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Essential Roles for Granulocyte-Macrophage Colony-Stimulating Factor
(GM-CSF) and G-CSF in the Sustained Hematopoietic Response
of Listeria monocytogenesinfected Mice

By Yifan Zhan, Graham J. Lieschke, Dianne Grail, Ashley R. Dunn, and Christina Cheers

The in vivo roles of granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) and granulocyte (G)-CSF were studied in
factor-deficient gene-targeted knockout mice infected with
the facultative intracellular bacterium Listeria monocyto-
genes. Previous results showed that G-CSF—/— mice had an
underlying selective deficiency in granulopoiesis, but GM-
CSF—/— mice had little disturbance in resting hematopoi-
esis. Nevertheless, in this study it is revealed that 3 days
after intraperitoneal infection with 2 x 105 Listeria, GM-
CSF—/— mice harbored 50-fold more organisms in their
spleen and liver than similarly infected wild-type mice. This
was accompanied by a severe depletion of bone marrow

in their peritoneal cavity. Thus, GM-CSF is essential for
emergency, but not resting, hematopoiesis. In contrast,
G-CSF—/— mice were markedly susceptible to low doses
(2 x 10%) of Listeria intraperitoneally. After infection, the
acute (1 day) granulocyte infiltration to the peritoneal cavity
was normal compared with wild type, but the more pro-
longed monocyte response was deficient, reflecting a contin-
ued decrease in bone marrow cellularity and hematopoiesis
over 3 days, which was not observed in infected wild-type
mice. It is thus apparent that G-CSF deficiency affects
monocytopoiesis as well as granulopoiesis during infection.
© 1998 by The American Society of Hematology.

hematopoietic cells and a deficient inflammatory response

HE COLONY-STIMULATING factors (CSFs) are an and spleed? Macrophage activation to increased bactericidal
important group of cytokines discovered for their ability activity by interferony is a key event in acquired cellular
to support the culture of hematopoietic cells in vitro. In vitro resistance to this and other intracellular bacté&tibntil re-
studies indicated that CSFs support the survival, proliferationcently, it was assumed that granulocytes played little role in
differentiation, and end cell function of myeloid cellszor resistance to intracellular bacteria, but depletion studies using
example, granulocyte-macrophage colony-stimulating factormonoclonal antibody (MoAb) to the Grl marker have shown
(GM-CSF) supports the in vitro growth of neutrophilic granulo- that granulocytes are essential in both the primary and second-
cytes and of macrophages from their common progenitor cellsry infection withListeria!415The granulocytes are believed to
and enhances the functions of granulocytescrophagesand lyse infected parenchymal cells, releasing the bacteria and
dendritic cells3 whereas G-CSF controls the survival, prolifera- exposing them to killing by activated macrophages/mono-
tion, differentiation, and function of mature neutrophilic granu- cytes?® It is the importance of both granulocytes and macro-
locytes and their precursotddowever, it has been difficult to  phages which makes this infection a suitable choice to test the
confirm an in vivo physiological role for the various CSFs in role of GM-CSF and G-CSF in emergency hematopoiesis in
hematopoiesis. One definitive approach to studying the in vivaknockout mice. Despite the apparent redundancy of GM-CSF in
role of cytokines is the development of gene-targeted knockoutesting hematopoiesis, the study of intraperitonkmteria
mice® In particular, the generation of mice with targeted infection in GM-CSF—deficient mice showed that there was a
disruption of the G-CSFor GM-CSF8 genes is aiding the deficiency in the emergency hematopoietic responsésteria
study of the in vivo roles of these two CSFs. infection, although such deficiency was not as striking as that
We have previously reported that the G-CSF-deficient miceseen in G-CSF-deficient mice.

suffer a chronic neutropenia associated with a deficiency in
granulopoietic precursor cefisThe G-CSF-/— mice were MATERIALS AND METHODS
highly susceptible to intravenous infection with the facultative Mice and bacteria. GM-CSF-/— and G-CSF-/— mice were
intracellular bacteriumListeria monocytogenedn contrast, produced by targeted disruption of the respective genes in 129
although suffering a characteristic pulmonary diséasiee occipitolaeva anterior (OLA) embryonal stem cells which, after selec-
GM-CSF—deficient mice show little disturbance in resting tion, were injected into C57BL/6 blastocy$ts.Both 129/0OLA and
hematopoiesis, with normal numbers of colony forming cells C57BL/6 mice are genetically resistantlttsteria infection and show
when their bone marrow was cultured in any of a variety of

hematopoietic growth Tactors, and n.ormal n,u,mber,s OT granulo- From the Department of Microbiology, the University of Melbourne,
cytes and monocytes in the blo6dhis surprisingly indicated  papyille, Victoria, Australia; and the Melbourne Tumour Biology

that despite its potency in vitro, at least for baseline hematopoigranch, Ludwig Institute for Cancer Research, The Royal Melbourne
esis, GM-CSF was apparently redundant in vivo. Hospital, Victoria, Australia.

