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In this study, we have analyzed hematopoietic activity in the spleen, bone marrow, and blood of BALB/c and
scid mice infected with Leishmania donovani. Our analysis demonstrates that infection induces a rapid but
transient mobilization of progenitor cells into the circulation, associated with elevated levels of granulocyte/
macrophage colony-stimulating factor (GM-CSF) and MIP-1a. From 14 to 28 days postinfection, when
parasite expansion begins in the spleen and bone marrow, both the frequency and cell cycle activity of
hematopoietic progenitors, particulary CFU-granulocyte, monocyte, are dramatically increased in these or-
gans. This is associated with increased accumulation of mRNA for GM-CSF, M-CSF, and G-CSF, but not
interleukin-3. Our data also illustrate that hematopoietic activity, as assessed by changes in the frequency of
progenitor cell populations and their levels of cell cycle activity, can be regulated in both a T-cell-independent
and T-cell-dependent, as well as in an organ-specific, manner. Collectively, these data add to our knowledge of
the long-term changes which occur in organs in which L. donovani is able to persist.

The regulation of hematopoietic activity is an important
homeostatic process of mammals. In the resting state, the bone
marrow represents the main site of hematopoiesis in adult
rodents, although a small percentage of myeloid precursors are
present in the spleen (18, 54). Regulation of hematopoietic
activity results from many extracellular matrix-cell and cell-cell
interactions between a variety of stromal cell populations and
hematopoietic stem cells and progenitor cells (7, 10, 12). This
cooperation is mediated through transmembrane adhesion
molecules, as well as the production of cytokines and chemo-
kines with hematopoietic activity (2, 6, 44, 47). Alterations in
the distribution of hematopoietic activity in the tissues may,
however, occur as a result of increased hematopoietic stress. In
addition, local changes in the balance of various cell lineages
have also been attributed to recruitment from the bone mar-
row via the peripheral circulation. Increases in the hematopoi-
etic activity of the spleen have been observed following exper-
imental murine infection with Salmonella enterica serovar
Typhimurium, Listeria monocytogenes, Plasmodium yoelii, and
Leishmania major (33, 41, 54, 56, 57). However, there have
been fewer comparative studies of infection-induced changes
in hematopoietic activity in circumstances in which multiple
tissues act as targets for infection (25-31).

In both clinical and experimental visceral leishmaniasis,
Leishmania donovani and Leishmania infantum amastigotes
replicate in mononuclear phagocytes of the liver, spleen, and
bone marrow (1). Although the mechanisms of parasite control
and acquisition of immunity in the liver of BALB/c mice has
been extensively documented (15, 32, 55), recent interest has
focused on the course of infection in the spleen. Unlike the
liver, the spleen is persistently infected and suffers consider-
able pathological disruption to its microanatomy 46, 48; P.
Gorak, unpublished data). In contrast, while the bone marrow
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has long been recognized as a site of infection in mice (3, 23),
less is known about the relationship between parasite dynamics
in this organ, changes in cytokine and chemokine expression,
and local hematopoietic activity.

Therefore, we have conducted a comparative study of he-
matopoiesis in the spleen, bone marrow, and peripheral blood
of BALB/c mice following infection with L. donovani. Our data
indicate a marked temporal association between changes in
myelopoiesis, probably driven by selected colony-stimulating
factors (CSFs), and local parasite expansion. Furthermore,
tissue-specific expression of chemokines and cytokines with
hematopoietic activity is documented, and its implications for
the regulation of organ-specific responses to L. donovani in-
fection in mice are discussed.

MATERIALS AND METHODS

Animals and parasites. Female specific-pathogen-free BALB/c mice were
obtained from Tuck and Co. (Battlesbridge, United Kingdom). C.B-17 scid mice
were obtained from a breeding colony maintained by Greg Bancroft at the
London School of Hygiene and Tropical Medicine, derived from a parental stock
provided by C. Hetherington (National Institute for Medical Research, London,
United Kingdom). The mice were used at 8 to 10 weeks of age and housed under
conventional conditions, with food and water provided ad libitum. No murine
pathogens have been detected in our facility by routine sentinel screening.
Parasites of the Ethiopian strain of L. donovani (LV9) were maintained by
passage in Syrian hamsters as described elsewhere (48). The mice were infected
with 2 X 107 L. donovani cells intravenously in 200 ul of RPMI or “sham”
infected with an equivalent volume of naive hamster spleen homogenate.

