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The intracellular parasite Leishmania causes a wide spectrum of human disease, ranging from self-resolving
cutaneous lesions to fatal visceral disease, depending on the species of Leishmania involved. The mechanisms
by which different Leishmania species cause different pathologies are largely unknown. We have addressed this
question by comparing the gene expression profiles of bone marrow-derived macrophages infected with either
Leishmania donovani or L. major promastigotes. We found that the two species had very similar effects on
macrophage gene expression. Both species caused a small (<2.5-fold) but statistically significant repression of
several hundred genes. In addition, both species strongly induced and repressed about 60 genes. Comparing
the effects of the two species showed that only 26 genes were regulated differently by L. major as opposed to L.
donovani, including those for metallothioneins 1 and 2, HSP70 and -72, CCL4, Gadd45�, Dsp1, matrix
metalloprotease 13, T-cell death-associated gene 51 (Tdag51), RhoB, spermine/spermidine N1-acyl transferase
1 (SSAT), and Cox2. L. donovani-infected macrophages were also found to express higher levels of Cox2 protein
and prostaglandin E synthase mRNA than L. major-infected macrophages. While both species have previously
been shown to trigger prostaglandin E synthesis by bystander cells, this study suggests that infected macro-
phages themselves express prostaglandin E-synthesizing genes only in response to L. donovani.

Leishmaniasis is a spectral disease, with pathologies ranging
from disfiguring but self-resolving skin lesions (cutaneous
leishmaniasis) to a fatal infection of the liver and spleen (vis-
ceral leishmaniasis, or kala-azar). In each case, the causative
agent is a single-celled intracellular parasite of the genus Leish-
mania (18, 28). Numerous factors influence disease severity,
but the most important determinant of the form of leishman-
iasis is the species of Leishmania involved. The lifestyles of all
infectious Leishmania species are essentially identical, apart
from differences in reservoir host species. They are transmitted
by a sandfly vector and are inoculated into the host when an
infected sandfly takes a blood meal. Once in the host, they
exclusively replicate in macrophage phagolysosomes, from
where they modulate macrophage behavior to ensure parasite
survival and determine disease progression. During cutaneous
leishmaniasis, infected macrophages remain near the original
sandfly bite, and pathology results from local inflammation.
Other forms of leishmaniasis develop when infected macro-
phages migrate away from the sandfly bite, with visceral leish-
maniasis involving dissemination throughout the body, espe-
cially to the liver and spleen (33). While considerable progress

is now being made in revealing mechanisms by which Leish-
mania can manipulate macrophage behavior (reviewed in ref-
erence 14), the differences among species, and how they con-
tribute to such markedly different pathologies, are still largely
unknown at the molecular level. One study has shown that
Leishmania donovani, which causes visceral disease in humans,
recruits far fewer leukocytes and proinflammatory cytokines
than L. major (which causes only cutaneous lesions) during
early infection of the mouse air pouch model (27). A greater
inflammatory response may help prevent dissemination of L.
major away from the site of infection. Furthermore, amasti-
gotes of cutaneous species, such as L. mexicana and L. pana-
mensis, do not survive well at 37°C in vitro, being better
adapted to lower temperatures such as may be found in the
skin (16). In contrast, strains of L. donovani amastigotes that
can be grown in vitro grow best at 37°C, indicating adaptation
to growth at the higher temperatures of the internal organs.

Since Leishmania is an intracellular organism, the clinical
form of leishmaniasis depends on the behavior of the infected
macrophage. This in turn depends, at least in part, on the
genes expressed by the infected macrophage. We therefore
addressed the question of how different species cause different
pathologies by comparing the gene expression profiles of mac-
rophages identically infected in vitro with either L. major or L.
donovani, which cause cutaneous and visceral leishmaniasis,
respectively.

