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Parasitic co-infections are prevalent in many parts of
the world. However, relatively little is known about
how an underlying infection may impact on the host’s
ability to control a newly acquired parasite, especially if
both infect the same organ. We have studied this using
an experimental co-infection model in C57BL/6 mice
involving Schistosoma mansoni and Leishmania dono-
vani, two important human pathogens affecting the
liver. We show that mice with established S. mansoni
infections fail to control L. donovani growth in the liver
and spleen. The failure occurs despite the development
of a functional anti-L. donovani Th1 response that can
mediate granuloma formation and effective clearance of
amastigotes from foci of infection in the hepatic paren-
chyma. Instead, anti-leishmanial immunity fails within
the S. mansoni egg granuloma, consistent with a lack of
L. donovani granuloma assembly in this tissue microen-
vironment and consequent lack of NO production.
Persisting amastigote replication in the S. mansoni
egg granulomas may thus explain the increased L.
donovani burden in the liver and spleen. These results
may have implications for human S. mansoni and
L. donovani co-infections and also demonstrate that
granulomatous tissue responses to helminth organisms
can form a discrete niche facilitating survival of intra-
cellular pathogens. (Am J Pathol 2006, 169:943–953; DOI:
10.2353/ajpath.2006.051319)

There are potentially overlapping distributions of the pro-
tozoan parasite Leishmania donovani and the helminths
Schistosoma mansoni and Schistosoma hematobium in
several countries, most notably in parts of Africa such as
the Sudan.1,2 The likelihood of human schistosome/

L. donovani co-infections occurring is increased by their
chronicity, the spread of schistosomiasis through irriga-
tion, and the displacement of people between endemic
areas.3 L. donovani and S. mansoni both induce host-
protective granulomas in the liver but these contrast in
being mediated by Th1 or Th2 responses, respective-
ly,4,5 giving the potential for immunomodulation, failure of
control, and enhanced pathology. Latent L. donovani in-
fection can give rise to severe reactivation disease after
human immunodeficiency virus co-infection,6 but nothing
has been reported on the effects of worm infections in
general, and schistosomiasis in particular, on progres-
sion of L. donovani co-infection or vice versa.

Members of the Leishmania donovani complex (L. do-
novani, L. infantum, L. chagasi) infect macrophages of the
liver, spleen, and bone marrow, and in experimental
mouse models the infection is controlled in the liver by the
formation of Th1-dependent granulomas around amastig-
ote-infected macrophages.5,7 Severity of the infection in
humans is influenced by the balance of Th1 (interferon-�;
IFN-�), Th2 (interleukin-4; IL-4), and regulatory (IL-10)
cytokines, resistance being associated with IFN-� pro-
duction,8–12 and susceptibility with deficient production
of IFN-�, IL-2, and IL-12 but increased production of IL-4
and IL-10.11–14 Prior induction of a Th2-biased anti-leish-
manial response in mice promotes enhanced L. donovani
proliferation15 and experiments with IL-10-deficient
mice,16 IL-10 blockade and IL-10 transgenic mice17 have
specifically implicated IL-10 as inhibiting immunity.

Schistosome infections are associated with a strong Th2-
biased cytokine response in both mice18–20 and chronically
infected humans.21,22 Induction of the Th2 response is
caused by the schistosome eggs18,23,24 and, in the case of
S. mansoni, results in the formation of circum-oval granulo-
mas in the liver. Th2 cytokines control immunopathology,
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with IL-4 driving the Th2 response20 and IL-13 inducing the
fibrosis that underlies schistosome pathology.25 Th1 cyto-
kines (IFN-� and IL-12) play a modulatory role26–28 but must
themselves be regulated to prevent proinflammatory dis-
ease.29–31 The regulatory cytokine IL-10 is prominent in
schistosome infections,32,33 being able to down-regulate
both Th132,34 and Th235 cytokine production and limit he-
patic granuloma size.34–36

