was pyrogenic. and at high concentrations
resulted In two cycles of fever: the first one TNF-medi-
ated: the second. IL 1-mediated. -

Colony stimulating factor (CSF} is also induced by LPS:
however, serum levels of CSF are not maximal until
approximately 8 hr after LPS administration (13). Before
the availability of ril. 1. Kampschmidt. Upchurch. and
Puliam (16. 17) provided the {irst evidence that CSF could
be produced indirectly. in response to partially purified
preparations of “leukocyte endogenous mediator.” which
were extracted from glycogen-induced peritoneal exu-
dates. The findings presented here confirm and extend
those of Kampechmidt and his co-workers. Both murine
and human riL la preparations. as well as rTNFa. in-
duced in vivo serum CSF activity in a dose- and time-
dependent fashion. which preceded peak induction of
CSF by LPS. However, uniike LPS, nelther cy(oklne in-

duced IFN in vivo.

MATERIALS AND METHODS

Mice. For most of the experiments presented. CS7BL/6J (The
Jackson Laboratory. Bar Harbor. ME) mice were utilized. In addition.
C3H/HeJd and C3H/OuJ mice (The Jackson Laboratory). CIH/HeN
mice (Animal Genetics and Production Branch. NC1. Frederick. MD).
and outbred HSDXIICRIBR mice (Harlan Sprague Dawley. Indianapo-
its. IN) were aiso used. Femnaie mice. 8 to 12 wk of age. were used for
all expertments. Mice were housed in cages with Micro-Isoiation unit
tops and were allowed access (o food and actd water ad Itbitum.

Reagents. Murine riL 1o {18) was obtained from Hoffmann-La.
Roche. Inc. (Nutley. NJ: Ro 23-7390. Lot No. 14430-110-48) The
murtne ril | was provided in 5 M guanidine hyvdrochioride (Gu-HCY)
as a stabilizing agent. A control bactertal extract in Gu-HC) |No.
131486-129-49) was also suppited by Hoffmann-LaRoche. inc. Hu-
man riL 1a (19). provided in sucrose (as a stabilizing agent). was
obtained from Immunex (Leattie. WA). At this tim= there is no
"international stundard” for [L la preparations. and Zisgnment of

? Abbreviations used 1n this paper: riL 1o, recombinant interleukin 1-
w rTSFa, recombinant tumor necrosis factor a. CSF. colony stimulating
factor: Gu-HCI. guantdinium hvdvothlondt
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“units” can vary from laboratory to laboratory. Therefore. because
the murine and human reagents were obtained from different
sources. it was esesential to ensure compasability of units. To do this.
both murine and human ril. 1o preparations were assayed simuita-
neously in a thymocyte proliferation assay (20). Briefly. serial two-
fold dibutions of the ril. « preparations were made in bicsssay me-
dium (RPMI 1640 su ted with 2 mM ghramine. 28 xM 2-
mercaptoethanol. 100 U/ml penicillin and 100 »g/mi streptomyein,
and 10% fetal calf serum [FCS|). To each set of triplicate wells of a
98-well plate (Falcon. Oxnard, CA) were added 50 ul/well of each
dllution of ril. 1s and 50 uxl/well of phytohermggiutinin (Enzo Bio-
chemicals, NY: prepared in bicassay medium at a concentration of
1 og/ml). w«ummwmmrmo-
to 8-whk-oki C3H/HeJ mice in bicassay media at 1.5 x 10° cella/ml.
and 100 xl/well were added immediately upon preparation of the cell
suspension. Cuitures were incubated at 37°C, 3% CO, for 72 hr.,
pulsed with [*Hthymidine
and were harvested onto filters with a cell harvester (Brandei. Gaith-
ersburg. MD). To determine relative units of activity. the scinttilétion
data was plocted as log {counts per minute) ve logy dilution™’..and
linear regression analysis was carried out ower the linear portioh of
the dilution curve. The dilution at which half-maximal uptake was
observed was extrapoiated from the equation for the best itne of fit
and was assigned a vaiue of one unit of activity. Based on the results
of three separate thymocyte proliferation assays. we determined the
murine and human riL. 1a preparations to possess specific activities
of 1.0 x 10° U/mg and 7.3 x 10° U/,

Human rTNFa was obtained from n(au-um.uma-unso.
LY 18390/182. 1.5 x 10" U/mg). Protein free. phenol-water-ex-
tractec endotoxin dertved from E. colt X238 (LPS} was preparad by
the method of M~intire et al. {2)).

All reagents were diluted to the desired concentration ins pyrogen-
free saline just befere 1.p. injection of 0.3 mi per mouse.