MATERIALS AND METHODS

Cell culture and infection. L. major Friedlin V9 and L. donovani 1S2D pro-
mastigotes were cultured at 28°C with 5% CO2 (RPMI 1640 medium with 10%
fetal bovine serum, 85 �M minimal essential medium [MEM] nonessential
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amino acids solution, 0.5� MEM amino acids solution, and 850 �M MEM
sodium pyruvate [all from Invitrogen], 10 mM dextrose, 25 mM HEPES, pH 7.3,
55 �g/ml penicillin, and 125 �g/ml streptomycin). L. donovani axenic amastigotes
were cultured at 37°C with 5% CO2 in RPMI 1640 medium with 20% fetal bovine
serum, 15 mM KCl, 114.6 mM KH2PO4, 10.38 mM K2HPO4, 0.5 mM MgSO4, 24
mM NaHCO3, 1� RPMI 1640 vitamin mixture, RPMI 1640 amino acid mixture,
0.58 mg/ml glutamine, 22 mM D-glucose, 55 �g/ml penicillin, 125 �g/ml strep-
tomycin, 0.25 mM adenosine, 25 mM MES (morpholineethanesulfonic acid), 10
�g/ml folic acid, 5 �g/ml hemin, pH 5.5. Bone marrow-derived macrophages
(BMMs) were prepared from the femurs and tibias of female BALB/c mice
(Charles River Breeding Laboratories) essentially as described previously (4).
The bones were flushed with complete Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen catalog no. 11965-092) supplemented with 10% fetal bo-
vine serum, 18 mM HEPES, pH 7.3, 55 �g/ml penicillin, and 125 �g/ml strep-
tomycin, and adherent cell types were removed by growing them at 37°C with 5%
CO2 overnight in adherent dishes, in complete DMEM, with the addition of 25%
L929-conditioned medium (LCM) as a source of colony stimulating factor-1.
Nonadherent, immature macrophages were transferred to fresh, nonadherent
dishes (Fisher) and grown for 6 days, with further supplementation with LCM, to
induce macrophage differentiation. The cells were grown for a further 24 h in the
absence of LCM and scraped, and viable cells were counted following a trypan
blue exclusion assay. BMMs (25 � 106) were transferred to each of four 50-ml
polypropylene tubes at a density of 1 � 106 cells/ml, and 5 ml DMEM containing
nothing, 5 � 108 stationary-phase L. donovani promastigotes, 1 � 109 stationary-
phase L. major promastigotes, or 30 �l 10% latex beads (Sigma) was added.
Infection was allowed to proceed for 16 h at 37°C with 5% CO2. The cells were
then washed four times with 25 ml complete DMEM to remove excess promas-
tigotes and returned to the incubator to recover. Cells were harvested after 24 h
of infection. To determine the infection levels, two small aliquots were taken
from each culture, spun onto glass microscope slides, and stained with Diff-Quik
(Dade Behring) modified Wright-Giemsa stain according the manufacturer’s
instructions. The percentage of infected cells and the mean number of amasti-
gotes or latex beads within each macrophage was counted by microscopy, in
duplicate for each slide.

RNA isolation and microarray analysis. Macrophages were recovered by cen-
trifugation at 1,800 rpm and lysed directly in 3 ml Trizol reagent (Invitrogen).
RNA was purified according to the manufacturer’s instructions, resuspended in
50 �l nuclease-free water (Sigma), and quantified by spectrophotometry. Sub-
sequent processing was performed at the McGill University and Genome
Quebec Genome Centre, as previously described (31). Briefly, RNA integrity was
confirmed using a Bioanalyzer 2100 and Bio Sizing software version A.02.12
(Agilent Technologies). RNA (10 �g) was reverse transcribed to cDNA from a
T7-(T)24 primer (Genosys). After second-strand synthesis, the entire cDNA
reaction mixture was in vitro transcribed to produce biotin-labeled cRNA, 15 �g
of which was hybridized at 45°C overnight to Affymetrix Murine Genome
U74Av2 DNA microarrays, which contained 12,488 probe sets, corresponding to
9,322 individual genes. The arrays were then washed using a GeneChip Fluidics
Station 400 (Affymetrix). Streptavidin-phycoerythrin was attached to specifically
bound probes and detected using a GeneArray Scanner (Agilent). The scanned
images were analyzed using Affymetrix Microarray Suite 5.0, and signal intensi-
ties were normalized to the mean with a reference of 1,000 units. Each infection
and control pair was performed on three different occasions, using different
preparations of BMMs, and processed independently to give three replicates. We
also performed a single hybridization with RNA derived from L. donovani axenic
amastigotes as a control for cross-hybridization.

