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“Emergency” granulopoiesis in G-CSF—deficient mice
in response t@€andida albican#nfection

Sunanda Basu, George Hodgson, Hui-Hua Zhang, Melissa Katz, Cathy Quilici, and Ashley R. Dunn

Granulocyte colony-stimulating factor (G-
CSF) is a glycoprotein believed to play an
important role in regulating granulopoi-
esis both at steady state and during an
“emergency” situation. Generation of G-
CSF and G-CSF receptor—deficient mice
by gene targeting has demonstrated un-
equivocally the importance of G-CSF in
the regulation of baseline granulopoiesis.
This study attempted to define the physi-
ologic role of G-CSF during an emer-
gency situation by challenging a cohort
of wild-type and G-CSF-deficient mice
with Candida albicans . Interestingly, after

infection, G-CSF—deficient mice devel-
oped an absolute neutrophilia that was
observed both in blood and bone marrow.
In addition, 3 days after Candida infection
increased numbers of granulocyte-macro-
phage (GM) and macrophage (M) progeni-
tors were observed in the bone marrow of
G-CSF—deficient mice. Of the cytokines
surveyed, interleukin (IL)-6 levels in se-
rum were elevated; interestingly, levels of
IL-6 were higher and more sustained in

G-CSF-deficient mice infected with C

albicans than similarly infected wild-type
mice. Despite the higher levels of serum

IL-6, this cytokine is dispensable for the

observed neutrophilia because candida-

infected IL-6—deficient mice, or mice si-

multaneously deficient in G-CSF and IL-6,
developed neutrophilia. Similarly, mice

lacking both G-CSF and GM-CSF devel-
oped absolute neutrophilia and had ele-

vated numbers of GM and M progenitors
in the bone marrow; thus, G-CSF and
GM-CSF are dispensable for promoting
the emergency response to candidal
infection. (Blood. 2000;95:3725-3733)
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Introduction

Granulopoiesis is the process whereby mature granulocytes awédence it is thought that granulopoiesis during an emergency
produced from a small number of pluripotent hematopoietic stesituation is regulated primarily by G-CSF; this notion, however,
cells. Despite the fact that a large number of granulocytes dras so far been inferred rather than defined. Indirect evidence
produced daily to maintain homeostasis and a still higher numberplicating G-CSF as an emergency granulopoietic factor includes
of granulocytes can be produced during an emergency responségability to stimulate neutrophil production when administered in
infection, the process is highly regulated. Multiple cytokinepharmacologic doséand the coexistence, in some infective states,
including granulocyte colony-stimulating factor (G-CSF), granulosf high neutrophil levels and high serum levels of endogenously
cyte/macrophage colony-stimulating factor (GM-CSF), interleukiproduced G-CSF.
(IL)-3 and IL-6 are thought to play a role in the regulation of Infection of G-CSF-deficient mice with pathogenic organisms
granulopoiesis:2 The critical role of G-CSF in steady-state granuprovides a valuable model to evaluate definitively the role of
lopoiesis has been clearly demonstrated by the generation of m&e€CSF in regulating neutrophil production during an emergency
in which the G-CSF gereand subsequently G-CSF receptor gensituation. Different pathogens evoke a distinct pattern of inflamma-
have been disrupted by gene targeting in embryonic stem3cellsry cell responses; although the mechanisms underlying these
These mice have 20% to 30% of circulating neutrophils, comparddferences remain largely unknown, it is believed to be due to the
to wild-type mice. The existence of both immature and matuidfferent sets of cytokines produced by the host. Because it is
forms of neutrophils in mice lacking G-CSF indicates that neutrdnown that neutrophils predominate the first phase of a host’s
phil production can occur in a G-CSF-independent manner; thusesponse t&€andida albicans$,we infected wild-type and G-CSF-
factor(s) other than G-CSF has the capacity to promote neutroptdficient mice with the yeast to study regulation of emergency
production in the absence of G-CSF. granulopoiesis. Intriguingly G-CSF—deficient mice, like similarly
During an emergency, such as infection with pathogeniofected wild-type mice, developed profound and sustained neutro-
organisms, the response of the host involves a series of inflamrpéilia, suggesting that G-CSF is dispensable for mounting an
tory events, with macrophages and neutrophils playing an imp@mergency granulopoietic response. Because serum levels of IL-6
tant role in the cellular phase, followed by an acquired immunityere elevated in G-CSF-deficient mice, we infected mice simulta-
specific to the pathogen. In such a situation, the hematopoietieously deficient in G-CSF and IL-6. Furthermore, to investigate
system is triggered to meet the demand for production of appropttie role of GM-CSF in candida-induced neutrophilia in G-CSF-
ate cell types. The production of different cells is highly regulatedieficient mice we also challenged mice simultaneously deficient in
although the mechanism underlying emergency hematopoie&§sCSF and GM-CSF. Like G-CSF-deficient mice, both G-CSF
remains poorly understood. On the basis of a large body &M-CSF/- and G-CSF/-/IL-6~/~ mice developed a similar
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degree of neutrophilia indicating that in addition to G-CSF both 6
IL-6 and GM-CSF are dispensable for emergency granulopoiesis in - o
response to candidal infection. ) 5 -
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Eight- to 10-week-old wild-type, G-CSF—deficient (G-C$A.° G-CSF/ '@ 2 .
GM-CSF-deficient (G-CSFE~/GM-CSF/-),* G-CSF/IL-6-deficient (G- o i o
CSF/~/IL-6~'-) mice were used for these studies. G-CSAL-6 '~ mice 5 1 - mp [
were generated by intercrossing G-CSF—deficient mice with IL-6-deficient O -E'
mice® The mice of mixed C57BL/6 and 129/0OLA background were used Zz E.
for all studies. Within an experimental group mice were age and sex 0 | |
matched. All experiments were conducted according to the guidelines of WT G-CSF-/-