Measurement of CSF acttvity (n serum. At the indicated times
after injection. mice were bied from the orbdital plexus. and serum
was collected after clot formation dy centrifugstion. CSF activity
was measured in pooled se:um samples collected (rom four to five
mice per treatment group per experiment. The bone marrow colony
assay for CSF activity has beern described in detail (23). Brtefly. CIH/
HeJ bone marrow cells were enriched for mononuciear ceils by
density gradient centrifugation on lymphocyte separation medium
(Litton Bionetics. Charleston. SC). The cells coilected from the inter-
face of the gradient were washed and resuspended in RPM! 1640
suppiemented with antibiotics. glutamine. sodium bicarbonate.
HEPES buffer. and 155 FCS. Three serial twofoid dilutions of each
serum sampie (30%. 18%, and 7.5% [v/v]) were prepared in this
medium. and 0.2 m! of each dilution was added to each of duplicate
wells in a six-well tisaue culture plate. A final cell suspension was
prepared at | x 10® cells/ml in compiete medium suppiemented with
0.3% Bacto-Agar (Difco. Detroit. Mf} and maintained at 41°C. One
milliliter per well was added immediately after resuspension of the
cells in the agar-medium mixture. Once solidified. the cultures were
incubated at 37°C (3% CO4yj for 6 to 7 days. at which time colontes
{#50 cells/colony) were counted under & dtssecting m . Se-
rum CSF activily was expressed as colony forming units (CFU)
militliter of serum. based on colony counts within the linear part of
the serial dilution curve.

In some experiments. individual colonies were extracted from the
semisolid agar cuitures by using either a pasteur pipette or a Pipette-
man (Rainin. Woburn. MA). were resuspended in 0.2 ml FCS, and
were subjected to cytocentifugstion (Cytospin 2: Shandon Southern
Products. Astmoor. England). Slides were fixed in methanot and
were stained with a modified Wright's statn (DIff-Quick. American
Scientific Products. McGaw Park. IL).

Measurement of IFN activity tn serum. The level of IFN in serum
sampies was measured in an antivical aseay, which tests the ability
of the serum to protect murine L929 fibroblasts (rom infection with
vesicular stomatitis virus (Indiana strain). Units of activity were
based on the protection afforded by serum samples relative to the
NIH International Standard (Cat. No. G-002-904-511). This assay
has been described in detail (23).

RESULTS

Inductton of CSF in vivo by murine and human riL
la. Intraperitones! injection of mice with murine riL lc
resulted in a time- and dose-dependent induction of se-
rum CSF activity. Figure 1 illustrates that in response to
injection of an optimal dose of murine riL 1 (determined
from Fig. 2). induction of CSF activity peaked by 3 hr and
was reduced significantly by 6 hr and 24 hr postinjection.

the last 4 to 6 hr of incubation, .

CSF ACTIVITY (CFUML)

riL la AND rTNFa INDUCE CSF in vivo

cit g

HOURS POST-INJECTION

. Figure 1. Time course for the induction of CSF in vivo by murine ril.
1. CS7BL/8J mice were injected 1.p. with 1300 U of murine ril. 1a. At the
indicated times pown)ecuoncg:up- of {ive mice were bled: their serum
was pooled and assayed for activity as described 1n Materials and
Methods. Pooled sera from mice m)ected with saline contained 0 CFU/
mi. Serum from mice injected with LPS (25 ug). collected at 6 hr postin.
Jection. contained 3260 = 220 CFU/mIi. The results represent the means
2 SEM and were dertved {rom & single representative experiment.

Neither saline nor a control bactertal extract (provided in
the same Gu-HCl carrier as the ril. 1a and injected at
concentrations equivalent to as much as 4000 U of the
biologically active riL la preparation) induced any CSF
activity over a 24-hr period. Maximum riL la-induced
CSF activity preceded optimal induction of CSF by E. coll
K235 LPS. shown previously to peak at approximately 6
hr postinjection (15). although the magnitude of the riL
la-induced response was usually slightly less than that
seen {n LFS-injected animals. Figure 2 shows a dose-
response curve for the induction of CSF by murine ril.
la. 3 hr pustinjection. Maximum CSF induction by mu-
rine ril 1a was typicaily observed between 7 x 10% and 2
x 10° U of activity. The murine riL 1o had no CSF activity
itseif. as evidenced by a failure to iniduce bone marrow- .
derived colonies ! 56it agar (data not shown).