Statistical analysis. Microarray data were quantified using Microarray Suite
5.0 software (MAS5) (Affymetrix). Probe sets showing statistically significant
variance (P � 0.05) across conditions were identified by one-way analysis of
variance (ANOVA), followed by Tukey’s honestly significant difference test
(HSD) (P � 0.05), to identify the source of variance (e.g., L. major infected
versus uninfected or L. major infected versus L. donovani infected). In addition
to probes exactly complementary to the target sequences (PM probes), each spot
on the Affymetrix arrays used in this study contained oligonucleotides that had a
single-base mismatch (MM probes) as a control for nonspecific hybridization.
The MAS5 software compares the ratios of signal hybridized to the specific and
the mismatched probes to assess whether the signal intensity reliably reflects the
abundance of target RNA: the relative PM and MM probe signals are used to
exclude data from probes that sense cross-hybridized RNA rather than specifi-
cally hybridized RNA and can also be used to identify probe sets showing high
levels of cross-hybridization to amastigote RNA. The results are called “P”
(present), “M” (marginal), or “A” (absent). Probe sets with statistically signifi-
cant changes in signal intensity were further filtered to retain only those with at
least two “P” calls from the three repeats or one “P” and two “M” calls and a

mean signal intensity greater than 250 under the conditions that gave the stron-
ger signal. Thus, for the expression of a gene to count as significantly altered
following infection in this study, the corresponding probe set must satisfy the
following criteria: (i) significant variance by ANOVA, (ii) significant pairwise
difference by HSD, (iii) adequate P calls, (iv) absent cross-hybridization, and (v)
sufficient mean signal intensity. For some parts of this study, a minimum differ-
ence in mean signal intensity was also required. An alternative analysis using the
MAS5 software, which is based on Wilcoxon’s signed rank test, gave closely
similar results (data not shown). Genes were annotated and classified by function
using EASE and DAVID (8, 20) (http://www.david.niaid.nih.gov), with addi-
tional input from Ingenuity pathway analysis (Ingenuity Systems).

Quantitative real-time PCR (qRT-PCR). First-strand synthesis was performed
using Superscript II reverse transcriptase (Invitrogen) according to the manu-
facturer’s instructions. cDNAs were amplified in a Rotor-Gene Real Time PCR
machine (Corbett Research), using Taq polymerase (Invitrogen) and the sup-
plied buffer with 3 �M MgCl2, 10 �M of each gene-specific primer, and 1� Sybr
green (Sigma). The PCR conditions were 95°C denaturation (20 s), followed by
a combined annealing and elongation step (68°C for 20 s) and an additional 15-s
data acquisition step at a temperature high enough to denature primer dimers
and nonspecific products without affecting the amplified target. The primer
sequences and acquiring temperatures are listed in the supplemental material.
The data were analyzed using the Rotor-Gene software against a standard curve
obtained from serial dilutions of B10R macrophage cDNA. Data from at least
three independent infections were normalized to the �2-microglobulin house-
keeping gene and expressed as the induction relative to macrophages containing
latex beads � the standard error of the mean.

Western blotting. Infected macrophages, or macrophages stimulated with 100
ng/ml lipopolysaccharide (LPS) for 6 h, were lysed by incubation on ice in
standard buffer (50 mM Tris, pH 8.0, 137 mM NaCl, 1% Triton X-100, and
Complete protease inhibitor cocktail [Roche Applied Science]). Soluble frac-
tions were blotted using anti-cyclooxygenase 2 (�-Cox2) polyclonal antibody
(Santa Cruz Biotoechnology; sc-1745). The data were quantified using ImageJ
(1) (http://rsb.info.nih.gov/ij) and normalized to actin densities.