Against this background, we undertook to study the response Submitted July 14, 1997; accepted September 29, 1997.
of the GM-CSF-/— mice to the facultative intracellular Supported by the National Health and Medical Research Council of
bacteriumL monocytogenedhis organism provided the origi- Australia Project Grant No. 921126.
nal definition of cell-mediated immunity (CMI) and has since _Addr_ess reprinp reql_;ests to Christina Cheers_, PhD, Department of
been used extensively to study the control of GMh the M|crob|plogy, University of Melbourne, Parkville, Victoria, 3055,
murine infection,L monocytogenesurvives within macro- Australia,

h d i h | cells. Th v infl ¢ The publication costs of this article were defrayed in part by page
phages and liver parenchymal Cells. € early inflamma Orycharge payment. This article must therefore be hereby marked “adver-

response is Critically import.ant in natura! rgsistance, .and .theﬁsement” in accordance wth 18 U.S.C. section 1734 solely to indicate
major gene governing resistance to this infection in miceinis fact.

determines the time of onset of that resposéapparently via © 1998 by The American Society of Hematology.
its effects on the number of hematopoietic cells in bone marrow 0006-4971/98/9103-0010$3.00/0
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quantitatively similar responses to infection. The G8F mice and  of infiltration of cells to the peritoneal cavity correlates strictly
wild-type control mice used in these experiments were comparablyyith natural genetic resistance in different strains of nifce.

outbred and maintained in the Department of Microbiology, University pmice were killed 1 or 3 days after infection for bacterial counts
of Melbourne. The mice were housed in isolation and fed sterile pelletqn liver and spleen (Fig 1A and B). At day 1 postinfection,
and water to maintain their infection-free statlissteria monocyto- bacterial numbers in the GM-CSH#— mice were similar to the

geneswere maintained by weekly subculture on horse blood agar L . .
(HBA). Mice 6 to 8 weeks old were infected intraperitoneally witk2 numbers in wild-type mice, but by day 3 the GM-C mice

104 or 2 X 10P Listeriafrom a 24-hour HBA culture and the dose was showed more than 50-fold exacerbation compared with wild-
checked retrospectively. type mice P < .01). The experiments were terminated at this
Quantitation of infection. Mice were killed by CQnarcosis. Spleen  time because this dose was uniformly lethal for GM-C$F
and liver were removed aseptically and individually homogenized inmice after 4 or more days, and lethal also for a proportion of
normal saline with an Ultra Turrax homogenizer (Janke and Kunkelwild-type controls.
KG, Breisgau, Germany). The numberslagteria in the organs were Numbers of peritoneal cells in uninfected mice did not differ
estgblished by plating seria! 10-folq dilutions of organ homogenates i"significantly between GM-CSF/— and wild-type mice (Fig
saline on an HBA plate and incubating at 37°C for 24 hours. 1C). After intraperitoneal infection with X 1CP Listeria, the
Cell preparation. Bone marrow cells were prepared by flushing the number of cells in the peritoneal cavity of GM-CSF- mice

tibia with an enriched Dulbecco’s modified Eagle’s medium (GIBCO, v half that i ild-t ice by 3 d fter infecti
Grand Island, NY) with 10% fetal calf serum (DMEM 10% Fcs)  Was only half that in wild-lypeé mice by 5 days arter infection.

using a syringe with a 25-gauge needle. The cells were centrifuged al "€r€ Was no significant difference in numbers of neutrophils
800y for 7 minutes, resuspended in DMEM 10% FCS, and counted. and macrophages between wild-type and GM-E&F mice,
Peritoneal cells were prepared by washing peritoneal cavities with 5 mLeither uninfected or 1-day infected (Fig 1D and E). However, by
DMEM + 10% FCS. Peritoneal cells were pelleted by centrifuge at3 days after infection the numbers of macrophages were
800y for 7 minutes and resuspended in 10 mL DMEML0% FCS. significantly lower in GM-CSF/— mice compared with wild-