The induction of CSF in mice by human riL la was .
very similar to that observed with murine ril. la with
respect to both time and dose dependenries (Table | and
Fig. 3). Figure 3 presents a composite of individual data
points derived from 11 separate experiments, which
shuws that the responses induced by murine and human
ri. la preparations peaked at approximately 3 hr post-
injection and were not significantly different from each
other. or from that induced by LPS. It should also be
noted that murine and human riL 1o induced CSF com-
parahiy in a vartety of outbred and inbred mouse strains.
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DOSE OF MURINE riL-wn INJECTED (UNITS)

Figure 2. Dose-response curve for the induction of CSF in vivo by
murtne riL lo. Groups of CS7BL/6J mice (five mice per group) were
inected with the indicated concentrailion of murine ril 1o and were bled
3 hr postingection. The serum was pooled within a trestment group and
was assaved for CSF sctivity as described In Materials and Methods

Serum (rom mice Injected with saline contained 0 CFU/ml. The resulud

represent the means : SEM and were derived {roc) a singe representative
experiment. '

TABLE |

Dose-dependent induction of CSF (n mice (njected with human
recombtnant il le

INDUCE CSF in vivo 2145
Muring and Nemen il ¥ .
s en §
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[} ] 4 [ B 24
HOURS POST-INJECTION

Figure 3. Composite time course for the induction of CSF in vivo by
murine and human ril. 1e. Mustne (@ or human (O} ril. 1a (750 to 4000
U) was injected into groupe of ftve mice (CS7BL/6J. CIH/HeJ. CSH/OuJ.
C3H/HeN. or HSDIICRIBR struins). The mice were bled at the indicated
times postinjection. and the paoled sers were asaayed for CSF activily.
The results represent a compiiation of data from 1 1 separate experiments.
Neither saline nor control bacterial extract induced >10 U/mi CSF activity
in any strain or at any time paint. Triangles represent the CSF response
of different groups of mice ta LPS (23 ug) at 8 hr postingection. The small
dar within each time potat indicates the geometric mean of the individual
data points for that time point. ’

TABLE 1
Induction ¢f CSF activity tn CIH/HeJ mice by human ril le
COF Activity
Mouss Birain m (CrU/mi
csraL/e Nermal serum o
Human il la: 3 hr 1740 2 142
CIH/Me) Nerma! serum 10z 10
Human ril. e
In 18172178
Shr 432 87
M hr - 1102 10

Treatment® CF Activity (CPU/mi)
Saitne 3z 2
7% x10°U10ng 702 10
3.73 % 10° U (30 ng) S00 = 180
78 x10°U 20 ag) 2211 2 341
3.78 % 10° U (300 ngy 2373+ 378
7% » 10°U (1000 ng 2490 2 88
1.5 » 10U (2000 ng) 27%0 £ 200

*Groups of CS7BL/8 mice (four to [Ive mice per group) were injected
1 p with saline or the indicated dose of human riL Jo and were bied 3 hy
after injection The resulls represent the means = SEM of data pooied
from three separate experiments

including endotoxin-hyporesponsive C3H/HeJ strain (Ta
ble iI). This latter finding supports the hypothesis thaf
riL. 1. and not an endotoxin contaminant of t!:e recom
binant preparations. is responstble for induction of CSF
Analvsis of cvtospin preparations of individual colontes
revealed that the CSF activity which was induced re
sujted in the development of both macrophages and gran
ulocvtes from bone marrow progenitor cells (Fig. 4al.

“Groups of CS7BL/6 or CI3H/HeJ mice (five mice per group| were
injected with nathing (normal serumioe 750 L (100 ng) human it la1 p
and were bied at the (ndicaed times after injection. The results represent
‘the means = SEM derived {rom & single representative experiment

In addition to measurtng CSF activity. every serum pool
was also screened for the presence of IFN ceuvity in &
standard antiviral assay. Neither murine nor human ril
1a induced detectable IFN in vivo (R » <2.2 £ 0.4 U/ml
n = 30). in contrast to the IFN levels induced by LPS
between 2 and 6 hr postinjection (X = 129 = 34 U/ml. n
-7, :

Induction of CSF (n vivo by human rTNFa. Recent
studies by Beutler. Cerami. and Miisark (3. 7} have impli-
cated TNF as another important mediator of LPS-induced
toxicity. We therefore examined the abtlity of human
rTNF-a to induce CSF in vivo. Like riL la. rTNFa )
tnduced CSF (mixed granulocyte-macrophage colonies:
Fig. 4b) in a time- and dose-dependent fashion (Fig. 5). ti)
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(.r.n preparsitens of col-
mm L le- @) of ITNFo
& induced