Microarray data accession number. The microarray data files have been sub-
mitted to Array Express with accession number E-MEXP-1254.

RESULTS

Infection rates and parasite loads were equivalent. In order
to effectively compare the results of infection with two different
species of Leishmania, we first established cell culture condi-
tions to ensure that the levels of infection were equivalent.
Light microscopy on Diff-Quik-stained aliquots of infected
BMMs showed that both the percentages of cells infected and
the mean amastigote loads were comparable between L.
major- and L. donovani-infected cells in each of the three
experimental replicates used in this study (Table 1). Further-
more, comparison of the signal intensities of the Leishmania-
specific (16S and 23S) peaks in the RNA extracts themselves
revealed similar peak heights (Fig. 1), confirming that the
parasite loads were comparable. This was important for such a
study, in which reproducibility of experimental conditions was

TABLE 1. Equivalent parasite loads following infection with
L. major and L. donovania

Repeat no.
% Infection No. of parasites/beads per cell

Latex L. major L. donovani Latex L. major L. donovani

1 71 70 74 6.7 4.2 4.6
2 87 77 78 11.9 4.1 4.2
3 92 91 91 17.9 8.5 6.2

a BMMs were infected, or allowed to phagocytose latex beads, for 16 h; washed
thoroughly; and allowed to recover for a further 8 h. The percentage of cells
infected and the mean number of parasites per cell were determined following
staining with Diff-Quik.
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essential. Subsequent microarray analysis was carried out on
the three replicate infections described in Table 1.

Latex beads have very little effect on gene expression. As
controls for this study, we used both unstimulated BMMs and
macrophages that had been allowed to phagocytose latex
beads. While they are phagocytosed effectively by macro-
phages, latex beads are otherwise inert and so were included to
identify changes in gene expression that are a general result of
phagocytosis and phagolysosome formation rather than being
specific to Leishmania infection. As shown in the scatter plots
(Fig. 2), the gene expression profiles of unstimulated macro-
phages and macrophages that had phagocytosed latex beads
were extremely similar. Indeed, we identified only 15 of the
12,488 probe sets that showed a statistically significant differ-
ence between no stimulation and phagocytosis of latex beads
(see the supplemental material). The difference was greater
than twofold for only one of these genes. We conclude that
phagocytosis of latex beads does not significantly affect mac-
rophage gene expression at 24 h. This observation strongly
supported the validity of the changes in gene expression that

we observed following Leishmania infection and allowed us to
conclude that the changes we observed following infection are
specific to Leishmania and are not simply due to phagocytosis.

Amastigote RNA does not significantly cross-hybridize to a
murine array. In addition to mammalian RNA, RNA prepared
from Leishmania-infected cells contains RNA derived from the
intracellular amastigotes (Fig. 1). To assess the effect of cross-
hybridized Leishmania RNA, we hybridized RNA from L. do-
novani axenic amastigotes in culture to a single Affymetrix
Mu74Av2 chip. Fewer than 5% of the microarray probe sets
returned a “P” or “M” call (indicating significant cross-hybrid-
ization). Furthermore, these were generally at weak signal
intensities (see the supplemental material). This low level of
cross-hybridization indicates that the amastigote RNA did not
significantly distort the signal from infected cells. The 569
probe sets that did return “P” or “M” calls were excluded from
subsequent analyses.