Determination of tissue parasite burden. The mice were killed by cervical
dislocation, and the livers, spleens, and femurs were removed. The parasite load
was determined from impression smears following methanol fixation and Giemsa
staining. For the spleen and liver, the parasite burden was expressed as Leish-
man-Donovan units (LDU), where LDU was equal to the number of parasites
per 1,000 host nuclei times the organ weight in milligrams (49). For bone
marrow, the parasite burden was determined both microscopically (as the num-
ber of parasites per 1,000 host nuclei in smears) and by limiting-dilution analysis
on blood agar slopes (22). Briefly, nutrient agar (3 g; Difco, Scientific Laboratory
Supplies, Ltd., Nottingham, United Kingdom) and NaCl (0.6 g; Sigma) were
dissolved in 100 ml of double-distilled H,O and autoclaved for 60 min. Glucose
(5 ml; 30% [wt/vol] (Sigma) in phosphate-buffered saline and 10 ml of citrated
rabbit blood (Harlan Seralab Ltd., Crawley Down, United Kingdom) were then
added, and the blood agar (50 pl) was dispensed into a flat-bottom 96-well plate
(Nunc; Marathon Laboratory Supplies, London, United Kingdom). The plates
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were allowed to set at a 45° slant and were stored for up to 2 months in
humidified boxes at 4°C before use. Three hours before the addition of tissue
samples, the plates were placed at 26°C. Single-cell suspensions from bone
marrow were prepared in Dulbecco modified Eagle medium F12 nutrient mix
(Gibco) plus 5% (vol/vol) heat-inactivated fetal calf serum plus 100 pg of strep-
tomycin/ml and 100 pl of penicillin/ml. Serial dilutions of cell suspensions were
made, and 100 pl was added to each of 16 replicate wells. The plates were
cultured in humidified, 5% (vol/vol) CO, incubators at 25 to 26°C for 9 days.
After that time, the number of wells negative for parasite growth were scored
using an inverted microscope. The logarithm of the fraction of negative wells was
plotted against the number of host cells plated at each serial dilution. The
equation of the best-fit line was generated by a x> minimization method, using a
computer program adapted from reference 50 and supplied by E. Prina, Institut
Pasteur, Paris, France. The cell dilution yielding a fraction of 37% negative wells
for parasite growth gives an estimate of the reciprocal parasite frequency.

Assays of colony-forming precursors and progenitors. Progenitor cell fre-
quency in the bone marrow, spleen, and peripheral blood was determined at
various times postinfection (p.i.) by analysis of their ability to produce colonies
in semisolid methylcellulose culture (18, 51). Single-cell suspensions were pre-
pared from spleens by passage through a 20-pum-pore-size nylon mesh, from bone
marrow by flushing with cold RPMI, and from heparinized peripheral blood by
Ficoll-Hypaque separation. The cells were washed in Iscove’s modified Dulbec-
co’s medium (Gibco) supplemented with 100 pg of penicillin/ml, 100 pg of
streptomycin/ml, 20 mM sodium pyruvate, and 50 uM B-2-mercaptoethanol, and
70 ul (containing either 8 X 10* bone marrow cells, 1.2 X 10° spleen cells, or 4 X
10° peripheral blood mononuclear cells [PBMC]) was subsequently transferred
to 4-ml Falcon tubes (Gibco). Stem cell factor (SCF) (final concentration, 25
pg/ml; R & D Systems) and hemin (bovine hemin chloride; final concentration,
100 pM; Sigma) were added to each tube to give a final volume of 100 wl. Using
a 1-ml syringe fitted with a 16-gauge, blunt-ended needle (Stem Cell Technolo-
2y), 900 ul of Methocult 3430 (0.1% [wt/vol] methylcellulose, 30% [vol/vol] fetal
calf serum, 1% [wt/vol] bovine serum albumin, 100 pM 2-mercaptoethanol, 2
mM L-glutamine, 2% [vol/vol] pokeweed mitogen-stimulated murine spleen cell
conditioned medium, and 3 U of recombinant human erythropoietin [Epo]/ml;
Stem Cell Technology) was taken up and dispensed into each sample tube. The
cells plus Methocult were mixed thoroughly and allowed to stand at room
temperature for 5 min to allow air bubbles to rise to the top; 750 wl was carefully
drawn into each syringe, and 250-pl triplicate samples were dispensed into the
wells of a 24-well tissue culture plate (Falcon). The final number of cells plated
per well was 2 X 10* bone marrow cells, 3 X 10° spleen cells, and 1 X 10° PBMC.
In some experiments, cultures were also supplemented with 50 to 150 wg of
sodium stibogluconate (Pentostam; Wellcome, Stevenage, United Kingdom)/ml
or 0.1 to 1.0 pg of Fungizone (Squibb and Sons, Princeton, Ga.)/ml. The plates
were incubated for 7 days at 37°C in 5% (vol/vol) O,~5% (vol/vol) CO,. At later
time points in infection (days 28 and 56 p.i.), reduced numbers of spleen cells
(1.5 X 10°) and bone marrow cells (1.0 X 10%) were plated per well to facilitate
colony counting.

After 7 days of incubation at 37°C, the plates were examined microscopically
for colony counting. Colonies (assessed by eye to contain greater than 50 cells)
were scored as either CFU-granulocyte, erythrocyte, monocyte, megakaryocyte
(GEMM,; circular colonies with characteristic brown-pink coloring); CFU-gran-
ulocyte, monocyte (GM; spherical or dispersed clear or grey colonies); or burst-
forming unit-erythrocyte (BFU-E); multicentered colonies with characteristic
brown-pink coloring). To confirm identification, representative colonies were
picked, cytospun onto glass microscope slides, and stained for hemoglobin con-
tent with a 5:1:1 mixture of 0.2% (wt/vol) O-dianisidine (Sigma) in methanol-3%
(vol/vol) hydrogen peroxide solution (Sigma)-1% (wt/vol) sodium nitroferricya-
nide solution (Sigma) for 10 min at room temperature in the dark. The slides
were rinsed under tap water and then counterstained with Giemsa stain. Ery-
throid cell types could be identified microscopically as those exhibiting a positive
brown-yellow cytoplasmic reaction assessing the presence of hemoglobin, in
contrast to myeloid cells showing a characteristic blue-grey cytoplasmic staining
(51). Colony numbers are expressed as the number of each progenitor type
within a fixed total number of cells, or within the whole tissue, based on the ratio
of the number of cells assayed to whole-organ cell counts.