The biased Th2 response and the induction of IL-10 in
schistosomiasis has been implicated in the down-modu-
lation of bystander Th1 responses to vaccine and autoan-
tigens37–39 and to a variety of co-infections,40 including
Leishmania major.41 There is particular interest in concur-
rent hepatic infection. For example, humans infected with
hepatitis B and C (HBV and HCV) show increased inci-
dence of hepatitis, more rapid progression to liver dis-
ease, and/or increased mortality, if co-infected with S.
mansoni.42–44 For HCV, this is associated with reduced
antigen-specific CD4� T-cell responses including IFN-�
production.45 Experimentally, both vaccinia virus46 and
lymphocytic choriomeningitis virus (LCMV)47 infections of
S. mansoni-infected mice are characterized by enhanced
viral replication in the liver, and notably in the region of
the schistosome egg granulomas.47,48 In the case of
vaccinia virus, this is associated with a switch from a Th1
to a Th2 cytokine response to viral antigens.46,47

The present study was designed to determine the recip-
rocal effects of an established S. mansoni infection and a
superimposed L. donovani infection. The results show that
co-infected mice failed to control L. donovani infection, but
although there was a delay in the development of a leish-
manial-specific Th1 response, this did not affect the forma-
tion of granulomas or expression of leishmanicidal activity
targeted at L. donovani amastigotes found within the liver
parenchyma. In contrast, granulomas failed to form around
amastigotes found within the hepatic egg granulomas and
effective microbicidal responses were lacking. Thus, the
hepatic egg granuloma provides a unique niche for persis-
tent L. donovani infection.

Materials and Methods

Mice and Parasites

Female C57BL/6 mice were purchased from Charles River
UK (Margate, Kent, UK) and housed under conventional
conditions. S. mansoni of the Puerto Rican strain was main-
tained in mice and Biomphalaria glabrata snails. For mouse
infections, cercariae were obtained from infected snails,
counted, and applied percutaneously by the ring method49

to mice anesthetized with 110 mg/kg ketamine hydrochlo-
ride (Ketaset; Fort Dodge Animal Health Ltd., Southampton,
UK) plus 14 mg/kg xylazine (Rompun; Bayer Plc., Newbury,
UK). L. donovani (MHOM/ET/67/HU3) was maintained by
passage in Syrian hamsters, and amastigotes were isolated
from infected spleens as described previously.50 Mice were
infected with L. donovani by injection of 2 � 107 amastigotes
via the lateral tail vein. Mice infected with S. mansoni alone,
L. donovani alone, or with both infections were referred to as
S, L, and S/L, respectively.

Determination of Parasite Burden

S. mansoni worms were recovered by portal perfusion51

with perfusion buffer [phosphate buffered saline, 0.02
U/ml heparin (monoparin; CP Pharmaceuticals Ltd.,
Wrexham, UK)]. The worms were washed free of erythro-
cytes and counted using a dissecting microscope. For
estimation of the liver egg burden, livers were removed
and weighed and a piece of known weight frozen at
�20°C until needed. Eggs were recovered by incubation
of the tissue in 5% KOH overnight at 37°C, and the eggs
in 50 �l aliquots were counted in triplicate. Hepatic and
splenic L. donovani burdens were determined from
Giemsa-stained impression smears52 and expressed as
Leishman-Donovan units (the number of amastigotes per
1000 host nuclei, multiplied by the weight of the organ).53

In Vitro Restimulation Assay to Determine
Cytokine Production

Spleen cell suspensions were prepared in complete culture
medium [RPMI 1640 supplemented with 5% (v/v) fetal calf
serum, 1 mmol/L L-glutamine, 5 � 10�5 mol/L 2-mercapto-
ethanol, 100 U/ml penicillin, and 100 �g/ml streptomycin
(cRPMI)] by passage through a 70-�m sieve. Red blood
cells were lysed in Gey’s solution [130 mmol/L NH4Cl, 5
mmol/L KCl, 8.4 mmol/L Na2HPO4, 180 mmol/L KH2PO4,
5.6 mmol/L D-glucose, 0.001% (w/v) phenol red, 1 mmol/L
MgCl.6H20, 280 mmol/L MgSO4.7H2O, 1.5 mmol/L CaCl2,
13 mmol/L NaHCO3] for 8 minutes at room temperature and
washed twice in cRPMI. Cells were cultured in flat-bottomed
96-well microtiter plates (Nunc, Roskilde, Denmark) at 5 �
105 cells in a final volume of 200 �l per well, in the presence
of medium alone, 5 �g/ml Con A (Sigma, Poole, UK), 20
�g/ml soluble S. mansoni egg antigen (SEA) kindly supplied
by Prof. M. Doenhoff (University of Wales, Bangor, UK) or
107/ml formalin-fixed L. donovani amastigotes (FLAA) pre-
pared from infected Syrian hamster spleen. All cultures
were performed in triplicate and cell culture supernatants
harvested at 24 hours for IL-4 and 72 hours for IFN-� and
IL-10. Cytokine levels in supernatants were determined by
enzyme-linked immunosorbent assay using OptEIA cyto-
kine detection kits (PharMingen, San Diego, CA). Serum
cytokine levels were measured using the same reagents.