Infection with either strain results in a general, small re-
pression of gene expression. In contrast to the effect of latex
beads, macrophages that had been infected with either L. do-
novani or L. major showed large alterations in overall gene
expression compared to unstimulated macrophages (not
shown) or macrophages that had phagocytosed latex beads
(Fig. 2). More detailed analysis identified 870 probe sets that
were significantly affected by L. donovani infection and 748
affected by L. major. This number is consistent with a recent
study of L. major-infected THP-1 cells, which showed 741
differentially regulated genes (10). The majority of these genes
were inhibited by less than 2.5-fold (Fig. 3). However, when a
2.5-fold change requirement was introduced, approximately
equal numbers of genes (�65) were induced and repressed by
L. donovani. In contrast, L. major repressed slightly more (85
probe sets) and induced 30. The change in expression was
confirmed by qRT-PCR for a sample of these genes (Fig. 4A).
As expected, many of the genes are involved in the immune
response, and some have been previously identified by other
methods, confirming the validity of this approach. For exam-
ple, both species repressed the chemokine receptor CCR5 (34)
and components of major histocompatibility complex class II
(6, 36, 37). However, many genes were identified that had
previously not been recognized to play a role during Leishma-
nia infection; they had diverse cellular functions, including
intra- and intercellular signaling and regulation of the cell cycle
(Table 2; see the supplemental material).

FIG. 1. Equivalent infection with L. major and L. donovani. RNA
extracts from each condition were analyzed using a Bioanalyzer chip
prior to microarray analysis. The arrows indicate the macrophage-
derived 18S and 28S rRNAs (shown in uninfected samples) and Leish-
mania-derived 16S and 23S rRNAs (in L. major-infected samples). The
results are representative of three experiments.

FIG. 2. Variations in global gene expression following infection
with L. major or L. donovani or phagocytosis of inert latex beads, as
indicated. Each data point represents the fluorescence intensity of an
individual probe set (the mean of three experiments, in arbitrary units,
normalized to 1,000 without further filtering).

FIG. 3. Numbers of genes significantly induced or repressed by
infection with L. major or L. donovani. Probe sets with significantly
changed signal intensities following infection were identified by
ANOVA and HSD, and then the mean change was calculated relative
to macrophages that had been exposed to latex beads. The graph
depicts the numbers of probe sets (y axis) changed by at least the
amounts indicated (x axis).
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Cox2 is induced by L. donovani but only weakly by L. major.
A major goal of this study was to compare the effects of L.
donovani and L. major on macrophage gene expression. Sta-
tistical comparison of the microarray data from macrophages
infected with the two species identified only 26 genes with a
statistically significant difference in expression of greater than
twofold (Table 3). A sample of these differences were con-
firmed by qRT-PCR (Fig. 4B). Of particular interest, the mi-
croarray data showed that prostaglandin-endoperoxide syn-
thase (Cox2) mRNA was induced strongly by L. donovani but
not significantly by L. major, suggesting that the two species
may differ in their effects on macrophage prostaglandin me-
tabolism (Table 3). Furthermore, prostaglandin E (PGE) syn-
thase, the enzyme that follows Cox2 in the prostaglandin E2

(PGE2) synthetic pathway, is also induced following infection
with L. donovani but only weakly following L. major infection
(Fig. 4B). This indicates that L. donovani may induce PGE2

synthesis more strongly than L. major. We therefore investi-
gated Cox2 protein levels in infected cells and found that L.
donovani-infected cells expressed significantly more Cox2 pro-
tein than L. major-infected macrophages (Fig. 5). LPS, a

known inducer of Cox2, was used as a positive control. Inter-
estingly, while L. donovani infection increased Cox2 protein
expression, as expected, L. major infection produced a marked
reduction in Cox2. This suggests that mechanisms in addition
to regulation of mRNA levels contribute to the difference in
the Cox2 protein level observed following infection with the
two species.