Progenitor [*H]thymidine suicide assay. To determine the proliferative status
of progenitor cells in the bone marrow and spleen, the proportion of cells in S
phase of the cell cycle was determined (51). Single-cell suspensions were resus-
pended in IMDM at 10° bone marrow cells/ml or 107 spleen cells/ml. Replicate
1-ml samples were either untreated or pulsed with 50 wCi/ of I tritiated thymidine
(specific activity, 25 Ci/mmol; ICN, Irvine, United Kingdom)/ml, and samples
were incubated at 37°C for 20 min. The samples were then chased with excess
cold thymidine (20% [wt/vol] in ice-cold IMDM; Sigma). The samples were then
washed twice in IMDM and plated in colony assays, as described above. Colony
formation was evaluated after 7 days, and the proportion of progenitor cells in S
phase is expressed as the percentage reduction in CFU formation in samples
treated with tritiated thymidine compared to controls.

Measurement of cytokine and chemokine mRNA acc lation. mRNA was
isolated and analyzed by a semiquantitative reverse transcription (RT)-PCR
assay as previously described (16). All PCR primers and probes were as de-
scribed, with the addition of granulocyte/macrophage colony-stimulating factor
(GM-CSF) (39), G-CSF (41), M-CSF (41), MIP-1a (45), and SCF (41) primers
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and probes. The intensity of signals generated by mRNA encoding the house-
keeping gene for hypoxanthine-guanine phosphoribosyl transferase (HPRT) was
used to ensure approximately even loading of target cDNA into PCRs, and the
results were calculated as the intensity of signals generated by cytokine products
relative to signals generated by HPRT products for each sample tested. The data
are presented as the relative fold increase in signal compared to control naive
mice analyzed at each time point and represent the mean * standard error for
three mice at each time point.

RESULTS

L. donovani accumulates in the bone marrow of BALB/c
mice. We first wished to determine the relative course of in-
fection with L. donovani in the bone marrow and spleen of
BALB/c mice. As previously shown (48), after an initial lag
period during which parasite growth is not readily detectable,
L. donovani amastigotes are detectable in increasing numbers
in the spleen and are maintained in the tissue throughout the
112 days analyzed. The kinetics of parasite burden is similar
irrespective of whether data are expressed as LDU (which
introduces a correction for organ weight and thus represents
total organ load) or as amastigotes per 1,000 host cells (Fig.
1A). In the bone marrow, the parasite burden was determined
by two independent means. Firstly, amastigotes were enumer-
ated from Giemsa-stained bone marrow tissue smears, in a
fashion analogous to that used for the spleen. Secondly, pooled
femur samples were serially diluted onto blood agar plates,
allowing estimation of the parasite frequency by limiting-dilu-
tion analysis (23). As shown in Fig. 1B, parasite frequencies in
the bone marrow, determined by either method, were identi-
cal. These data confirm that the bone marrow serves as a site
of persistent infection and also indicate a striking similarity
with the spleen in the time of onset of rapid amastigote accu-
mulaton.

An increased frequency of hematopoietic progenitors is ob-
served following L. donovani infection in BALB/c mice. The
data presented above show that parasites persist within both
the bone marrow and spleen. To evaluate a possible associa-
tion between parasite burden in these tissues and changes in
hematopoietic activity, we assayed the frequency of progenitor
cells capable of giving rise to mature colonies in semisolid
methylcellulose culture. To support optimal in vitro colony
growth, the cultures were supplemented with erythropoietin, a
source of CSFs, and SCF (see Materials and Methods). Colony
formation was not observed in the absence of these exogenous
factors.

Colonies deriving from each progenitor cell type were
readily observed in cultures of naive bone marrow, though
CFU-GM were more abundant than either BFU-E or CFU-
GEMM (in a ratio of approximately 5:1:0.4, [Fig. 2]). Signifi-
cant changes in progenitor frequency were seen over the
course of L. donovani infection. Elevated levels of all three
types of colony were observed by day 7 p.i., and they continued
to rise until day 28 p.i., when they were present at approxi-
mately threefold frequency compared to those from naive
mice. However, the ratio of these three colony types remained
similar (5:1.3:0.4).