MoAbs. For MoAbs against the granulocyte marker Grl (RB6- type mice (Fig 1E). The percentage of neutrophils and macro-
8C5);" ammonium sulfate-precipitategrglobulin from ascitic fluid  phages was not significantly different in the peritoneal cavity of
was used. For MoAbs against the macrophage marker R280ture uninfected or 1-day infected wild-type and GM-CSF- mice

supernatants were used. Ammom_um sulfate-precipitataglobulin (Table 1). By day 3 there was a significantly higher percentage
from rat serum was used as a negative control.

Phenotypic analysis. Bone marrow cells were washed once in
phosphate-buffered saline (PBS, pH 7.2) with 5% FCS. Cells were ther 19
mixed with appropriately diluted MoAbs on ice for 30 minutes. After (a) Spleen | (b) Liver .
washing twice in PBS-5% FCS, cells were incubated with fluorescein g ]
isothiocyanate-labeled sheep anti-rat Ig (mouse absorbed) (Silenu: I
Hawthorn, Australia) on ice for 30 minutes. After two washes in PBS, |
cells were analyzed by FACSort (Becton Dickinson, San Jose, CA). Cel
populations were analyzed and percentages calculated using the Bect:
Dickinson Immunocytometry system “Cell Quest” application. Be- T T T 7
cause the F4/80 marker is downregulated on macrophage activéition,
was not a satisfactory marker of inflammatory macrophages/monocyte 4 1 ’—-
in the peritoneal cavity. Therefore, these cells were assessed microscoy 1 3 1 3
cally. Peritoneal cells were spun through an FCS cushion in a Time since infection (days)
cytocentrifuge onto microscopic slides and stained with Diff-Quick
(Lab-Aids, Narrabeen, New South Wales, Australia). For differential
counts, 500 cells per slide were scored.

Assay for colony-forming cells (CFCs)CFC assays were per-
formed as describel. Triplicate cultures containing 5 10* bone 8 81
marrow cells in 1 mL semi-solid agar were placed in 35-mm Petri dishes ; T
(Becton Dickinson, Oxnard, CA). To this was added 0.1 hh & in 4 6 6
dilution of serum prepared from BALB/c mice which had been injected
intraperitoneally with 5 mg lipopolysaccharide egcherichia coli
011:B4; Difco Laboratories, Detroit, MI) 6 hours earlier. This lipopoly-
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saccharide (LPS) serum was used to support CFC growth because LF 5
. N 4
serum reflects the cocktail of CSFs that are encountered duringd ¢l——(— Py S—
infection2° Cultures were incubated at 37°C for 6 days and colonies 0o 1 2 3 4 0 1 2 3 4
contairjin_g more than 50_ce||s_wgr_e counted. ‘ Time since infection (days)
Statistics. The statistical significance of the experimental data was
determined by Studenttstest. Fig 1. Bacterial numbers and inflammatory responses in GM-
CSF—/— mice. GM-CSF knockout mice (H) or wild-type mice ((J)
RESULTS were infected intraperitoneally with 2 x 105 Listeria for 1 or 3 days.

Bacterial load and peritoneal cells were quantitated. Data represent

Listeria infection in GM-CSF-/— mice. Sex- and age- mean and standard deviation of groups of five mice. *P < .05 and
matched GM-CSF/— and wild-type mice were infected **P < .01 compared with wild-type mice. Results were from one of
intraperitoneally with 2< 10F Listeriaorganisms. The intraperi-  1"e similar experiments. (&) Bacterial counts in spleen. (b) Bacterial
. i i counts in liver. (c) Total cells recovered per peritoneal cavity. (d)

toneal route of infection was chosen because it allows readyeutrophils per peritoneal cavity. (¢) Macrophages and monocytes

observation of the phagocytic cells drawn to that site. The rateer peritoneal cavity.
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LISTERIA INFECTION IN CSF KNOCKOUT MICE

Table 1. Percentage of Cells in the Peritoneal Cavity and Bone
Marrow of GM-CSF—/— Mice and Wild-Type Mice Before
and After Intraperitoneal Infection