DISCUSSION

In this study, we investigated the effects of L. major and L.
donovani on macrophage gene expression. Our major obser-
vation was that, compared to phagocytosis of inert latex beads,
the uptake of Leishmania had a significant overall impact on
macrophage gene expression, mediating both an increase and
a decrease of gene expression. However, the majority of reg-
ulated genes were repressed by less than twofold. While some
proinflammatory genes were induced, the overall profile did
not conform to classical, alternative, or type II macrophage
activation, which is consistent with two previous studies show-
ing a “hybrid” gene expression profile in macrophages infected
with L. chagasi (38) or L. major (10). Interestingly, there were
remarkably few differences between cells infected with L. ma-
jor and with L. donovani with respect to effects on macrophage
gene expression. This is consistent with an earlier study involv-
ing a wider variety of pathogens that also observed little dif-
ference between the gene expression profiles of macrophages
infected for 16 h with L. major or L. donovani promastigotes
(5). Although these parasites cause very different diseases, they
have very similar effects on macrophages, as they initiate in-
fection within the first 24 h. Future studies should consider
later time points, including after several days, when the amas-
tigotes are actively replicating.

Nevertheless, a difference was apparent in the pathway-as-
sociated with PGE synthesis, as suggested by the greater in-
crease in Cox2 and PGE synthase gene expression observed
following L. donovani infection compared with L. major infec-
tion. As discussed below, this may contribute in part to the very
different pathologies caused by the two Leishmania species.

General repression of gene expression following infection.
Previous studies have produced contrasting conclusions as to

FIG. 4. Confirmation of altered expression of selected genes by qRT-PCR. (A) mRNAs significantly regulated by both L. major and L. donovani
relative to expression in macrophages exposed to latex beads. CCR5, C-C chemokine receptor 5; p57, CDK inhibitor 1C; H2Aa, major
histocompatibility complex class II antigen A�. �-Actin (ActB) and ribosomal large subunit protein 5 (RPL5) were included as negative controls.
Note the logarithmic scale: induced mRNAs are shown above the baseline, repressed mRNAs below the baseline. (B) mRNAs regulated differently
by L. major and L. donovani. Ptges, PGE synthase; Mt, metallothionein.

TABLE 2. Selected mRNAs significantly regulated by both
L. major and L. donovania

Gene namea NCBI
GeneID

Baseline
expressionb

Fold changec

L.
major

L.
donovani

Apolipoprotein C2 11813 4,325 	.0 	7.6
Cadherin 1 12550 862 2.9 2.9
CCR5 12774 7,503 	4.3 	2.2
Cyclin-dependent kinase inhibitor

1C (p57)
12577 626 5.9 8.8

DNA-damage-inducible transcript 4
(Ddit4)

74747 8,412 14.9 26.1

HSP70 a5 (Bip/GRP78) 14828 9,041 3.7 3.9
MHC class II, antigen A� (H2-Aa) 14960 8,860 	5.8 	5.0
MHC class II, antigen E� (H2-Ea) 14968 3,025 	6.8 	7.3

a See the supplemental material for the full list.
b Baseline expression (the mean normalized intensity from latex bead-treated

macrophages, in arbitrary units) is listed as an indicator of how strongly the genes
were expressed before infection.

c The values represent means relative to macrophages treated with latex beads.
Negative numbers indicate repression.
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whether Leishmania infection results in a widespread repres-
sion of gene expression. An early study from our laboratory,
using radioactively labeled probes against a cDNA array of 588
macrophage genes, found that nearly 40% of the detectable
expressed genes were repressed at least twofold following in-
fection for 4 days with L. donovani axenic amastigotes (4).
However, two subsequent studies, using Leishmania promas-
tigotes and full-genome fluorescence microarrays, have re-
ported similar numbers of genes repressed and induced by at
least twofold (38) or fivefold (5). This study agrees with the
more recent reports in showing approximately equal numbers
of genes induced and repressed by at least 2.5-fold following
infection by L. donovani. However, in the absence of a cutoff,

we also show that many more genes are repressed than in-
duced. This may provide a resolution to the controversy, since
the radiolabeling approach may be able to detect changes that
appear small by more current quantitative techniques, and
many of the repressed genes we detected in our earlier study
were repressed by only around twofold (4). Thus, we propose
that a large number of genes are indeed repressed following
infection, but by small amounts. Furthermore, it may be that
this general repression becomes more pronounced as the in-
fection becomes established, since our earlier study involved a
longer infection time than any of the subsequent studies. The
general repression is likely distinct from the more dramatic
induction or repression of a smaller number of specific genes
that is observed in all studies.