A lower frequency of progenitor cells was observed in the
spleens of naive mice compared to that in the bone marrow
(Fig. 3). Furthermore, the ratio of colony types was different
from that of bone marrow, with CFU-GM and BFU-E present
in almost equal frequency (1.3:1:0.1 for CFU-GM, BFU-E, and
CFU-GEMM, respectively). In the spleens of infected mice,
significant changes in hematopoietic activity were first detected
at day 14 p.i. Whereas the numbers of BFU-E stabilized at this
level, the numbers of CFU-GM increased dramatically from
day 14 to day 28 p.i. At day 28 p.i., CFU-GM were approxi-
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FIG. 1. L. donovani causes a persistent infection in the bone marrow of
BALB/c mice. Mice were infected with 2 X 107 L. donovani amastigotes, and the
parasite burden was measured in the spleen (A) and bone marrow (B). In panel
A, the parasite burden was calculated as LDU (O) or parasite frequency per
1,000 host cells (@), both determined from Giemsa-stained tissue smears. In
panel B, the parasite frequency was determined from tissue smears (O) or by
limiting-dilution analysis (CJ). The data represent the mean * standard error of
the mean for three mice for tissue smears (@) or triplicate cultures using cells
pooled from three femurs in limiting-dilution assays. The data are representative
of two independent experiments.

mately tenfold more abundant on a per cell basis than BFU-E
(Fig. 3). The spleen undergoes significant enlargement during
the course of L. donovani infection (48). When adjusted for
total cell number, the organ-specific capacity for myelopoiesis
was increased 20- to 30-fold at later times in infection (Table
1). This analysis served to highlight both the extent to which
progenitor cell frequency increases and the selective expansion
of myeloid progenitors which occurs during infection.

Rapid and transient increases in the number of progenitor
cells in the peripheral blood following L. donovani infection. L.
donovani infection fails to significantly alter the frequency of
monocytes, neutrophils, and lymphocytes in peripheral blood.
For example, comparing naive mice to those at day 56 p.i.,
neutrophils, monocytes, and lymphocytes represent 8.1 = 0.4,
26.7 = 1.1, and 62.8 = 0.1% versus 9.2 = 0.8, 25.8 = 1.1, and
63.4 = 1.0% of the total, respectively. In contrast, progenitor
cell activity was seen to vary during the course of infection (Fig.
4). A rapid, though transient, increase in the frequency of
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FIG. 2. L. donovani infection is associated with increased numbers of hema-
topoietic progenitors in the bone marrow of BALB/c mice. Bone marrow (BM)
cells from L. donovani-infected (hatched bars) and age-matched naive (open
bars) mice were plated in hematopoietic methylcellulose colony assays (see
Materials and Methods). After 7 days, mature colonies were scored as CFU-
GEMM (A), CFU-GM (B), or BFU-E (C). The data represent the mean *
standard error of the mean for triplicate wells and are representative of two
independent experiments. Significant differences between naive and infected
groups are indicated: *, P < 0.05; =, P < 0.005.

circulating CFU-GEMM, CFU-GM, and BFU-E was ob-
served. This peaked at 5 h p.i. and declined to control levels by
72 h p.i. From day 7 p.i. onwards, there was a second rise in
progenitor cell numbers in the peripheral blood, which was
then maintained for the period of study. As seen in the spleen,
the relative increase at these later time points was most dra-
matic for CFU-GM. Therefore, during the course of L. dono-
vani infection, there is a biphasic mobilization of hematopoi-
etic progenitor cells into the peripheral blood.

Increases in splenic progenitor cell numbers are indepen-
dent of the continual presence of parasites in colony assays.
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FIG. 3. L. donovani infection is associated with increased numbers of hema-
topoietic progenitors in the spleens of BALB/c mice. Spleen cells from L. do-
novani-infected (hatched bars) and age-matched naive (open bars) mice were
plated in hematopoietic methylcellulose colony assays. After 7 days, mature
colonies were scored as CFU-GEMM (A), CFU-GM (B), or BFU-E (C). The
data represent the mean = standard error of the mean for triplicate wells and are
representative of two independent experiments. Significant statistical differences
between naive and infected groups are indicated: *, P < 0.05; s, P < 0.005; #3,
P < 0.0005.

The data shown above indicate that both parasite burden and
the frequency of hematopoietic progenitor cells rise dramati-
cally in the spleen from day 14 p.i. As our analysis of progen-
itor cells is based upon unfractionated cell populations, which
contained variable numbers of infected macrophages, we
wished to exclude the possibility that parasites per se influ-
enced the in vitro colony-forming potential of progenitor cells.
Therefore, we repeated these assays in the presence and ab-
sence of antileishmanial drugs. At the concentrations used,
neither Pentostam nor Fungizone had an effect on spleen cell
viability while they were able to kill 97% of L. donovani within
24 h (from 34 amastigotes/100 host cells to 1/100, as deter-
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TABLE 1. L. donovani infection increases hematopoietic progenitor
cells in the spleen

Total fold increase”

Days p.i. Index of
splenomegaly’  CERU.GEMM =~ CFU-GM  BFU-E
7 1.33 2.6 1.8 1.7
14 1.75 5.6 4.2 5.1
28 2.34 9.65 21.6 7.4
56 3.46 14.5 27.0 12.4

“ Index of splenomegaly = mean number of viable cells per infected spleen/
mean number of viable cells per age-matched naive spleen.

® Splenic progenitor cell numbers (from the experiment shown in Fig. 3) were
adjusted for splenomegaly that accompanies L. donovani infection.

mined from cytospin preparations). As shown in Fig. 5, these
drugs did not affect the number of colonies derived from either
naive or infected spleen cells. Thus, the presence of amasti-
gotes or infected macrophages appears to have little influence
on colony formation in vitro in the presence of optimal levels
of growth factors.