Peritoneal Cells

Neutrophilic Macrophages/ Bone Marrow Cells

Infection Mice Granulocytes  Monocytes GR1* F4/80*
None GM-CSF—/— 1+1 81+2 58+3 12=*2
Wild type 1+x1 81+3 52+5 8+1

lday GM-CSF-/— 57 £ 11 41 + 13 60+x7* 7=x2
Wild type 56 = 8 38 =10 48 £ 6 8+2

3days GM-CSF—/— 34*+6 56 = 61 6210 10=*2
wild type 22+8 73+ 9 68 = 2 9+2

Mice were infected with 2 X 10° Listeria intraperitoneally and
groups of five mice were killed at day 1 or 3 postinfection, or without
infection. Peritoneal cells and bone marrow cells were prepared from
individual animals. Peritoneal cells were assessed microscopically,
while bone marrow cells were analyzed by FACS. The results are
typical of four separate experiments.

*P < .05 by Student’s t-test.

tP < .01 by Student’s t-test.

of typical macrophages in the wild-type mice. It was of interest
that approximately half of the peritoneal cells (5396%)
from GM-CSF-/— mice contained visibleisteriaorganisms 3
days after infection. Only one quarter (27865%) of the cells
from wild-type mice contained visible bacteria at this time and
there were considerably fewer bacteria per cell.

Hematopoietic response of GM-CSF- mice to infection.
The explanation for this impairment in defense against infectior
was sought by analysis of the bone marrow progenitors.
Consistent with the known dafathe total numbers of bone
marrow cells and the numbers of CFCs recovered from the tibié
of uninfected GM-CSF/— mice were similar to those from
wild-type mice (Fig 2A and B). After intraperitoneal infection
with 2 X 1P Listeria organisms, bone marrow cellularity
showed a steady depletion in both GM-CSF and wild-type
mice. By day 3, numbers in GM-CSH— mice were signifi-
cantly lower than in wild-type mice (Fig 2A). The numbers of
CFCs recovered from the tibia also showed a decline which wa:
significantly greater in the GM-CSH— mice than wild-type
mice (Fig 2B).

Phenotypic analysis of bone marrow cells by FACS showed
no deficit in GrI" or F4/80" cells in uninfected GM-CSF/—
mice compared with wild-type (Fig 2C and D). By day 3, total
numbers of Gri cells in GM-CSF-/— mice were only half
those in wild-type mice, whereas no differences in the total
numbers of F4/80 cells were noted. The percentages of Grl
and F4/80 cells in the bone marrow were not consistently
different between the two types of mice (Table 1). The slight
excess of granulocytes in GM-CSF— mice was not observed
in other experiments.

It should be noted that all the above results involved
challenge with a relatively high dose dfisteria (2 X 10P).
When mice were injected intraperitoneally with 2 10

865

strains 3 days postinfection. On the other hand, in the three
experiments where exacerbation was observed there were
deficiencies in the bone marrow cells and peritoneal exudate
cells similar to those described above for higher doses of
Listeria (results not shown).

Listeria infection in GM-CSF-/— mice. In contrast to
GM-CSF-/— mice, G-CSF-/— mice have reduced numbers of
granulocytes and hematopoietic cells under resting conditions.
Our previous study showed that susceptibility of G-C%F to
intravenously injected.isteria was associated with a deficient
blood inflammatory response to infectiéo allow compari-
son with intraperitoneally infected GM-CSH#— mice (above),
GM-CSF-/— and wild-type controls were infected intraperito-
neally in the present study with>2 10* Listeriaorganisms. The
low dose (compared with & 10° for most of the GM-CSF/—
experiments) was necessitated by the marked susceptibility of
the G-CSF/— mice to infectiorf Groups of mice were killed 1
or 3 days later. Consistent with the previous study of intrave-
nous infection, at 1 day after infection, bacterial counts in liver
and spleen of G-CSF/— mice were similar to counts in
wild-type mice, indicating no impairment of the initial ability of
resident macrophages to capture the organisms. However, by 3
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Fig2. Number of bone marrow cells in wild-type and GM-CSF—/—
mice following Listeria infection. GM-CSF—/— mice (H) and wild-
type mice (CJ) were either uninfected or infected intraperitoneally

Listeria organisms, a dose which resulted in marked exacerbawith 2 x 105 Listeria for 1 or 3 days. Bone marrow cells were flushed

tion in GM-CSF-/— mice (below), in four out of seven

from the tibia of individual mice. Data represent the mean and SD of

experiments there was no exacerbation of infection in thelndividual tibia of five mice in each group. *P < .05 and **P < .01