The National Health and Medical Research Council of Australia, and the ) ] o N
experiment protocols were approved by the Animal Ethics Committee 6‘9“"3 1. Peripheral blood neutrophil counts in wild type and G-CSF-deficient

. R . mice treated with C albicans . Peripheral blood neutrophil levels in wild-
Royal Melbourne Hospital Campus (Victoria, Australia). type, G-CSF—deficient mice at baseline (CJ) and 7 days after candida infection (@),

sampled identically.
Candida albicans
] ) o 63%, and 72%) and centrifuged at $0r 25 minutes. Polymorphonuclear
Subcultures o€andida albican¢ATCC 18804) were maintained at80°C  cg|is were aspirated from the interphase of 63% and 72% Percoll gradients.
in tryptone broth containing 10% glycerol. Cultures were plated on

Sabouraud dextrose agar plates and grown at 37°C for 48 hours. The pl@&kagocytosis

were stored at 4°C for a maximum of 4 weeks. Before each experiment, a o . o . .
colony was picked from a plate and grown in 5 mL of Sabouraud agar bro‘%’r‘imﬂy' 25X 10> neutrophils were added to X2 10° heat-inactivated

(SAB) at 37°C for 24 hours in a shaker. The cells were centrifuged and tﬁ@ndid‘f" in Hanks’ balanced salt solution (HBS_S) containing 10% mouse
pellet washed twice with pyrogen-free phosphate-buffered saline (PBS) SRjum |_n a total_volume of 1 mL. The cglls were incubated for 15 minutes at
resuspended in PBS. The cell suspension was briefly sonicated, countedid 4> With shaking and then placed on ice. Trypan blue (1 mL) was added to
hemocytometer, and then adjusted to the desired concentration. each reaction mlxtur_e and_ a wet mount was pre_pared. Phagocytosed and
extracellular yeast (including adherent but not internalized yeast) were
distinguished and scored on the basis of trypan blue uptake (internalized

Experimental model yeast being colorless/clear).

Disseminated candidiasis was produced by tail vein injection of21%8P
colony-forming units (CFUs) of albicansblastoconidia on day 0. Animals
were observed for 7 days for altered behavior and morbidity. On days 1,Neutrophils (1.5 10f) were preincubated with HBSS containing 25%
and 7, subgroups of animals were bled through retro-orbital puncture af@use serum at 37°C for 5 minutes before addingx. 10 C albicans

then killed by cervical dislocation. Animals were autopsied asepticallyubes containing the cells and the yeast were rotated end-over-end for 60
immediately after death. The right kidney was homogenized in 5 mL PBfinutes at 37°C. Thereafter, 250 L of 2.5% sodium deoxycholate was
Dilutions of homogenate were plated on Sabouraud agar dextrose broth and

incubated at 37°C. Colonies were counted after 48 hours. The left kidne'

was fixed in Bouin solution and stained with hematoxylin-eosin. For WT G-CS F"/'

Candidacidal assay

detection of fungi in tissues, sections were stained with Gomori methena
. . ! \ -] v
mine silver. K@ &’ lj,' B J‘ b8 g
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Peripheral blood and bone marrow analysis

o
Mice were bled through retro-orbital plexus using EDTA-coated microhe-
matocrit tubes (Clay Adams, Pasippany, NJ), diluted immediately 1:4 in (g
PBS containing 2 mg/mL EDTA, and analyzed using a Sysmex-K1000
automated counter (Toa Medical Electronics Co, Kobe, Japan). Peripheri
blood smears were stained with May-@wald-Giemsa, and manual
differential cell counts of at least 200 nucleated cells were performed. Ir
some cases, cytospins were prepared from peripheral blood after lysing tt

red blood cells (RBC) with RBC lysis buffer (0.16 mol/L ammonium
chloride in Tris buffer; pH 7.2) and stained with May-Gmwald-Giemsa.

Bone marrow cells were harvested from the femur and suspended in RPN
containing 5% fetal calf serum (FCS). Total bone marrow cells were
counted in a hemocytometer using white blood cell (WBC) dilution buffer 2>
(3% glacial acetic acid in PBS). Differential blood cell counts were
performed on cytospin preparations of bone marrow cells stained witra
May-Grinwald-Giemsa stain.

Phagocytosis and candidacidal activity of neutrophils

Mi L di . I ith thiogl I d after 4 h Figure 2. Bone marrow cells.  Cytocentrifuge preparation of bone marrow cells at
ice were injected intraperitoneally with thioglycollate and after OUrBaseline (top panel) and 7 days after candida challenge (bottom panel) from wild-type

the peritoneum was lavaged with PBS containing 5% FCS. Neutrophil§ c) and G-CSF-deficient (B, D) mice. The cytospin preparations were stained with
were further purified on Percoll gradients (using gradients of 45%, 54%ay-Griinwald-Giemsa stain.
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Table 1. Changes in bone marrow hematopoietic cells in response to candida infection in wild-type and G-CSF-deficient mice
Days after Cell type (%)
candida Total Nucleated Promyelocyte Metamyelocyte

Genotype infection* cellularityt Blast erythrocyte and myelocyte and polymorph Lymphocyte Monocyte Eosinophil
Wild-type 0(9) 3.8+03 1+06 27 +1 13+1 23+ 2 25+2 9+1 2+1
G-CSF/~ 0 (8) 3.3+0.2 2x1 31+2 13+2 10£2 343 8x1 2*1
Wild-type 3(9) 35+0.2 3+1 17+1 10+1 19+1 23+2 13+1 6+1
G-CSF~/~ 3(7) 1.7 = 0.118 11+3 20+ 2 18 + 1% 122+2 302 13+2 6+1
Wild-type 7 (10) 4.5+ 0.3f 3+1 11+2 20 = 1% 35 = 3% 132 15 + 1% 31
G-CSF /- 7(7) 3.7+01 4+1 19+3 27 = 3% 15 = 1% 14 =2 21+4 0x1

Cell counts and 100-count manual leukocyte differentials were performed on mononuclear cells recovered from femurs of mice. Data are presented as mean = SD.
*Study day 0 is pretreatment; the value in the parentheses is the number of mice studied for that group.

tMarrow cellularity is cells X107/2 femurs.