CSF ACTMITY (CFUAR)

noms POST-INIECTION

nguus Time course and dose-response curves for rTNF a-induced
CSF Figure illustrates the ime course {or the induction of CSF by 7 3 x
10° U {5 ug) rTNFa in CS7BL,6 mice and represents the mean = SEM of
two separate experiments. inset shows the dose-response curve for CSF
inductin by rTNFo Based on the specific activity of this material. | U e
‘0 087 ng. Results represent the means 2 SEM and were dertved from four
separate experiments in which CSTBL/8 and CIH/HeN mice (four to five
mice per treatment group per expenment| were injected. In all of these
experiments. pooled NOrMAl seTum of serum (rom saline-injected animais
contained 0 CFU/mi

was active in the endo(oxm-h_vporesponsl've C3H/HeJ
mouse strain (saline-injected = 0 CFU/m!: rTNFa (5 ug)-
injected = 3.530 CFU/ml. 3 hr postinjection,;. and iii)

failed to induce IFN activity (<1.82 0.5 U/ml.n= 7). Two
differences between rTNFa- and riL 1a-induced CSF were
obeerved. First, the concentrations of rTNFa required to

" induce CSF were considerably higher than the concentra-

tions of either murine or human riL la preparations.
Second, by 6 hr after administration of rTNFa (Fig. 8).
the CSF response had declined to a much lower level than
obeerved at 6 hr post-riL 1a (Fig. 1).

Table Il demonstrates that combined injection of
rTNF 2 and human riL la in suboptimal concentrations
resuited in additive CSF induction, whereas simuitane-
ous injection of optimal doses of esch cytokine fatled to
induce greater levels of CSF than elicited by either cyto-
kine alone. Combined treatment did not induce IFN ucuv-
ity (<0.4 U/mi)..

TABLE M

Induction qrcsr activity Dy combined treatment with human ril. le
and rTNFa
wmmy
) Treatmene® (CFUImi) __
Saline ()
it la
75 x 10 U (10 ng) 1190 = 328
379%10°U (0 ng 1600 = 199
7.9 x 10°U ({100 ng 3620 £ 683
rINF .o )
1.3 % 10°U (100 ng 202 42
7.3 x 10° U (300 ng - 3516 M
78x100U (S ug 3435 £ 383
Combined (reatment:

993 £ 10211200 £ 3277
2400 2 2351708 £ 3391
2308 = 37% (1690 = 199,

il le (10 ng) + rTNF4 (100 ng}
it 1¢ (10 ng) + rTNFa (300 ng)
ril 12 (30 ng) » rTNFa (100 ng)

il 1o (30 ng) ¢ rTNFa (500 ng) 2960 + 41412116 £ 218y

ril 1e (100 ng) » tTNFa (3 ug) 2900 = 689 (7058 = 783¢
.*Groups of C37BL/6 mice (four nice per group) were injected t.p. with
saline or the indicated doee of M ril ‘o and/or rTNFao and were bled
3 hr after injection. CSF activity in the serumms . as measured as described
In Matertals and Methods. Results represent the means = SD of two

separate experiments.
® The number in parentheses is the expected CSF activity based on the
sums of the individual (reatment means and their caicuisted combined

standard deviations.
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DIaCUSS:ON _
Endotoxin is a potent inflammatory agent that induces

in susceptible hosts a spectrum of responses which range

from being highly beneficial to being extremely toxic—
i.e.. increased nonspecific resistance to infection: protec-
tion against lethal irradtation: the induction of early and
late phase endotoxin tolerance and adjuvanticity (24-

27): and induction of fever (28). hypoglycemia (29). abor-

tifactent effects (30). shock and death (1). It is now ap-
preciated that many of these physiologic changes are
attributable to the action of specific, LPS-induced, mac-
rophage-derived factors on target cells in the host. For
‘instance. [L 1 has been shown to act on the hypothalamic
region of the brain to induce fever (31) and to induce
synthesis of acute-phase reactants by hepatocytes (4).

. Glucocorticoid antagonizing factor induces hypoglycemia

by blocking glucocorticoid induction of hepatic enzymes.
such as phosphoenolpyruvate carboxykinase, which in
turn blocks gluconeogenesis {8). More recently. a role for
TNF in endotoxicity was supported by the demonstration
that passively administered. anti-TNF antibodies pre-
vented LPS-induced lethality (7). Previous studies indi-
cated that in vivo, LPS induced the maximal appearance
of both IL 1 and TNF in serum within approximately 2
hr (10-12). An unexpected relationship between IL 1 and
TNF was reported recently by Dinarello et al. (13) and
. Bachwich et al. {14). Both groups showed that rTNF
induced IL 1 in vitro. In vivo, high doses of r'TNF were
found to induce two temporally distinct febrile responses
(13). Differences {n heat stability between TNF and IL |
and the use of highly specific anti-human IL 1 antibodies
prompted Dinarello et al. (13) to conclude that 1) TNF
itself was a pyrogen, and 2) TNF-induced IL 1 was re-
sponsible for the second {ebrile response.