GM-CSF-/— mice. In those experiments in which no exacerba-
tion was observed, similar numbers of bone marrow cells,
CFCs, and peritoneal exudate cells were found in the two mous

compared with wild-type mice which were infected with the same
dose of Listeria. Results were from one of three similar experiments.
(a) Total cells recovered per tibia. (b) Colony forming cells per tibia. (c)
8rl+ cells per tibia. (d) F4/80+ cells per tibia.
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Table 2. Percentage of Cells in the Peritoneal Cavity and Bone
Marrow of G-CSF—/— Mice and Wild-Type Mice Before
and After Intraperitoneal Infection

days postinfection, spleens and livers of G-C3F mice
harbored at least 100 times mdristeria than wild-type mice
(Fig 3Aand B).

To test the local inflammatory responselisteria infection
in G-CSF/— mice, the total cellularity and cell subpopula-
tions in the peritoneal cavity were monitored after intraperito- 'nfection Mice

Peritoneal Cells

Neutrophilic Macrophages/ Bone Marrow Cells
Granulocytes ~ Monocytes GR1* F4/80*

neal infection. Before infection, the numbers of cells in the None GM-CSF-/- 1=1 88 +1 12+3% 11+ 3
peritoneal cavity were similar in G-CSH— mice and wild- Wwild type 2+1 89 + 1 48+3 18+7
type, and there were very few granulocytes in either strain (Fig 1 day =~ G-CSF-/- 35+8 57+10 16*4* 8=x4
3C through E). One day postinfection, cell numbers were Wwild type 21x7 70x4 468 2317

G-CSF—/— 15+ 10 70 x5 307 11*+3

variable and differences not significant, but by day 3 the 3days G-
wild type 10+ 4 76+8 54+4 19+9

G-CSF/— mice showed an approximately twofold deficit in
macrophages (Fig 3C and E). This reflected the fact that total Mice were infected with 2 X 104 Listeria intraperitoneally and
cellsin the peritoneal cavity of Wild-type mice 3 days postinfec- groups of flve_z mice were killed at day 1 or 3 postinfection, or without
tion were almost two times the normal number, whereas in!nfe.ct.lon. Perl.toneal cellis and bone marrow cells were r:)repared.from
G-CSF-/— mice they had actually decreased to half of the individual animals. Peritoneal cells were assessed microscopically,

. . - . while bone marrow cells were analyzed by FACS.
normal number. This was a reproducible finding, despite some P < 001 comparing G-CSF—/— and wild-type mice. Other differ-
mouse-to-mouse  variation. Percentages of granulocytes anglces b;etween G-CSF—/— and wild-type mice were né)t significant.
macrophages/mo_nocyte_s_ in the peritoneal cavity (Table 2)rhe results are typical of four separate experiments.
showed no selective deficiency in the granulocyte inflammatory
response, accentuating the monocyte/macrophage deficiency. _ ) _
Furthermore, histological examination of lesions in the infectedcavity of G-CSF-/— mice and wild-type mice was not

liver and spleen revealed no selective deficiency in the celsignificantly different in uninfected mice (Fig 4A). Twenty-four
subsets (data not shown). hours after intraperitoneal infection with>2 10* Listeria, there

Hematopoietic response of GM-CSF- mice to infection. ~Was a drop in numbers of bone marrow cells recovered from the