P < .05 for comparison between mice of the same genotype at baseline and on the study day indicated.

§P < .05 for comparison between wild type and G-CSF~/~ on the same study day.

added and mixed, followed by 4.0 mL methylene blue; the tubes were thére cultures were incubated for a further 4 hours at 37°C at 5%ic@air.
centrifuged at 909 for 15 minutes at 4°C. Wet preps were made and 30After incubation, the culture fluid was removed and the cells were lysed by
yeast cells were counted under a microscope distinguishing the viable celtiling 200 pL of acidified isopropanol (isopropanol with 0.04 N HCI). The
(unstained) versus dead (stained) cells. plates were analyzed on a plate reader (Titertek Multiskan MCC 340;
EFLAB, Helsinki, Finland) at a test wavelength of 560 nm and a reference
wavelength of 690 nm. In assays using neutralizing antibody, samples were
Tumor necrosis factos (TNF-a) and IL-10 levels in serum were deter- mixed with a 1:1 volume of a 1:100 dilution of polyvalent rabbit antimouse

mined using an enzyme-linked immunoabsorbent assay (ELISA) (Genzyll#'ré6 antibody for 2 hou[’s before aanyS|s in the 7TD1 ploassay. Thesg
Corp, Cambridge, MA and Pharmingen, San Diego, CA) specific for iHgssays were performed in parallel with samples treated with control rabbit
cytokines under the conditions recommended by the suppliers. Absorbarice!™:

values read at 450 nm were converted to concentrations (pg/mL) EYOW cytometry

comparison with the appropriate standard curve.

Cytokine levels

Blood was treated with RBC lysis buffer for 5 minutes at 37°C and then
washed once with PBS containing 5% FCS. After lysing RBCs, WBCs were

Serum IL-6 was registered indirectly by its capacity to promote prolifera{)-remcubate‘j W'th 2';?:2 antibody (Pharlrlrl}lngen)dfor 10 mlgutes at Iroom
tion of the IL-6—dependent mouse hybridoma cell line 7TD1 (obtained froﬁqmperatgre.to' oc c'recgptors ﬂ:R: ) an. were. su Seq“e”t_V_

Dr J. Van Snick, LICR, Brussels, Belgium). Test samples were serialgated with indicated antibodies at 4°C for 30 minutes in PBS containing
diluted in 96-well flat-bottomed microtiter plates and incubated for 96 hou 5% heat-inactivated FCS. The following panel of antibodies were used:

with 2000 7TD1 cells/well at 37°C in a humidified incubator containing Sojoluoresceln isothiocyanate (FITC)-conjugated rat antimouse Mac-1 (CD

CO; in air. Dilutions of murine IL-6 (a gift from Dr R. J. Simpson, LICR, 11b), biotir_lylated rat antimou_se Gr1 (Ly-G_G_), FITC-conjuggted rat anti-
Melbourne, Australia) were included as a standard. Cell proliferation whouse c-kit (CD117) (Pharmingen), and biotinylated rat antimouse c-fms

measured using the MTT (3-[4,5-dimethylthiazol-z-yl]-3,5-diphenyltetra(AF59,8' _kind gift ”0”_‘ John Hamiltor_1, Melbourne,Austr:_;\Iia). Cells stain_ed
zolium bromide [Sigma, St Louis, MOJ) colorimetric method. After 96W|th biotinylated antibodies were finally developed with phycoerythrin-

hours of incubation, MTT was added to each well (5 mg/mL 1:20 v/v) anﬁtreptavidin (Pharmingen). All cells were analyzed on a FACScan flow
cytometer (Becton Dickinson, Mountain View, CA) using CellQuest

IL-6 assay
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Figure 4. Peripheral blood neutrophil counts in wild type, G-CSF —I=, G-CSF~/=/
GM-CSF~/~ and G-CSF ~/~/IL-6~/~ mice treated with C albicans . Peripheral blood
neutrophil levels in wild type, G-CSF~/~, G-CSF~/~/GM-CSF~/~and G-CSF~/-/
IL-6-/~ mice at baseline (empty bars) and 7 days after candida infection (shaded

Days after Candida infection

Figure 3. Kinetics of IL-6 production. ~ Wild-type and G-CSF-deficient mice were
challenged with 2.5 X 10° C albicans intravenously. At the indicated times, 6 mice of

each genotype were killed. Serum samples from each mouse were tested for IL-6 as
described in “Materials and methods.” Data are represented as mean + SD. One of 2
separate experiments with similar results is shown.

bars), sampled identically. Data are represented as mean * SD. *There was a
significant difference in the neutrophil count on day 7 compared to day O for each
genotype of mice (P < .05).
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Table 2. Presence of immature neutrophils in peripheral blood of mice after

candida infection

% Cell type
(neutrophil lineage)

Metamyelocyte,

Leukocytes Neutrophils Promyelocyte band, and

Genotype (109/L) (10%L)  and myelocyte polymorph
Wild-type 8.6 =28 21*=01 11 =50 8770

G-CSF/~ 79*18 1.6 £1.0 31+9.0 69 = 13.0*

G-CSF/-/IGM-CSF~/~ 51 =05 11+0.2 46 = 14.0 54 = 14.0*
G-CSF~/~/IL-67/~ 62+08 16*+03 35+ 9.0 65 * 9.0*

Manual 100-count leukocyte differentials and further 100-count differentials of
cells of neutrophil lineage were performed on blood smears from age- and
sex-matched mice. Atotal of 6-8 mice of each genotype were analyzed on day 7 after
candida infection. Data represent mean * SD.