Frequency of progenitor cells in the cell cycle is increased
during L. donovani infection of BALB/c mice. In vitro colony
assays determine the frequency of progenitor cells capable of
proliferating in response to hematopoietic growth or antiapop-
totic factors. However, they do not directly evaluate the actual
hematopoietic activity at the time of sacrifice. In order to
address this issue, we performed suicide selection experiments
with bone marrow and spleen cells from naive and infected
mice. Progenitor cells entering S phase during the pulse with
radioactive thymidine subsequently die, and the percentage of
progenitor cells in S phase of the cell cycle can be determined
from the decrease in mature colony numbers after 7 days (51).
As shown in Table 2, a fraction of each progenitor cell popu-
lation was actively proliferating in the bone marrow of naive
BALB/c mice. In the spleens of naive mice, the proportion of
progenitor cells in cell cycle was much lower than that ob-
served in the bone marrow, consistent with a majority of
hematopoiesis occurring in the bone marrow in the resting
state (18). Furthermore, the percentages of myeloid and ery-
throid colony-forming cells in S phase were comparable in the
spleen, compared to the greater level of myeloid activity in the
bone marrow. Following infection with L. donovani, the per-
centages of progenitor cells in S phase in both the spleen and
bone marrow increased. In the bone marrow, the percentage of
each progenitor population in S phase was increased approx-
imately 1.5-fold as a result of infection. In contrast, the relative
increase of cells in the cell cycle was considerably greater in the
spleen (8-, 14-, and 8-fold increases in CFU-GEMM, CFU-
GM, and BFU-E, respectively). The combination of selective
expansion of CFU-GM progenitors (Fig. 3 and Table 1) and
their active proliferation (Table 2) indicates that splenic my-
elopoiesis is specifically and extensively increased as a result of
L. donovani infection.

scid mice fail to increase hematopoietic activity in the spleen
following L. donovani infection. To examine the role of ac-
quired immunity in the regulation of hematopoiesis during L.
donovani infection, we also examined progenitor cell prolifer-
ation in scid mice (4, 16). Although the frequency of progen-
itors is increased in the bone marrow and spleen of naive scid
mice, absolute numbers per organ are comparable to those in
coisogenic BALB/c mice (14) (data not shown). At day 42 p.i.,
when scid mice have a significantly higher parasite burden in
the spleen than BALB/c mice (900 * 36 versus 130 = 9 amas-
tigotes/1,000 spleen cells, respectively; P < 0.001), scid mice
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FIG. 4. L. donovani infection induces biphasic mobilization of hematopoietic
progenitors into the peripheral blood of BALB/c mice. Peripheral blood was
removed from L. donovani-infected (hatched bars) and age-matched naive (open
bars) mice at various times p.i., and PBMC were plated in hematopoietic meth-
ylcellulose colony assays. After 7 days, mature colonies were scored as CFU-
GEMM (A), CFU-GM (B), or BFU-E (C). The data represent the mean *
standard error of the mean for triplicate wells and are representative of two
independent experiments. Significant statistical differences between naive and
infected groups are indicated: *, P < 0.05; #*x, P < 0.005; s, P < 0.0005.

failed to upregulate the number of splenic CFU-GM as a result
of L. donovani infection [(66.3 = 2.3) X 10° versus (74.0 *
2.7) X 10> CFU-GM/10® spleen cells in naive and infected
mice respectively]. Furthermore, no increase in the percentage
of progenitor cells in the cell cycle was observed in the spleens
of scid mice following infection with L. donovani (Table 2). In
contrast, there was a significant increase in the number of
progenitors in the cell cycle in the bone marrow of infected scid
mice. This was of the same order of magnitude (approximately
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plated in hematopoietic methylcellulose colony assays with no additions (open
bars) or in the presence of 1 pg of Fungizone (hatched bars)/ml or 150 wg of
Pentostam (cross-hatched bars)/ml. After 7 days, mature colonies were scored.
The data represent the mean * standard error of the mean for triplicate wells
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1.5-fold) as that seen in BALB/c mice at this time. Hence, the
spleen and bone marrow of scid mice differ in their ability to
regulate hematopoiesis following L. donovani infection.
Increases in progenitor cell proliferation are associated
with increased hematopoietic growth factor mRNA accumula-
tion. The above-mentioned experiments indicate that hemato-
poiesis is enhanced to varying degrees in the bone marrow and
spleen of L. donovani-infected BALB/c and scid mice. Given
that hematopoiesis is stimulated and regulated by a number of
CSFs, cytokines, and chemokines, the effect of L. donovani
infection on the accumulation of mRNA for some of these
factors was examined. The majority of factors analyzed were
expressed constitutively in the bone marrow and spleen in both
strains, consistent with active hematopoiesis occurring in these
organs in the resting state. However, expression of yIP-10 was
low or undetectable, and expression of interleukin 3 (IL-3) was
also minimal. Tables 3 and 4 summarize the data from two
independent experiments in which we measured the increases
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TABLE 2. L. donovani infection results in a differential increase in the proliferative status of progenitor cells in BALB/c and scid mice

Percentage of cells in S phase®

Cells BALB/c scid
CFU-GEMM CFU-GM BFU-E CFU- CFU-GM BFU-E
B . ) GEMM . .