Clearly. less is understood about the cellular mecha-
nisms that underlie some of the other manifestations
that follow LPS administration. and especially those that
result in hematopoietic changes. For instance. LPS in-
duces an influx of neutrophils into the blood and perito-
neal cavity (16, 32). as well as an increase in macrophage
progenitor cells in the bone marrow, 3 days alter injection
{23). Because previous work by Kampechmidt, Upchurch,
and Pullam (168, 17) showed that partiailly purified prep-
arations of “leukocyte endogenous mediator” (which con-

" tatned IL 1 and probably TNF) induced CSF activity in

vivo within 8 hr. we sought to confirm and extend these
findings by using recombinant preparations of IL 1a and
TNFa. The results presented herein demonstrate that i.p.
injection of murine and human ril. la preparations in-
duced in mice CS¥ activity that peaked by 3 hr post-
administration. On the basis of activity in the thymocyte
proliferation assayv. the murtne and human riL 1o prep-
arations induced CSF over the same concentration range
"and were both as active in endotoxin-hyporesponsive
C3H/HeJ mice as in normally endotoxin-responsive
strains. Recombinant TNFa also induced CSF activity
when administered {.p.. but on a. concentration basts.
was considerably less efficactous than riL la. and the
response was !¢ss sustained over time than that induced
by riL 1a. However, these dose differences may be related
to the route of administration chosen for use in these
studies. For both human riL 1a and rTNFa. low levels of
serum CSF activity were detectabie as early as | hr

2147

postinjection (data not shown). Because rTNFa induced
levels of CSF that were comparable to those induced by
riL. 1a, the possibilities exist that 1) TNF can act inde-
pendently of IL 1 as an inducer of CSF and/or 2} rTNF
induces the CSF activity via an IL-1 intermediate. Even
though the time courses for the induction of CSF by
rTNFa and riL 1o were simtilar, {i.e., we did not see any
indication of a second. later peak of CSF in response to
rTNF). and the simultaneous injection of optimal doses
of two cytokines were not addicve for induction of CSF.
we cannot at thjs time dismiss the possibility that at very
high concentrations of rTNFa (>10 uxg) a second. IL 1-
induced CSF peak might manifest itseif.

The exact molecular specics of CSF induced by riL la
or rTNF in vivo is not known at this time. Clearly. both
induced an activity in the serum that resulted in primar-
ily mixed granulocyte-macrophage colonies (Fig. 4). How-
ever, this could be due to a mixture of CSF species (e d..
a granulocyte-specific CSF {G-CSF} plus macrophage-spe-
cific CSF-1, and/or to the activity of a single GM-CSF
species). Results of early work using various affinity
purification techniques to characterize the CSF activity
in serum derived from LPS-injected mice suggested that
a mixture of CSF species were produced in response to
LPS (33).

The finding that r.either riL 1a nor rTNF induced de-
tectabie levels of IFN in the serum was surprising in light
of several recent reports that have indicated that both
cytokines induce IFN in vitro in fibroblast cultures (34,
35). LPS has been reported to induce [FN activity in
serum, which, like IL 1 and TNF, peaks at 2 hr {9). Studies
indicate that LPS-induced IFN s produced principally by
macrophages (38), and would therefore presumabiy be a
form of IFN-a. aithough this has not been confirmed with
the use of antibodies specific for IFN-a (37). Thus. differ-
ences between in vivo and in vitro cytokine-induced IFN
production may be related to differences (n “target cells.”

The induction of CSF activity by LPS (15, 38) may well
be the direct effect of LPS on certain cell types {e.g..
macrophages or endothetlial celis). In a very recent report.
Munker et al. (39) demonstrated that TNF can act directly
in vitro to induce production of GM-CSF In normal lung
fibroblasts and vascular endothelial cells, as well as In

certain malignant cell types. However, the data presented

herein suggest several alternative pathwayvs by which
CSF production might be stimulated tndtrectly following
LPS administration (1.e.. LPS = IL | — CSF: LPS — TNF
—+ CSF: LPS — TNF — [L ] - CSF). Future experiments
in which IL 1-specific antagonists (such as monoclonal
or polyclonal anti-murine IL 1 antibodies) are adminis-
tered in vivo in combination with LPS or rTNFa should
enable a delineation of these pathways and thetr actual
dependancy on IL | as an Intermedtate in this inflam-
matory cascade. -
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