*P < .05 compared to wild-type mice.
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Role of GM-CSF and IL-6 in granulopoiesis in candida-infected
G-CSF—deficient mice

To understand the basis for the neutrophilia in candida-infected
G-CSF-deficient mice, we analyzed the serum levels of various
cytokines. In wild-type mice, at least, IL-3 and GM-CSF are
thought to play an important role during emergency hematopoi-
esist! However, neither IL-3 nor GM-CSF was detectable in the
sera of either wild-type or G-CSF-deficient mice during the course
of candida infection (data not shown). In addition to GM-CSF and
IL-3, IL-6 is thought to be of importance in mounting a neutrophilic
challenge in response to candida infectidim both wild-type and
G-CSF—deficient mice, elevated levels of IL-6 were observed 24
hours after candida infection (Figure 3). However, in G-CSF-
deficient mice, the level of IL-6 at 24 hours after candida infection
was almost 4-fold higher than that observed in similarly infected
wild-type mice. Moreover, unlike wild-type mice, in which IL-6

software. Positive populations have been gated on the basis of stainigs undetectable in serum 7 days after candida infection, IL-6

profiles with isotype-matched control antibody.

Statistical analysis

levels remained elevated in G-CSF—deficient mice infected with
C. albicans.
Although we were unable to detect GM-CSF in the serum of

Data are presented as mearSD unless otherwise stated. Organ load§ of G-CSF—deficient and wild-type mice infected with candida, it still
albicansare expressed as the logarithm of the candida count per kidnggmained possible that because of its demonstrated action on GM

Comparisons were made using 2-tailed paired and unpaired Stiigsts

and G progenitors, GM-CSF contributed to the candida-mediated

and the Mann-Whitney signed rank test as appropriatevalue less than neutrophilia. To address this possibility mice simultaneously

.05 was considered significant.

Results

Peripheral blood neutrophilia in candida-infected mice

deficient in G-CSF and GM-CSF were challenged with candida.
Seven days after infection we observed an increase in neutrophil
numbers in peripheral blood; the fold increase compared to
baseline in each of the genotypes was similar in magnitude to that
observed in G-CSF-deficient mice (Figure 4). To investigate
whether increased granulopoiesis in G-CSF-deficient mice in

Morphologic examination of peripheral blood smears of wild-typeesponse to candida infection was mediated by IL-6, we challenged
and G-CSF—deficient mice revealed that mice of both genotypesice simultaneously lacking G-CSF and IL-6 with candida. At
developed significant neutropenia 24 hours after infection @ith baseline, neutropenia in adult G-CSFHIL-6 '~ mice is compa-
albicans(data not shown). However, an absolute neutrophilia wagble to that in G-CSF~ mice (S.B. and A.R.D., manuscript in
observed in both G-CSF—deficient and wild-type mice 3 days aftgreparation); moreover, following candida infection, the increase
infection. Neutrophilia in G-CSF—deficient mice was most pran neutrophils in circulation was of a similar magnitude in
nounced on day 7 after infection (Figure 1). Due to baselir®-CSE' /IL-6~/~ and G-CSE/~ mice (Figure 4).

neutrophil depletion in G-CSF—deficient mice, the fold increase in In addition to mature neutrophils, on day 7 after infection there
neutrophil numbers was significantly higher in G-CSF-deficientere also immature neutrophils in the peripheral blood (left shift)
mice than the wild-type mice. The striking neutrophilia in infectedf mice of all genotypes. However, this effect was more pro-
G-CSF—deficient mice was somewhat surprising in view of theounced in mice deficient in growth factor compared to wild-type
prevailing view of a pivotal role for G-CSF in emergency

granulopoiesis.

-
Changes in cellular composition of bone marrow after s WT SET A G-CSF
candidal infection ;! Do q{;.‘:"‘ o2 B o
At baseline, both wild-type and G-CSF—deficient mice have similarS |* 20 =2 e o ¢ : p &
numbers of nucleated bone marrow cells. However, G-CSF @ | * *:_&“ z ..gﬂs e
deficient mice have a significantly lower number of neutrophils; the@ o &" . s L
deficiency is most striking in the mature neutrophil compartment L ,‘3 RXY O lo o5 "“'t
comprising metamyelocytes, “band” and segmented forms. To — - = - ;‘ o "&%
investigate whether the absolute neutrophilia following candidal C ,,9{: PR «|D %&.’ ';;g. !
infection was due to mobilization of neutrophils from bone marrow = PR N gl o
into circulation, or, that there was an increased productiameoftro- = ; ':e H @ ? s ¥ a9 .
philic cells, we examined cytospin preparations of bone marrongy 5 Q. 0 E . B
cells from femurs of mice challenged withalbicans Despite the .. e AT " > s ey
fact that the total number of bone marrow cells after infection in 2 o" ° Fh i &;U

both G-CSF-deficient and control mice were similar to basgdure 5. Two-color flow cytometric analysis of peripheral blood mononuclear

values, the increase in numbers of early and late neutrophil formess at baseline and 7 days after candida infection.

Peripheral blood mono-

indicated preferential amplification within the neutrophil lineag A
In G-CSF-deficient mice the observed increase was more marke

for immature than for mature neutrophils. (Figure 2 and Table 1).mice of all genotypes after candida infection.

é1uclear cells from (A) wild-type, (B) G-CSF~/~, (C) G-CSF~/-/GM-CSF~/~ , and (D)
SF'"/IL-6-/- mice were incubated with Mac-1 and Gr-1 antibodies. An increase
oportion of granulocytic cells (Gr-1 and Mac-1 double positive cells) is seen in
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Figure 6. WBCs at baseline and after infection.  Cyto-
centrifuge preparation of WBCs at baseline (top panel)

and 7 days after candida challenge (bottom panel) from
wild-type (WT), G-CSF-deficient mice. The cytospin
preparations were stained with May-Griinwald-Giemsa Day 0
stain.