The total number of bone marrow cells recovered from the tibia
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Fig 3. Bacterial numbers and inflammatory responses in G-CSF—/—
mice. G-CSF knockout mice (H) or wild-type mice ([J) were infected
intraperitoneally with 2 x 10* Listeria for 1 or 3 days. Bacterial load
and peritoneal cells were quantitated. Data represent mean and
standard deviation of groups of five mice. ***P < .001 compared with
wild-type mice. Results were from one of three similar experiments.
(a) Bacterial counts in spleen. (b) Bacterial counts in liver. (c) Total
cells recovered per peritoneal cavity. (d) Neutrophils per peritoneal
cavity. (e) Macrophages and monocytes per peritoneal cavity.
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Fig 4. Number of bone marrow cells in wild-type and G-CSF—/—
mice following Listeria infection. G-CSF—/— mice (H) and wild-type
mice ([J) were either uninfected or infected intraperitoneally with 2 x
10* Listeria for 1 or 3 days. Bone marrow cells were flushed from the
tibia of individual mice. Data represent the mean and standard
deviation of individual tibia of five mice in each group. *P < .05,
**p < .01, and ***P < .001 compared with wild-type mice which
were infected with the same dose of Listeria. Results were from one
of three similar experiments. (a) Total cells recovered per tibia. (b)
Colony forming cells per tibia. (c) Gr1+ cells per tibia. (d) F4/80+ cells
per tibia.
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tibia, which was not significantly or consistently different in hematopoietic defect in G-CSH— mice, this suggested that a
G-CSF-/- and wild-type mice. By 3 days after infection, cell G-CSF-primed bone marrow was necessary for a normal
numbers in the tibia of wild-type mice were steady, but haddefense against infection. The deficits observed in the intraperi-
decreased still further in G-CSH— mice, to less than half of toneally infected GM-CSF-deficient mice prompted a reap-
the numbers in uninfected G-CSF—, or in 3-day infected praisal of the response of G-CSF- mice toListeriainfection,
wild-type mice. using this route of infection. While confirming the previous
The potential to produce granulocytes and monocytesbbservation$,several new insights emerged. Despite the image
macrophages in the bone marrowladteriainfected mice was  of G-CSF as a factor primarily supporting the development and
tested by measuring CFCs. Even before infection there was function of neutrophilic granulocytes, the failure of hematopoi-
significant deficiency in CFCs in uninfected G-CSF- mice  esis inListeria-infected G-CSF—deficient mice clearly involves
compared with wild-type controls (Fig 4B). One day postinfec- not only the granulocytic lineage but also the monocyte/
tion, the numbers in wild-type mice had increased over themacrophage lineage. Impaired monocyte/macrophage lineage
numbers in uninfected mice, but in G-CSF- mice they had  production is evident in the bloddjn the local peritoneal

declined. By 3 days after infection, numbers of CFCs ininflammatory response, and in the bone marrow itself (present
wild-type mice were about? times normal. However, the studies).
numbers of CFCs in G-CSH— mice had declined to half the  Because of the different basal states of total- and granulocyte-
numbers in uninfected mice and were ofythe numbers in  hematopoiesis in these two CSF-deficient mouse lines, it is
wild-type mice. difficult to make direct comparisons. The marked baseline
Phenotypic analysis of bone marrow cells by FACS showed & anulopoietic deficit in G-CSF—deficient mice precludes iso-
striking deficit in the absolute numbers (Fig 4C) and the |ieq evaluation of the nature of an emergency granulopoietic
percentage (Table 2) of granulocytes in G-G3F mice regnonse, whereas in GM-CSF—deficient mice with normal
compared with wild-type mice. In'unir?fected mige, almost 50% paseline hematopoiesis, a high doseLidteria unmasks an
of bone marrow nucleated cells in wild-type mice were Grl napijity to sustain an emergency response without GM-CSF.
whereas in G-CSF/— mice only 12% of bone marrow cells 5, the other hand, monocytopoiesis shows little difference in

were Grl*. Although the perceqtag_e of _GTlce”S In bone 40 o strains before infection, and the impairment of monocy-
marrow increased somewhat during infection of the G-C5F topoiesis in the face of infection is of a similar magnitude in

mice, atbsolut(fa Ezn/‘ggers rema.med lllow._l:l'rz)(le |n2|t|gl dt?:mltbm theeither G-CSE- or GM-CSF—deficient mice.
percentage o monocytic cells (Table 2) in the bone The importance of G-CSF in listeriosis is consistent with the

- — i ki 0,
marrow of G-CSF/— mice was less striking (11% compared elevated serum levels>(1,000 U/mL) observed during infec-

with 18% in wild-type mice, and not significantly different). tion 2 In contrast, serum GM-CSF levels are lowF0 U/mL)