We have not addressed here the biological significance of
this repression. In particular, our measurements of total
mRNA do not allow a distinction between repression/induc-
tion at the transcriptional level and alteration in mRNA sta-
bility. The repression we observed could simply be a side effect
of the inhibitory signaling mechanisms that are known to be
activated following infection, such as protein tyrosine dephos-
phorylation. However, while a small repression of an individual
gene may not have a major effect by itself, repression of many
genes in the same or related pathways may add up to have a
significant effect on macrophage function while maintaining
cell viability. In particular, a disproportionate number of the

TABLE 3. Genes with differing expression in L. major- and L. donovani-infected macrophages

Gene namea NCBI GeneID

Fold changeb

L. donovani relative
to latexc

L. major relative
to latexc

Expression in L. donovani
relative to L. major d

Tdag51/Phlda1 21664 12.6 (0.71) 17.8
Heat shock protein 1B (HSP70) 15511 8.2 (1.8) 4.5
Heat shock protein 1A (HSP72) 193740 15.3 (4.0) 3.8
PARP7 99929 6.2 (1.7) 3.7
Gadd45� 17873 8.0 (2.4) 3.4
Matrix metalloprotease 13 17386 2.4 (0.76) 3.1
RhoB 11852 2.6 (0.84) 3.1
Cox2 19225 10.3 (3.5) 3.0
Ferm domain containing 6 319710 4.4 (1.6) 2.8
Chymase 1 17228 (1.1) (0.43) 2.6
Metallothionein 2 17750 15.5 (6.25) 2.5
Plasminogen activator inhibitor 2 18788 3.0 (1.3) 2.4
Connexin 43 14609 3.3 (1.4) 2.4
P34SEI-1 55942 2.2 (0.92) 2.3
Metallothionein 1 17748 6.3 (2.8) 2.3
Dual-specificity phosphatase 1 19252 2.9 (1.3) 2.3
SSAT 20229 1.8 (0.82) 2.2
RGC32 66214 5.4 (2.5) 2.2
Mitogen-inducible gene 6 74155 (1.7) (0.77) 2.2
Protein phosphatase 2 C� 19052 2.6 (1.2) 2.2
CCL4 (MIP1�) 20303 4.1 (1.9) 2.2
1190002N15Rik 68861 (1.3) (0.63) 2.0
Kuppel-like factor 4 (Klf4) 16600 2.8 (1.4) 2.0
Tubulin �3B 22147 2.8 (1.4) 2.0
Estrogen-responsive finger protein 217069 (1.7) (0.82) 2.0
Linker for activated T cells (LAT2) 56743 (0.56) (1.2) 0.47

a Some genes did not show statistically significant differences when macrophages infected with either species were compared with macrophages exposed to latex
beads; however, there were significant differences between L. major- and L. donovani-infected macrophages, so they are included in this list.

b Parentheses indicate changes that were not statistically significant. Probe sets with statistically significantly different signal intensities between L. major and L.
donovani macrophages were identified as described in Materials and Methods.

c Changes relative to macrophages exposed to latex beads are included for context only.
d Differences between mean signal intensities.

FIG. 5. (A) Western blot analysis of Cox2 protein abundance fol-
lowing infection of macrophages with L. donovani or L. major or
stimulation with LPS, as indicated. Actin protein abundance was used
as a loading control. (B) Band intensities were quantified by densitom-
etry, and Cox2 densities are expressed relative to actin intensities.
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weakly repressed genes are involved in mitochondrial respira-
tion, allowing us to speculate that a constrained ATP supply
may help Leishmania gain control of the macrophage, perhaps
by preventing ATP-dependent apoptosis.