Histology and Immunohistology

Paraffin-embedded, formalin-fixed liver tissue was sec-
tioned at 5-�m and stained with hematoxylin and eosin
(H&E). Maturation of L. donovani granulomas around
amastigote-containing Küpffer cells was defined as pre-
viously described.54,55 Immunostaining was performed
on 6-�m cryosectioned liver tissue. For immunolocaliza-
tion of mannose receptor expression and L. donovani
amastigotes, sections were fixed with acetone and
stained using 4 �g/ml rat anti-mouse CD206 (Serotec,
Kidlington, UK) and/or 1:100 (v/v) immune hamster anti-L.
donovani serum followed by 4 �g/ml Alexa Fluor 488 goat
anti-rat IgG and/or Alexa Fluor 546 goat anti-hamster IgG,
respectively (Molecular Probes Inc., Eugene, OR). Host
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cell nuclei were visualized by incorporation of 100 �g/ml
DAPI (4�,6-diamino-2-phenylindole; Sigma, Poole, UK).
Immunostaining was performed in phosphate-buffered
saline containing 1.5% normal goat serum (Sigma). Con-
trols for the primary antibodies were a matching isotype,
IgG2a, monoclonal antibody (Serotec) and normal ham-
ster serum. After staining, the sections were mounted in
Prolong Antifade (Molecular Probes).

Sections for staining for mouse inducible nitric-oxide
synthase (NOS-2) were fixed using ice-cold 4% (w/v)
paraformaldehyde and stained using rabbit anti-NOS-2
(Calbiochem, La Jolla, CA) followed by a horseradish
peroxidase-conjugated goat anti-rabbit antibody
(Sigma). Horseradish peroxidase was visualized using
appropriate detection reagents according to the manu-
facturer’s instructions (Vector Laboratories, Peterbor-
ough, UK). Sections were counterstained with hematox-
ylin (Sigma), dehydrated, and mounted for examination.

The density of foci of L. donovani infection and amas-
tigote numbers per focus were determined in both H&E-
and anti-L. donovani immunofluorescence-stained sec-
tions by examination of 50 adjacent fields (at �400 or
�1000 magnification). The maturation status of the L.
donovani granulomas was assessed at �400 magnifica-
tion. Essentially similar data were obtained by both H&E
and anti-L. donovani immunostaining, but the data shown
here for the density and maturation status of granulomas
were from the H&E analysis, and those for the amastigote
counts were from the immunostaining, which allowed
more accurate counts when there was heavy schisto-
some-derived hematin pigment accumulation inside
L. donovani-infected macrophages.

Statistics

The statistical differences between groups were tested us-
ing the unpaired Student’s t-test with GraphPad Prism 4
software. All data are presented as the mean values � SEs.

Results

A Superimposed L. donovani Infection Has No
Effect on the Parasite Burden or Egg-Induced
Granuloma Formation of a Pre-Existing
S. mansoni Infection

To determine the effect of a pre-existing S. mansoni infection
on a superimposed L. donovani infection, mice were in-
fected with 25 S. mansoni cercariae via the percutaneous
route. This relatively low dose of cercariae was chosen to
produce an infection that was not lethal during the acute
phase, but which resulted in sufficient mice having a bisex-
ual, egg-producing infection. Mice were co-infected with L.
donovani 8 weeks after the schistosome infection, by which
time the egg-induced Th2 response is firmly established.19

Groups of mice were sacrificed at three time points: 10, 12,
and 16 weeks after S. mansoni infection (�2, �4, and �8
weeks after infection with L. donovani). There were no sig-
nificant differences at any of these time points between the