G-CSF+ G-CSF/IGM-CSF G-CSF/IL-67

104 <

100 10" 102 10% 104

160 100 102 108 104 100 10 102 100 104

mice (Table 2). G-CSF—-deficient mice showed a higher proportitine monocytosis observed in these mice (Table 4). Interestingly,
of myelocytes than that seen in the blood of wild-type mice. Alsanonocytes in candida-infected growth factor-deficient mice had
in G-CSF-deficient mice, on day 7 after infection, the maturgigher expression of Mac-1 than monocytes from similarly infected
neutrophil compartment included a greater proportion of “bandvild-type mice (Table 4). Expression of Mac-1 is up-regulated on
forms” and only a few segmented neutrophils (Figure 5). Similanonocytes and neutrophils on activatidnthe presence of acti-
observations were made in G-C$FGM-CSFE/~ and G-CSF /  vated monocytes in candida-infected growth factor-deficient mice
IL-6~/~ mice. In addition to the observed neutrophilia in theseould be due to unresolved candida infection.

mice, there was also a pronounced monocytosis (data not shown)Because morphologic examination of peripheral blood smears 7
To further characterize the immature myeloid cells in the periphedays after candida infection revealed the presence of an increased
of knockout mice after candidal infection, we analyzed the cgfiroportion of immature myeloid cells compared to baseline, we
types in blood from candida-infected mice by flow cytometry usinglso stained WBCs with antibodies against c-fms and c-kit. The
surface markers specific for granulocytes and monocytes. épression of these 2 markers is regulated during the differentiation
baseline, there were 2 populations of cells, which stained positisgd maturation of hematopoietic celsl® It has been shown

for Gr-1 and Mac-1, but could be distinguished on the basis of Grgkeviously that both c-kitc-fms™ and c-kit-c-fms™ cells have
expression. One population of cells was Mawt-1" and the colony-forming capacity in soft agar assay and represent progenitor
other population was Mac*Gr-1°9" (Figure 6, top panel). The cells15 However, only a small proportion of c-kit-fms* cells has
forward and side scatter profile of Mac-Gr-1"" and Mac-¥  colony-forming capacity and most of these cells are lineage-
Gr-1°19" cells suggested that they represented monocyte/macegmmitted myeloid cells. At baseline, in wild-type and growth
phage and granulocytic cells, respectively. At baseline, the propesctor-deficient mice there were primarily 2 classes of cells
tion of Mac-1'Gr-1""9" cells was lower in growth factor(s)- detected in circulation on the basis of c-kit and c-fms staining—
deficient mice compared to wild-type mice, consistent with thgost cells were c-kitc-fms-~ representing lymphocytes and neutro-
neutropenic state of these mice. Seven days after candida infecth; only a small proportion of cells were c-ki-fms" (region
there were 3 populations of cells that could be distinguished baqqg), representing monocytic cells (Figure 7). However, on day 6
on Mac-1/Gr-1 staining pattern: Mac-Gr-1° (region R3 on sfier candida infection, 3 populations of cells were identified based
Figure 6, bottom panel), Mac<1Gr-1me¢ (region R1 on Figure 6, o their c-kit/c-fms staining pattern: c-kit-fms- (region R4),
bottom panel) and I\_/IaciISr-_lhigh cel_ls (_region R2 on Figure 6, c-kit c-fmg° (region R3), and c-kitc-fmd" (region R2) (Figure 7).
bottom panel). Consistent with the findings based on morphologig, e pasis of the forward and side scatter profile it appeared that
examination of WBCs, FACS analysis reyealed that after candl% c-kitc-fmge and c-kit-c-fms" populations represented early
infection, the pr_oportlon of Mag-*]Gr_—lh' cells _(representlng ranulocytes and monocytes, respectively. The frequency of c-kit
mature neutrophils) was greater in wild-type mice compared Ofmde cells in circulation was higher in the growth factor-deficient

growth factor-deficient mice (Table 3). Furthermore, the proporti%ice compared to wild-type mice following candida infection

of Mac-1* Gr-1° cells in circulation of candida-infected growth

factor(s)-deficient mice was significantly elevated, consistent with
Table 4. C albicans infection results in higher frequency of Mac-1 ~ *Gr-1"° cells

in peripheral blood of knockout mice compared to wild-type mice
Table 3. Frequency of Mac-1 *Gr-1*-double positive cells in the peripheral in perip utm P wild-type mi

blood of mice 7 days after candida infection Mac-1 expression
% Cell type (mean
WBC Leukocyte Mac-1+Gr-1'° fluorescence
Genotype (109/L)* Mac-1*Gr-1med Mac-1*Gr-1N Genotype (109/L)* cells (%) intensity)
Wild-type 8.4 +0.8 36.0 = 7.0 14.0 £ 35 Wild-type 8.4 +0.8 23+09 264 = 31
G-CSF~/~ 6.6 0.1 28.5+58 4.1 + 2.0t G-CSF~/~ 6.6 0.1 6.2 = 1.3F 436 + 62F
G-CSF~/~/GM-CSF~/~ 53+0.9 28.0 £ 2.4 6.0 = 3.0t G-CSF~/"/GM-CSF~/~ 53+0.9 8.2+ 1.61 486 + 95%
G-CSF~/=/IL-67/~ 6.2 +0.4 27.0 £ 4.0 6.0 = 3.01 G-CSF~/=/IL-67/~ 6.2 +0.4 6.9+24 396 + 50
WBCs were incubated with antibodies against myeloid cell markers (Gr-1 and WBCs were incubated with antibodies against myeloid cell markers (Gr-1 and
Mac-1) and analyzed on FACScan using CellQuest software. Data are represented Mac-1) and analyzed on FACScan using CellQuest software. Data are represented
as mean = SD. Ten to 12 mice of each genotype were analyzed. as mean = SD. Ten to 12 mice of each genotype were analyzed.
*Total WBC count as determined by Sysmex-K1000. *Total WBC count as determined by Sysmex-K1000.
TP < .05 compared to wild-type mice. TP < .05 compared to wild-type mice.