Potential role of Cox2 in visceralization. Cox2 is the rate-
limiting enzyme induced to allow the synthesis of prostaglan-
dins, including PGE2, by macrophages. Various studies have
attempted to address the roles of Cox2 and PGE2 during in-
fection with a single species of Leishmania, but the effects of
different species on Cox2 expression have not previously been
compared. L. donovani has been shown to trigger macrophage
PGE2 production (35) via a protein kinase C-dependent in-
duction of Cox2 (26). However, another study found that in
vitro infection of macrophages with L. major did not induce
PGE2 (11). Our data support and reconcile these different
studies by directly showing the contrasting effects of the two
species on Cox2 and PGE synthase induction in the host mac-
rophage.

PGE2 is a multifunctional cytokine and might be expected to
play multiple roles during Leishmania infections. Indeed, the
ability of PGE2 to repress Th1 cytokines and thus to favor a
Th2 response is well established (3), and splenocytes from mice
infected with a range of Leishmania species have been shown
to secrete PGE2 (7, 11, 24). Furthermore, inhibition of PGE2

production with indomethacin has been shown to increase Th1
cytokine production and decrease susceptibility to cutaneous
L. major (7, 11, 24) and L. amazonensis (15) infection. It will be
interesting to identify the source of PGE2 during L. major
infection, since the present study shows that it is unlikely to
be the infected macrophages themselves. Some early studies
reported the presence of an adherent, PGE2-secreting suppres-
sor cell in the spleens of L. major-infected mice (11). Interest-
ingly, this suppressor cell, apparently an uninfected macro-
phage, was also found following infection with L. donovani and
L. tropica (29, 39), suggesting that this mechanism of PGE2-
mediated immunosuppression is common to all species of
Leishmania. Cox2 and PGE2 therefore potentially play at least
two roles during Leishmania infection: (i) production by a
suppressor cell type, which promotes a Th2 response and par-
asite survival and which appears to occur regardless of Leish-
mania species, and (ii) production by the infected macro-
phages themselves, which occurs following L. donovani but not
L. major infection and which therefore may contribute to vis-
ceralization. The mechanism by which this might occur is un-
clear, but it is interesting that PGE2 production has been
correlated with the ability of L. donovani to escape the lymph
nodes and migrate to the liver and spleen following cutaneous
inoculation of malnourished mice (2).

While we have focused on Cox2 for biological reasons, the
biggest difference was seen in the expression of Tdag51/Phlda1,
which was expressed nearly 18-fold more in L. donovani-in-
fected macrophages than in L. major-infected macrophages.
The biological function(s) of the gene and its product have not
been intensively studied, but roles have been proposed in pro-
moting (13, 21, 30, 32) or preventing (40) apoptosis and during
endoplasmic reticular stress (19, 22, 42), and it may link the
two processes. How these functions are linked to visceraliza-
tion is not immediately clear; however, the proapoptotic func-
tion of Tdag51 is neutralized by heat shock proteins (17). Since
HSP1A and HSP1B are both induced more strongly by L.

donovani than by L. major, this may indicate that an alternative
function of Tdag51 is operative in this context. Interestingly, a
very recent study of Toll-like receptor (TLR) signaling showed
increased induction of Tdag51 by LPS in Trib1 knockout cells
(41). Cox2, PAI-2, MMP13, and connexin 43 were also coregu-
lated in this study, while various reports have implicated TLR
signaling in the response to Leishmania (9, 12, 23, 25). Taken
together, these observations imply that differential TLR usage
or costimulation may contribute to the differences in gene
expression we observed here.

In this study, we sought to address the question of how L.
donovani causes visceral disease while L. major remains cuta-
neous. Our data suggest that Cox2 induction and PGE2 syn-
thesis may have roles to play in the visceralization of L. dono-
vani. We also observed differences in the expression of 25 other
genes between macrophages infected with the two Leishmania
species, including metallothioneins 1 and 2, HSP70 and -72,
and the less well-characterized Tdag51. It will be of great
interest to determine the roles that these genes play in gov-
erning the different pathologies caused by the two species.
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