S. mansoni-infected (S) and the co-infected (S/L) mice in the
S. mansoni worm recoveries (7.5 � 2.0, 7.5 � 4.0, 6.4 � 3.9
for the S group and 11.3 � 1.7, 5.4 � 2.9, 6.7 � 1.8 for the
S/L group at �2, �4, and �8 weeks, respectively; n � 5
mice per group) or the liver egg burdens (20,706 � 10,679,
12,946 � 4470, 12,102 � 5603 for the S group and
13,323 � 4811, 10,231 � 5828, 12,815 � 2329 for the S/L
group at �2, �4, and �8 weeks, respectively). There was
also no significant effect of the L. donovani infection on the
S. mansoni egg granulomatous response as assessed by
the mean granuloma diameters or their cellular composition
in S and S/L mice at any time point (data not shown).

The Pre-Existing S. mansoni Infection Results in
a Failure to Control the Superimposed
L. donovani Infection

At �2 weeks after L. donovani infection, both the L and
S/L groups showed similar L. donovani parasite burdens
(mean LDUs) in the liver (Figure 1). Subsequently, the
parasite burden declined progressively in the L mice at
�4 and �8 weeks but increased in the S/L mice such that
at �8 weeks there was a 33-fold difference compared
with the L mice (2720 � 528 LDU versus 82 � 30 LDU for

Figure 1. Mice infected with S. mansoni fail to control a superimposed L.
donovani infection in both the liver and the spleen. The figure shows the
course of L. donovani infection in the livers and spleens of C57BL/6 mice
infected with L. donovani alone (L, open circle) or infected with L. donovani
at 8 weeks after infection with 25 S. mansoni cercariae (S/L, filled square).
Data represent the mean � SE Leishman-Donovan unit (LDU) values from
five to six mice per group at each time point and are representative of four
separate experiments. **P � 0.001, *P � 0.005.
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S/L and L groups, respectively). In the spleen, LDUs in
both S/L and L mice were low at �2 weeks and increased
comparably up to �4 weeks (Figure 1). By �8 weeks the
level was maintained in the L mice, but in the S/L mice
there was a marked increase such that the mean LDU
values were 11-fold higher than in the L mice (362 � 82
versus 34 � 7 LDU for S/L and L groups, respectively).

Comparable and significant disparity between L and S/L
LDU values at �8 weeks after superinfection was seen in
four separate experiments. S/L mice lost condition be-
yond �4 weeks after superinfection and 10 to 20% died
or had to be euthanized before the �8 week time point.
So it was not possible to extend the study significantly
beyond this time.

Figure 2. S/L mice show elevated IL-4 and IL-10 responses and delayed development of L. donovani-specific IFN-� responses compared to L mice. The left graphs
show cytokine levels in supernatants of spleen cell cultures stimulated with ConA or formalin-fixed L. donovani amastigote antigen (FLAA). The right graphs show
serum cytokine levels (mean levels in naı̈ve mouse sera: IFN-�, 0.393 � 0.089; IL-4, 0.882 � 0.017; IL-10, 1.450 � 0.066 ng/ml). Data represent the mean � SE
cytokine levels from three mice per group for the splenocyte responses and five mice per group for the serum cytokines at each time point. FLAA-specific and
serum IFN-� levels were significantly higher in L mice (open circle) than in S/L mice (filled square) at �2 weeks (P � 0.02). Serum IFN-� levels were significantly
higher in S/L mice than in L mice at �4 weeks (P � 0.02). IL-4 and IL-10 splenocyte responses were significantly higher in S/L than in L mice (IL-4: P � 0.02 and �
0.05 at �4 and �8 weeks, respectively; IL-10: P � 0.02 and � 0.05 at �2 and �4 weeks, respectively). Serum IL-4 levels were significantly higher in SL than in
L mice at �4 weeks (P � 0.05).
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S/L Mice Show a Delay in Development of
L. donovani Antigen-Specific and Serum
Levels of IFN-� Associated with Elevated
IL-4 and IL-10 Responses