FP < .05 compared to wild-type mice. $P < .05 compared to wild-type mice.
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Figure 7. Flow cytometric analysis of cell surface markers on wild-type and
G-CSF-deficient mice. Dot blots of peripheral blood leukocytes depicting c-fms and
c-kit staining pattern at baseline (top panel) and 6 days after candida infection
(bottom panel). Region R1 represents cells that are c-kit"c-fms*. On day 6 after
infection, c-kit™ cells were seen in circulation, represented in regions R2 (c-kit™
c-fmsMl), R3 (c-kit*c-fms'©), and R4 (c-kit*c-fms™).

(Table 5). Moreover, in growth factor-deficient mice, c-kitd
expression was higher than that in wild-type mice suggesting t
in wild-type mice these cells are more differentiated (dal

not shown).

Increased numbers of colony-forming cells in the bone marrow
of candida- infected mice

Using a soft agar assay, we examined whether increased myelo;gg =
esis in the bone marrow of candida-infected G-CSF-deficient mig\?h
was associated with an increase in the frequency of myeloid
progenitor cells. On day 1 after infection, there was a decre
in the frequency of myeloid progenitor cells in G-CSF-deficie
mice (data not shown). However, on day 3 after infection,
significant increase in the frequency of myeloid progenitors, G
colony-forming cells (CFCs) and M-CFCs, in particular, wa
observed in G-CSF-deficient mice (Figure 8). Except for M-CFCs,
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Figure 8. Changes in frequency of colony-forming cells in the bone marrow of
wild-type, G-CSF ~/~ -deficient, and G-CSF ~/~/GM-CSF~/~ mice following can-
dida infection. Data are represented as mean = SD. Data at each time point are
from 9 mice per genotype. *P < .05 comparison between mice of same genotype at
baseline and on the study day indicated.

Candida load in kidneys of infected mice

The initial clearance of candida from blood appeared to be similar
in both G-CSF-deficient and wild-type mice and at 24 hours after
infection no candida could be detected in mice of either genotype
(data not shown). Because kidneys are the most representative
organs for the determination of in vivo growth of candfdand
candida load in kidney underscores the severity of disseminated
candidiasis® we determined the load of candida in the kidneys of
infected mice. At 24 hours after infection the load of candida in
kidneys of wild-type, G-CSF-deficient, and G-CSF/GM-CSF
ouble-deficient mice was similar (data not shown). By day 3, the

tandida load had increased, and the numbers of viable organisms in
t\gild-type and G-CSF-—deficient mice was in the same range.

However, by day 7, unlike wild-type mice where the candida load
in kidney had declined and the infection appeared to be resolving,
in G-CSF—deficient and G-CSF/GM-CSF-deficient mice the load
of candida was greater than that observed on day 3 after infection
igure 9A). This trend was confirmed on microscopic inspection
idney sections of infected mice stained with hematoxylin-eosin.
ereas in infected wild-type mice the acute inflammation ap-
ared to be subsiding, candida-infected G-CSF-deficient mice

i owed signs of acute inflammation. Both suppurative and nonsup-

%lu)rative granulomas associated with yeast and necrosis were

el served in the knock-out mice. Analysis of kidney sections

tained with Gomori methenamine stain further revealed that
\évhereas only a few candida (mostly yeast forms) could be seen in

which remained elevated, all other types of myeloid progenitors
returned to basal values by day 7 after infection. A similar trend A B

was noted in mice simultaneously deficientin G-CSF and GM-CSF
(Figure 8). In wild-type mice the changes in the frequency of3 8
CFCs were less dramatic; only a slight increase in M-CSFg
progenitor cells was observed on day 3 after infection, and th

frequency of CFCs, in general, were similar to basal values on daig

7 after infection.

Table 5. Presence of c-kit *c-fms * cells in peripheral blood after
candida infection

Genotype Leukocytes (109/L) c-kit*c-fms' cells (%)
Wild-type 92+27 3.8+18
G-CSF/~ 7.7+18 12.1 = 4.1*
G-CSF~/"/GM-CSF~/~ 6814 11.4 + 1.1*
G-CSF~/~/IL-67/~ 6.0 £ 0.7 10.3 = 3.2*

Presence of progenitor cells in circulation was studied by staining WBC with
antibodies against c-fms and c-kit. Cells were analyzed on FACScan using CellQuest
software and total WBC count was determined by Sysmex K-1000.

Data are represented as mean + SD. Ten to 12 mice of each genotype were
analyzed.

*P < .05 compared to wild-type mice.
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Figure 9. Experimental C albicans infection of wild-type and G-CSF-deficient
mice. (A) Candida load per kidney (expressed as logarithm of the yeast count) in wild
type () and G-CSF—deficient mice (@), 3 and 7 days after experimental infection
with C albicans. (B) Body weight as a percent of pretreatment values after candida
challenge. C albicans (2.5 X 10° CFUs ) was injected through lateral tail vein of
wild-type (M) and G-CSF—deficient mice (®). Body weights were recorded before and
at the time points shown after challenge. Ten mice of each type were studied. Data
are represented as mean = SEM. *P < .05 for comparison of G-CSF—deficient and
wild-type mice.
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Figure 10. Tissue sections were prepared from kidneys of wild-type, G-CSF ==,
and G-CSF ~/-/GM-CSF~/~ mice 7 days after infection with  C albicans . Sections
were stained with Gomori methenamine silver stain (top panel) and haematoxylin-
eosin stain (bottom panel). (A, D) Wild-type mice show healing inflammatory lesions
in the cortex and few yeast cells. (B-C, E-F) G-CSF—deficient and G-CSF/GM-CSF-
deficient mice, respectively, show numerous abscesses throughout the section with
large aggregates of fungal yeasts within abscesses. Inset shows polymorphonuclear
neutrophils in an area of dense leukocytic infiltration surrounding fungal yeasts
(marked by arrows).
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Levels of IL-10 and TNF- « in circulation