Spleen

Naive 2.6 £2.1 3.7+1.5 42+ 1.6 8.0 £2.5 63+ 1.4 6.7 £2.6

d42 21.7 + 13.3% 53.0 = 3.6 36.0 = 3.6 13.7 35 12.8 =29 114 =41
BM

Naive 375 =26 421 +52 157+ 1.8 263 = 3.1 304 =32 16.9 = 4.2

d42 56.7 £ 2.3 65.0 = 6.2 223 £2.0 37.0 £ 4.6 42.6 £ 0.9 263 £2.7

@ The percentage of spleen and bone marrow (BM) progenitor cells in S phase was determined by a [°H]thymidine kill assay, as described in Materials and Methods.
The data are expressed as the percentage of decrease in colony formation following [*H]thymidine treatment compared to the mean number of colonies in control
untreated samples and represent the mean * standard error of the mean of triplicate cultures. d42, 42 days postinfection.

® Data in bold face indicate statistically significant differences between naive and infected mice (P < 0.05).

in mRNA accumulation observed in individual BALB/c and
scid mice at various times p.i. L. donovani infection induced a
rapid accumulation of mRNA for GM-CSF and MIP-1« in the
bone marrow of both BALB/c and scid mice (Table 3), sug-
gesting that this represents a direct T-cell-independent re-
sponse to infection in this organ. In the spleen (Table 4),
accumulation of mRNA at 5 h p.i. was only observed for
MIP-1a and not GM-CSF, again in both strains of mice. Sur-
prisingly, given previous studies of chemokine expression in
the liver (9), neither MCP-1 nor yIP-10 mRNA accumulation
was induced in either spleen or bone marrow immediately
following infection. In the bone marrow of BALB/c mice, no
significant changes in mRNA accumulation were subsequently
observed until days 28 to 42 p.i. In the spleen significant levels
of GM-CSF and M-CSF were only detectable at day 14 p.i. in
one of two independent experiments. By days 28 to 42 p.i.,
significant increases in accumulation of mRNA for the growth
factors G-CSF, M-CSF, and GM-CSF occurred in the bone

marrow and spleens of BALB/c mice, correlating with late
expansion of myeloid progenitor cell numbers and proliferative
capacity (Fig. 2 and 3 and Table 2). In contrast, while later
increases in the expression of CSFs were observed in the fe-
murs of scid mice, accumulation of mRNA for myeloid growth
factors was not apparent in the spleen. This restriction of CSF
production to the bone marrow microenvironment may ac-
count for the selective inability of scid mice to increase splenic
progenitor proliferation following L. donovani infection (Table
2). Together, these data indicate that the expression of cyto-
kines and chemokines with hematopoietic activity is subject to
both T-cell-dependent and T-cell-independent, as well as tis-
sue-specific, regulation.

DISCUSSION

L. donovani infection of genetically susceptible mice results
in a resolving parasite burden in the liver and a relatively

TABLE 3. L. donovani infection of BALB/c and scid mice induces the accumulation of mRNA for hematopoietic growth factors
in the bone marrow

Fold increase in mRNA accumulation over age-matched naive control (p.i.)

tokine or ;
(c?]lemokine BALB/c scid
5h 14 days 42 days” 5h 14 days 42 days”
Expt 1
G-CSF 1.04 * 0.14¢ 1.20 = 0.37 1.65 + 0.214 1.32 = 0.21 1.10 = 0.28 1.22 = 0.21
GM-CSF 1.77 £ 0.11 1.30 = 0.20 2.99 = 0.18 1.67 = 0.29 3.99 = 1.38 1.69 + 0.10
1L-1B 1.17 = 0.49 0.95 £ 0.57 1.32 = 0.29 1.56 = 0.60 1.05 = 0.18 1.09 = 0.27
1L-3 1.00 = 0.02 1.01 = 0.03 0.96 = 0.41 0.67 = 1.15 1.00 = 0.06 1.23 = 0.41
M-CSF 0.99 = 0.16 1.45 = 0.04 1.74 = 0.21 1.38 = 0.01 1.04 = 0.29 1.42 = 0.19
SCF 1.13 £ 0.22 0.98 = 0.24 1.33 £ 0.62 1.76 = 0.70 1.04 = 0.31 1.77 = 0.63
MIP-1a 1.83 = 0.09 0.80 = 0.30 1.23 £ 0.14 2.46 + 0.70 0.85 = 0.10 1.12 = 0.44
MCP-1 1.07 = 1.59 0.96 = 0.29 1.44 = 0.30 0.91 = 0.13 0.73 = 0.40 1.33 £ 0.18
vIP-10 ND¢ ND ND ND ND ND
Expt 2
G-CSF 1.23 = 0.16 1.26 = 0.31 1.76 = 0.22 0.97 =£0.22 1.08 = 0.61 141 = 0.12
GM-CSF 1.87 = 0.26 1.54 = 0.08 1.82 = 0.3 1.48 = 0.08 1.07 = 0.28 1.62 = 0.34
M-CSF 1.58 = 0.46 1.79 = 0.70 3.46 = 0.48 0.79 = 0.30 1.01 = 0.70 1.32 = 0.10
MIP-1a 1.31 = 0.10 1.16 = 0.12 1.00 = 0.35 1.43 = 0.15 1.66 = 1.08 0.62 = 0.29

“ mRNA for hematopoietic growth factors was measured by RT-PCR in bone marrow of BALB/c and scid mice infected with L. donovani. After normalizing against
expression of HPRT, the fold increase in expression of each cytokine or chemokine was calculated for individual infected mice relative to the mean expression in
age-matched naive controls. In experiment 2, there were no significant changes in expression of IL-1p, IL-3, SCF, MCP-1, and yIP-10. These data are omitted for clarity.