However, the difference in absolute numbers increased with ) ) .
. o . although evidence is accumulating that endogenous mecha-
time because of the decline in total cellularity of the bone

marrow (Fig 4D). nisms do not generally use GM-CSF as a freely circulating
cytokine (G.J.L., unpublished, 1996). Indeed, more detailed
analysis of events after infection throws light on the mecha-
DISCUSSION nisms of action of these two cytokines during infection. In both
The initial reports of normal baseline hematopoiesis in GM-CSF-/— and G-CSF/— mice, the initial localization of
GM-CSF—deficient mice® raised the possibility that, despite its bacteria in the spleen and liver was the same as in wild-type
potency in support of hematopoiesis in vitro, GM-CSF is notmice, indicating there was no deficiency in the ability of
mandatory for balanced granulocyte and monocyte/macrophag@sident macrophages to capture the invading microorganisms.
development in vivo. Our data now show that, with a sufficient Defects become apparent later.
infective challenge, an essential hematopoietic role for GM- As might be expected in mice suffering no disturbance of
CSF can be shown in vivo, and hence GM-CSF is not whollyresting hematopoiesis, the numbers of cells reaching the
redundant with respect to hematopoiesis. Although infectionperitoneal cavity of GM-CSF mice were not deficient at 1 day
with typical experimental challenge dosesld$teria did not ~ postinfection, and only became significant by day 3, when
reproducibly reveal a hematopoietic impairment in GM-CSF—numbers were only half those in wild-type mice. By this time
deficient mice, when higher doses were used, GM-EGF the neutrophil response had waned, and the deficiency was
mice failed to control the infection. This failure of host defensesreflected particularly in macrophage numbers. It is difficult to
was accompanied by deficiencies in both the granulocytesay whether this final failure of the inflammatory system in the
lineage (in the marrow) and the monocyte/macrophage lineagéM-CSF—/— mice allowed the increase in bacterial numbers,
(in the peritoneal cavity), consistent with the in vitro and in vivo or if the failure in hematopoiesis and inflammation is secondary
effects of GM-CSF on both these lineages. The fact that thdo the high bacterial load reached by 3 days. The fact that
susceptibility of GM-CSF-deficient mice toisteria was only ~ GM-CSF-/— mice given a lower dose dfisteriaoften showed
manifest at high infecting doses indicates that emergency hosto exacerbation of infection and no deficiency in their 3-day
defenses are intact, but it is an inability to sustain host defenceBematopoietic or inflammatory responses favors the latter
or a lack of reserves of responsiveness that is missing. interpretation. What, then, exacerbates infection? Although a
Previously in experiments using the intravenous route ofdeficient inflammatory response can certainly exacerbate infec-
infection, we had shown that G-CSF-deficient mice weretion,'* the peritoneal cells of GM-CSH— mice showed
susceptible toListeria infection® In view of the baseline functional deficiencies (Y.Z. and C.C., manuscript in prepara-
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tion), in particular a reduced capacity to produce nitric oxide. GM-CSF: Immunophenotypic and functional analyses. Immunology
Nitric oxide is of primary importance in macrophage killing of 84:127, 1995

intracellular bacter# and the deficiency would undoubtedly 4. Demetri GD, Griffin JD: Granulocyte stimulating factor and its
contribute to the exacerbation of infection. This result, suggest!éceptor. Blood 78:2791, 1991 o _

ing a role for GM-CSF in macrophage activation, is the 5. Kaufmann SHE, LaQeI CH: App!lcatlon of knockout mice to the
converse of the activation of peritoneal cell function Observedexperlmental analysis of infections with bacteria and protozoa. Trends

int . . ing GM-CBE Microbiol 2:235, 1994
In transgenic mice overexpressing ) ) 6. Lieschke GJ, Grail D, Hodgson G, Metcalf D, Stanley E, Cheers

It is of interest that at the site of infection in the peritoneal ¢ rowier KJ, Basu S, Zhan YF, Dunn AR: Mice lacking granulocyte
cavity of G-CSF-/— mice there was no significant difference in ggimulating factor have chronic neutropenia, granulocyte and macro-
numbers of granulocytes compared with wild-type mice. How-phage progenitor cell deficiency and impaired neutrophil mobilization.
ever, by 3 days postinfection, there was a marked deficit in totaBlood 84:1737, 1994
cellularity and in the number of monocytes/macrophages in the 7. Stanley ES, Lieschke GJ, Grail D, Metcalf D, Hodgson G, Gall
G-CSF-/— mice. Our earlier observation of the inflammatory JA, Maher DW, Cebon J, Sinickas V, Dunn AR: Granulocyte/
response in the blood after intravenous infection also showed g'acrophage colony-stimulating factor-deficient mice show no major
deficit in the monocytic respon§édowever, mature monocytes perturbation of haemopoiesi_s but develop a characteristic pulmonary
and macrophages do not carry receptors for G-CSF. This raisé®0l0gy. Proc Natl Acad Sci USA91:5592, 1994