Despite developing neutrophilia, G-CSF-deficient mice had a
greater load of candida in their kidneys and had higher morbidity
than similarly infected control mice. Earlier reports have suggested
that susceptibility of mice to candida can be due to increased
production of IL-10, which in turn can suppress macrophage
function1” On the other hand, TNE-is thought to be beneficial
during candida infectio®® Indeed, TNF-deficient mice are more
susceptible than wild-type mice to candida infectidiio investi-
gate whether the increased susceptibility of G-CSF—deficient mice
to candida was due to an altered pattern of production of IL-10,
TNF-a, or both, we measured the circulating levels of IL-10 and
TNF-a in candida-infected G-CSF-deficient and wild-type mice.
Low levels of IL-10 were detected in the sera of the infected mice
of both genotypes (data not shown). However, levels of TNF-
were significantly elevated in the sera of candida-infected wild-
type and G-CSF—deficient mice compared to basal levels (Figure
11). Until 48 hours, the levels of TN&k-in G-CSF-deficient and
wild-type mice were similar. At 72 hours after candida infection,
TNF-a was undetectable in circulation in wild-type mice; in
G-CSF-deficient mice the level of TNdkevemained elevated and
was still detectable 7 days after candida infection.

Discussion

the kidney of wild-type mice, both the mycelial and yeast forms dfhe generation of mice lacking growth factors and cytokines has
candida were seen more commonly in G-CSF-deficient miggovided the means of definitively evaluating their normal physi-
(Figure 10). G-CSF-deficient mice also appeared sick amipgic role. Furthermore, experimental infection of factor-deficient
had a greater loss of body weight than wild-type mice folmice with various pathogens provides the means of gauging
lowing infection (Figure 9B). Large numbers of G-CSF-dethe role played by these factors/cytokines in the host's response
ficient mice had to be killed during the course of infection due tt9 infection.

acute illness.

Until recently, granulopoiesis, both at steady state and during

Because G-CSF is also known to modulate neutrophil functiofimergency, has been believed to be regulated primarily by G-CSF.
we next investigated whether the neutroph”s from G_CSFS.tUdieS with G-CSF-deficient and G-CSF receptor—deficient mice
deficient mice were functionally impaired in their capacity tdave led to the conclusion that although G-CSF plays an important

control candida infection. We compared the thioglycollate-elicited®!€ in steady-state granulopoiesis, there exist G-CSF-independent
peritoneal neutrophils from wild-type and G-CSF—deficient miceathways for generation of granulocytes at steady $taéthough

for phagocytic and candidacidal activity. As shown in Table 6, the
phagocytic activity of the neutrophils from both G-CSF-deficient

and wild-type mice was comparable. Although the candidacidal

activity of neutrophils from G-CSF-deficient mice appeared to be 500
somewhat lower than that from wild-type mice, statistical signifi-

cance was not attained.

Table 6. Phagocytic and candidacidal activity of neutrophils

Genotype Phagocytic activity* Candidacidal activityt
Wild type 69 =9 37+3
G-CSF~/~ 67+8 30+4

Mice were injected with thioglycollate and after 4 h peritoneal cells were
harvested. Peritoneal cells from mice of same genotype were pooled for neutrophils
purification by Percoll gradient. Neutrophils were aspirated out from the interphase of
63% and 72% of Percoll gradient.

*2.5 X 106 neutrophils were added to 1 X 106 heat-killed candida and incubated
for 15 min at 37°C. Trypan blue (1 mL) was added to each mixture and wet mount was
prepared. At least 500 yeasts (phagocytosed and extracellular) were scored on the
basis of trypan blue intake.

11.5 X 106 neutrophils were preincubated with 25% mouse serum at 37°C for 5
min and then 1.0 X 107 candida was added to the cells. The tubes were rotated for 60
min at 37°C. Thereafter methoxycholate was added to stop the reaction followed by
methylene blue. At least 300 yeast cells in wet preps were counted under microscope
distinguishing the viable (unstained) versus dead (stained) cells.

Data are presented as mean = SD of 3 experiments.
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Figure 11. Kinetics of TNF- « production. Wild-type and G-CSF-deficient mice
were challenged with 2.5 X 10° C albicans intravenously. At the indicated times, 6
mice of each genotype were killed. Serum samples from each mouse were tested for
TNF-a activity as described in “Materials and methods.” Data are represented as
mean * SD. One of 2 separate experiments with similar results is shown.
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historically G-CSF has been thought to play a critical role iprogenitor cells in response to cyclophosphamide and IL-8 is
emergency granulopoiesis, this remains largely infe¥#8dAn impaired; however, Flt-3 ligand—mediated mobilization is unaf-
initial attempt to gauge the effect of G-CSF-deficiency on thiected?® In addition to its capacity for mobilization, Flt-3 ligand
host’s capacity to mount an emergency granulopoietic resportsgs the capacity to expand early progenitor cells. It is therefore
was evaluated by infecting G-CSF-deficient mice wlifteria possible that the increased myelopoiesis in the growth factor(s)-
monocytogenes Compared to similarly infected control mice, deficient mice in response to candida infection is mediated by Flt-3
G-CSF-deficient mice mounted only a modest neutrophilia; thigand. However, because Flit-3 ligand could not be detected in

load of organisms in spleen and liver was higher in infectegirculation in candida-infected wild-type or growth factor(s)-
G-CSF-deficient micé.This observation indicated that G-CSF isgeficient mice, it is unlikely that this effect is being mediated by

indispensable for mounting emergency granulopoietic responser 3 ligand (data not shown).