® Twenty-eight days for experiment 2.

¢ Values represent the mean * standard error of the mean for three animals analyzed individually at each time point.
@ Data in boldface represent significant statistical differences between naive and infected mice (P < 0.05).

¢ ND, undetectable levels of expression.
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TABLE 4. L. donovani infection of BALB/c and scid mice induces the accumulation of mRNA for hematopoietic growth factors in the spleen

Fold increase in mRNA accumulation over age-matched naive control (p.i.)

Cytokine or

. BALB/c scid
chemokine
5h 14 days 42 days® 5h 14 days 42 days®

Expt 1
G-CSF 0.91 £ 0.55¢ 1.26 £ 0.17 1.46 = 0.23 0.85 = 0.11 1.10 = 0.23 1.44 = 0.28
GM-CSF 1.10 = 1.63 2.08 = 0.48 3.21 £ 046 1.16 = 0.11 1.30 = 0.22 1.46 = 0.29
1L-1B 1.30 = 0.24 0.89 = 0.18 1.22 = 0.16 1.01 = 0.21 0.66 = 0.43 1.20 = 0.31
1L-3 0.93 = 0.56 1.67 = 2.90 1.03 = 0.76 1.00 = 0.02 1.33 = 2.30 1.04 = 0.11
M-CSF 0.68 = 0.61 1.30 = 0.08 1.49 = 0.15 0.81 = 0.19 1.16 = 0.19 1.52 £ 0.36
SCF 1.27 = 0.19 0.74 = 0.34 1.22 = 0.11 1.10 = 0.24 1.05 = 0.33 1.31 = 0.21
MIP-1a 1.37 = 0.09¢ 0.74 £ 0.34 1.33 = 0.19 1.42 = 0.14 1.07 = 0.17 1.25 £ 0.37
MCP-1 0.85 £ 0.11 0.53 £ 0.45 1.44 = 0.36 0.75 = 0.18 1.08 = 1.03 2.06 = 1.23
vyIP-10 1.10 = 0.65 1.32 = 0.41 1.20 = 0.34 0.98 =0.33 1.02 = 0.16 1.36 = 0.41
1.04 = 0.13 1.31 = 0.22 1.72 = 0.23 1.22 = 0.15 1.45 = 0.38 1.29 = 0.02

Expt 2
G-CSF 1.04 = 0.13 1.31 £0.22 1.72 = 0.23 1.22 £0.15 1.45 = 0.38 1.29 = 0.02
GM-CSF 1.26 = 0.40 1.35 = 0.53 2.78 £ 0.32 1.38 = 0.10 1.76 = 1.76 1.78 = 0.34
M-CSF 1.11 = 0.41 0.61 =0.29 2.50 = 0.17 1.16 = 0.52 1.53 = 0.26 1.50 = 0.41
MIP-1a 2.82 £ 0.51 1.86 = 0.59 1.20 = 0.43 2.61 = 0.40 1.53 = 0.36 0.56 = 0.36

“mRNA for hematopoietic growth factors was measured by RT-PCR in the spleens of BALB/c and scid mice infected with L. donovani. After normalizing against
expression of HPRT, the fold increase in expression of each cytokine or chemokine was calculated for individual infected mice relative to the mean expression in
age-matched naive controls. In experiment 2, there were no significant changes in expression of IL-1B, IL-3, SCF, MCP-1, and yIP-10. These data are omitted for clarity.

® Twenty-eight days in experiment 2.

¢ Values represent the mean * standard error of the mean for three animals analyzed individually at each time point.
@ Data in boldface represent significant statistical differences between naive and infected mice (P < 0.05).

persistent infection in the spleen and bone marrow (references
23 and 48 and this study). Here, we have characterized for the
first time the local changes in hematopoietic activity in tissues
which harbor persistent parasites and compared it with both
parasite dynamics and the evolution of cytokine and chemo-
kine responses in these organs. While the picture which
emerges is undoubtedly one of extreme complexity, there are
nevertheless a number of specific observations which warrant
further comment.

First, L. donovani infection caused a rapid (5-h), yet tran-
sient, increase in progenitor cell frequency in the blood but not
the spleen or bone marrow. Rapid mobilization of hematopoi-
etic stem cells and progenitor cells from the bone marrow to
the peripheral blood has also been described following the
administration of lipopolysaccharide (18), as well as a variety
of cytokines, including GM-CSF (42), G-CSF (34, 36), SCF (5),
IL-8 (22), IL-12 (20), and MIP-1a (6). Although the mecha-
nisms of cytokine-induced cellular mobilization have not been
fully elucidated, the modification of adhesive interactions with
stromal cells is thought to play a role (40, 53). However, the
mechanisms of mobilization may differ among eliciting agents
(43). Mobilization of progenitor cells immediately following L.
donovani infection correlated with an increase in femoral
mRNA accumulation for GM-CSF and MIP-1a at 5 h p.i.,
suggesting these two factors play a crucial role following L.
donovani infection. Others have also described transient pro-
genitor cell mobilization in response to GM-CSF (42). Al-
though mobilization of stem cells and progenitors following
cytokine or lipopolysaccharide administration is generally as-
sociated with a redistribution of hematopoietic precursors to
the spleen (18, 34, 42), we were unable to detect any increases
in spleen cell progenitor numbers within the first week of
infection. However, since mRNA accumulation for MIP-1a
was also induced in the spleens of infected mice, mobilization
and recruitment of progenitor cells may balance each other in
this organ. These data suggest a fundamental difference in
tissue recruitment and activation of progenitor cells following