e . . . 8. Dranoff G, Crawford AD, Sadelain M, Ream B, Rashid A,
the possibility that, after infection, G-CSF contributes to the Bronson RT, Dickersin GR, Bachurski CJ, Mark EL, Whitsett JA:

expanS|0n' O_f stem cell precursors common t(,) al! of thesqnvolvement of granulocyte-macrophage colony-stimulating factor in
hematopoietic cells. G-CSF has been shown in vitro to actpmmonary homeostasis. Science 264:713. 1994

synergistically with interleukin-3 (IL-3), IL-1, and IL-6 in 9 Kaufmann SHE: Immunity to intracellular microbial pathogens.

different systems to promote the proliferation or survival of immunol Today 16:338, 1995

primitive multipotent progenitor cel’® In mice whose bone 10. Stevenson M, Kongshavn PAL, Skamene E: Genetic linkage of

marrow was depleted with 5-fluorouracil, G-CSF and IL-1 actresistance td.isteria monocytogenesith macrophage inflammatory

synergistically to stimulate multilineage hematologic recov- response. J Immunol 127:402, 1981

ery?4 11. Wood PR, Spanidis V, Frangos K, Cheers C: In vitro bactericidal
It is not surprising that a halving of the numbers of CFCs in activity _of peritoneal gnd spleen cells from Listeria resistant and

the bone marrow of G-CSH— mice could increase susceptibil- susceplible mouse strains. ?e" Immunol 99:160, 1986 )

. . . . 12. Young AM, Cheers C: Colony forming cells and colony stimulat-

|ty_ to L monocytogenesfection. Naturally susceptible BALB/c ing activity during listeriosis in genetically resistant or susceptible mice.

mice have gnly half the numbe.rs of bong marrow CFC?CeII Immunol 97:227, 1986

compared with resistant C57BL mice, and this forms the basis 13, Nacy CA, Meltzer MS: T-cell-mediated activation of macro-

of the major gene governing resistance of mice to lister#sis. phages. Curr Opin Immunol 3:330, 1991

What is more surprising is the fact that the deficiency of 14. Appelberg R, Castro AG, Silva MT: Neutrophils as effector cells

neutrophilic granulocytes in the G-CSF— mice is not more  of T cell mediated acquired immunity in murine listeriosis. Immunol-

profound. This indicates a redundancy in the action of CSFs opgy 83:302, 1994 _

other cytokines controlling myelopoiesis. It is relevant to note 15 Czuprynski CJ, Brown JF, Maroushek N, Wagner RD, Steinberg

that the CSFs are not the only cytokines which control H: _Admmlstratlo_n of a_mtl—granulocyte mAb_ RBGI—BCS impairs the

myelopoiesis during infection. Depletion of IL-6 during listerio- rlzsz',siaag%e l%ng'ce tdisteria. monocytogenemfection. J Immunol

SIS marked_ly exacerbatesmfe(:ﬁéa_nd may ac_t atleastin part 16. Coinlan WJ, North RJ: Neutrophil mediated dissolution of

by controlling granulocyte producticii.Thus, it would be of  jyected host cells as a defence strategy against a facultative intracellu-

interest to test the effect of further depletion of IL-6 in these |ar pacterium. J Exp Med 174:741, 1991

mice. 17. Hestdal K, Ruscetti FW, lhle JN, Jacobsen SEW, Dubois CM,
These experiments with gene-targeted knockout mice indiKopp WC, Longo DL, Keller JR: Characterisation and regulation of

cate that although a particular factor may initially appearRB6-8C5 antigen expression on murine bone marrow cells. J Immunol

redundant for some expected functions, closer examination i$47:22, 1991 _ ‘

likely to reveal that it does play a specialized role under some 18- Austyn JM, Gordon S: F4/80, a monoclonal antibody directed

circumstances. In GM-CSF—deficient mice, the in vivo hemato_specifically against the mouse macrophage. Eur J Immunol 11:805,

poietic role of GM-CSF only becomes crucial under the stress

s . . 19. Metcalf D: The Haemopoietic Growth Factors. Amsterdam, The
of a high-infecting dose of bacteria. P

Netherlands, Elsevier, 1984
20. Cheers C, Haigh AM, Kelso A, Metcalf D, Stanley ER, Young
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