infection withL monocytogeneis vivo. However, itis knownthat  op the basis of the data presented here we conclude that both
macrophages are the predominant cell type involved in hosts respog§@-c sk and IL-6 are dispensable for the observed neutrophilia.
to infection with L monocytogene®:” Earlier studies have demon- Clearly there exists in vivo a factor(s), other than G-CSF, GM-CSF,
strated that neutrophils represent the first and most important line of hgst IL-6, that can promote granulopoiesis. A similar conclusion
defense againsC albicans!®?32* Moreover, neutrophilia has been, .« qrawn by Zhang et Zlin their study on C/EBR knockout
observed in both humans and mice following candida infeéﬁon.mice' These mice do not express G-CSF and IL-6 receptors and
Because different pathogens evoke different cellular responses, G 4 complete blockade in granulocytic differentiation. However,
chpseC albl_cansa_samodel pathogen to _stud_y emergency granulopgi g study, the expression of these receptors on fetal liver
esisandto |nvest|gate the role Of.G'(?SF in this process. - _hematopoietic cells by retroviral transduction resulted in only
Our observation that candida-infected G-CSF—deficient MiBartial restoration of granulopoiesis in vitro. In the study the

mount a profound and sustained neutrophilia in G'CSF_def'C'egﬁthors raised the possibility of existence of the other CicBP

.r:('jc.ia:céiomgtg .(r:]am.j'gaf;r;ftifgogtrllsermtt;g#'rg_' CTShlf g::er\r/g::]?arget genes, possibly cytokine receptors, that are also important for
indi in viv P Eﬁe block of granulocyte differentiation in C/ERRleficient mice’

neutrophil production during an infection. In addition to peripheral Despite developing neutrophilia, G-CSF—deficient mice were

blood neutrophilia _the_re was an increase in both egrly_and IZ1‘teund to be more susceptible @albicansinfection than wild-type
forms of neutrophils in the bone marrow of candida-infecte

G-CSF-deficient mice. The increase was, however, more marked iy < In response to candida infection, the loss in body weight was

neutrophil precursors (promyelocyte and myelocyte) (:ompared_qreater n G-CSF—Qe_fluent_ mice than wild-type mice. Cand_lda?
late forms of neutrophils (metamyelocyte and bands). This may ected G-CSF—deficient mice also had a greater load of candida in

due to increased trafficking of mature neutrophils from bon girkidney; and showed more ex_tensive tissug dama_ge. However,
marrow to sites of infection in the tissues, due to prolonged candi hs was L_'n“kely to bg duz_a tollmp_al_red ?eutrophlLf;Jnfctlon because
infection in G-CSF—deficient mice. Alternatively, there are fewe? agocytic and candidacidal activity of neutrophils from G-CSF-

cell divisions or a greater proportion of cells die between the ear‘ﬂ?nc'en_t mice was compara_ble to_ that of neutrophils from wild-
to late transition in neutrophil development. Because the candid4Pe mice. The prolonged '”f?c_“on may be due to the bgsal
induced neutrophilia in G-CSF—deficient mice is sustained andfgutropenic state of G-CSF deficiency rather than some functional
also accompanied by an increase in both precursor and matfifficiency of neutrophils in the absence of G-CSF.
neutrophils in bone marrow, this clearly indicates that this phenom- BOth TN'_:‘_" and _”—'6 levels were elev_at_ed In _candlda-ln_fected
enon is not merely due to mobilization of neutrophil “reservoif>-CSF—deficient mice as compared to similarly infected wild-type
pool,” but involves neutrophil production per se. Furthermore, odpice. These cytokines seem to have a dual role during infection
observation that the increase in neutrophils in peripheral blood fth pathogens. Although the absence of ThBnd IL-6 has been
candida-infected growth factor-deficient mice lagged behind t#0wn to aggravate candida infection in mi€é? high levels of
maximum increase of marrow CFUs seen on day 3, suggests tﬂ‘QSe CytOkineS correlate with the fatal outcome fO”OWing Septice-
the increased mature elements observed in the periphery originditig***°Elevated levels of TNF and IL-6, coupled with a higher
from marrow progenitors. Candida-infected G-CSF—deficient mig&ndida load in the kidney, are probably the key factors responsible
also develop monocytosis, which is more pronounced than tHat greater loss in body weight and higher mortality in candida-infected
seen in wild-type mice. The presence of a higher proportion &-CSF—deficient mice than similarly infected wild-type mice.

immature neutrophils along with monocytosis in the peripheral Taken together these results clearly demonstrate that emergency
blood of candida-infected G-CSF—deficient mice raises the possilgianulopoiesis, particularly in response to candida infection, can
ity that less committed progenitor cells (at least bipotenti@ccur inthe absence of G-CSF. Furthermore, GM-CSF and IL-6 are
progenitors) are undergoing amplification to generate neutrophilspensable for candida-driven neutrophilia in G-CSF-deficient
and monocytes in candida-infected G-CSF—deficient mice. Omnice. Our current efforts are focused on identifying factor(s) that
study has shown the presence of cells coexpressing c-kit and c-faegount for residual neutrophils in G-CSF-deficient mice as well as
in blood of candida-infected mice. These cells have been preyfrose that underlie the G-CSF-independent neutrophilia after
ously shown to represent myeloid progenitors with colony-formingfection withC albicans

capacity® Although we have not analyzed blood for the presence

of progenitors, the presence of c-kitfms® cells in the blood
suggests that myeloigl prpgeni@ors are mobilized cells into ”Rcknowledgments

periphery after candida infection. There has been no report

published so far regarding mobilization of hematopoietic progeni¥e are thankful to T. Helman, B. Morrow, and M. Pitt for
tor cells in G-CSF-deficient mice; this phenomenon has, howevassistance in the animal house; J. Strickland for assistance with the
been found to be altered in G-CSF receptor-deficient @fide. artwork; and Prof A. W. Burgess for critically reviewing the
G-CSF receptor—deficient mice, mobilization of hematopoietimanuscript.
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