L. donovani infection compared to that reported in other mod-
els.

Second, our data provide further evidence of tissue-specific
regulation of cytokine and chemokine expression. We have
previously demonstrated that L. donovani infection triggered a
transient T-cell-independent chemokine response in the livers
of infected mice. This response, largely mediated by Kupffer
cells, involves early production of MIP-1a,, MCP-1, and yIP-10
(9). It is apparent from the current study that while T-cell-
independent responses also occur in other tissues, they are
more restricted in nature. Thus, both bone marrow and spleen
produce MIP-1a yet fail to accumulate significant levels of
mRNA for MCP-1 or yIP-10. Furthermore, whereas there is
T-cell-independent expression of GM-CSF in the bone marrow
(Table 3), it is absent from the spleen (Table 4). The functional
significance of these findings remains to be fully established.
However, it is of interest that we recently postulated that
vIP-10 is the key chemokine required to initiate effective host
protective responses in the liver (9) and that in two organs in
which parasites persist, we have failed to detect significant
levels of this chemokine. Furthermore, we have recently dem-
onstrated that L. donovani infection of a bone marrow-derived
stromal macrophage line significantly affects its ability to reg-
ulate the hematopoietic activity of progenitor populations, un-
der conditions where growth factors are limiting (8). Amasti-
gote infection of these stromal macrophages selectively
enhances CFU-GM production by a mechanism involving GM-
CSF acting in concert with tumor necrosis factor alpha. Al-
though MIP-1a is also produced by these cells, antibody neu-
tralization experiments indicate that this chemokine plays no
role in supporting colony growth in vitro. These data suggest
that the major role of MIP-1a is, as discussed above, related to
progenitor cell mobilization.

Third, as infection progressed the frequencies of CFU-
GEMM, CFU-GM, and BFU-E increased in the bone marrow,
spleen, and peripheral blood. This correlated with increased
progenitor cell cycling in both the spleen and bone marrow and
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increased expression of mRNA for the growth factors GM-
CSF, G-CSF, and M-CSF. These CSFs, together with IL-3, are
usually described as the dominant molecules controlling the
production and maturation of granulocytes (IL-3, GM-CSF,
and G-CSF), and monocytes (IL-3, GM-CSF, and M-CSF)
from more primitive, multipotential precursors (28, 52). Nev-
ertheless, we have been unable to detect the accumulation of
IL-3 mRNA in either the spleens or bone marrow of mice
infected with L. donovani. Similarly, IL-3 protein has not been
detected either in direct ex vivo cultures of spleen cells from
long-term-infected mice (S. E. J. Cotterell, unpublished data)
or in restimulation assays with leishmanial antigens (21).
Hence, in contrast to the significant involvement of IL-3 in
visceralizing stages of L. major infection (24), this cytokine
plays a limited, if any, role in the alteration of hematopoietic
activity caused by L. donovani infection. Interestingly, while
the fold increase in expression of mRNA for each CSF was
similar in the bone marrow and spleen, progenitor cell fre-
quency and proliferative status was increased to a greater ex-
tent in the spleen than the bone marrow. Moreover, the my-
eloid progenitor number was selectively increased in the
spleen, in comparison to similar increases in myeloid and ery-
throid hematopoiesis observed in the bone marrow. The sig-
nificance of these observations is under further investigation.

Finally, this study reveals a striking correlation between in-
creased hematopoietic activity and parasite growth in both the
spleen and bone marrow. The “safe-target” hypothesis, where
increased numbers of immature myeloid cells provide a site for
rapid multiplication of amastigotes, has been frequently ap-
plied to infections with L. major (13, 33). In this model, both
susceptibility to infection and myelopoiesis are regulated by
IL-3 and GM-CSF (17, 19, 24), and the parasite has a tropism
for immature myeloid cells (11, 33). In contrast, L. donovani
infection occurs most readily in mature macrophage popula-
tions (11), IL-3 is limiting during infection (reference 21 and
this report), and GM-CSF is required for resistance in the liver
(35). Therefore, the increased level of myelopoiesis, if biolog-
ically relevant, may not serve the same function in these two
models. In addition, it should be noted that parasite growth
can be significant even in the absence of increases in local
hematopoietic activity, as shown here in the spleens of scid
mice. Investigation into the precise relationship between he-
matopoietic activity and parasite growth is hampered by the
difficulties associated with long-term cytokine neutralization in
vivo and the redundancy of hematopoietic growth factors in
gene-targeted mice (37, 38). Nevertheless, the future develop-
ment of conditional or cell-type-specific mutants should aid in
addressing this question.
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