Cytokine responses were assessed by splenocyte recall
responses and serum cytokine levels. Generation of an-
tigen-specific IFN-� is crucial for protection against L.
donovani56 and so splenocytes from infected mice were
restimulated with L. donovani antigen (FLAA). L mice pro-
duced significantly higher levels of IFN-� compared with
the S/L mice at �2 weeks after superinfection (Figure 2).
Consistent with earlier reports,16,17 the IFN-� response in
the L mice dropped progressively between �2 and �8
weeks, but in the S/L mice it increased somewhat be-
tween �2 and �4 weeks before falling to a level compa-
rable to that in the L mice at �8 weeks. The L. donovani-
specific IFN-� levels were not significantly different
between L and S/L mice at �4 and �8 weeks. In two
other experiments, the FLAA-specific IFN-� production
was also significantly higher in L mice than in S/L mice at
�2 weeks but not significantly different at either �4 or �8
weeks. Consistent with previous demonstrations that S.
mansoni infection induces Th2-dominated respon-
ses18–20 associated with elevated IL-10,32 splenocytes
from S/L mice showed elevated production of IL-4 and
IL-10 in response to ConA compared to L mice (Figure 2).
In contrast, ConA-induced IFN-� levels were not signifi-
cantly elevated above control levels in any of the infected

groups (data not shown). The elevated IL-4 and IL-10
responses in S/L compared with L mice can be related to
the schistosome infection, because the S/L mice pro-
duced significantly elevated IL-4 and IL-10 in response to
the schistosome antigen, SEA (data not shown). This
pattern of elevated ConA and schistosome antigen-spe-
cific IL-4 and IL-10 production was seen in three separate
experiments.

These patterns of recall cytokine responses were con-
sistent with total cytokine levels measured in the serum
(Figure 2). Most notably IFN-� levels were again signifi-
cantly lower in S/L mice compared to L mice at �2 weeks
but then rose to significantly higher levels than in L mice
at �4 weeks before declining to comparable levels by �8
weeks. As in the splenocyte cultures, serum IL-4 levels
were also significantly higher in S/L mice than L mice at
�4 weeks. Serum IL-10 levels were elevated in both S/L
and L mice, and although IL-10 levels were higher in the
S/L mice, this was less pronounced than seen by spleno-
cyte recall.

Foci of L. donovani in the Liver of Co-Infected
Mice Elicit Morphologically Normal Granulomas
in the Parenchyma but Not within the
S. mansoni Egg Granulomas

Control of L. donovani infection is associated with the forma-
tion of granulomas in the liver parenchyma. Foci of infection

Figure 3. Morphologically normal L. donovani granulomas develop in the liver parenchyma but not in the egg granulomatous areas of S/L mice. H&E-stained
sections of liver show comparable mature L. donovani granulomas in the parenchyma of L (A) and S/L (B) mice. C and D: Dispersed amastigote-laden
macrophages (arrows) within the egg granulomas of S/L mice do not elicit discrete cellular foci. EG, S. mansoni egg. E: Heavy accumulation of amastigotes
(arrows) within giant cells occupying a schistosome egg shell at the center of an egg granuloma. All sections are from mice at �8 weeks after superinfection.
Original magnifications: �400 (A, B); �1000 (C, E); �1600 (D).
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progress from amastigote-infected Küpffer cells to the de-
velopment of immature and then mature granulomas com-
prising recruited monocytes, macrophages, neutrophils,
and T cells.54,57 The production of IFN-� and NO in the
mature granulomas is believed to be responsible for killing
the amastigotes54 resulting in sterile or empty granulomas,
each comprising a cellular focus lacking evident amasti-
gotes. Histological analysis of liver sections showed that
despite the reduced levels of Leishmania-specific IFN-� in
the S/L mice at �2 weeks (Figure 2), morphologically nor-
mal mature granulomas formed around a proportion of foci
of L. donovani infection in the liver parenchyma of both L
and S/L mice at all time points (Figure 3, A and B). However,
unlike the L mice, Küpffer cells laden with schistosome
pigment and eosinophils were present in a proportion of the
L. donovani granulomas in S/L mice. Mice with only S. man-
soni infection (S) also showed cellular accumulations in the
liver parenchyma associated with Küpffer cells laden with
schistosome-derived hematin pigment. Such foci resem-
bled the sterile granulomas in L mice, and so it was not
possible to define, or quantitatively compare, sterile granu-
lomas in S/L and L mice.

L. donovani-infected macrophages were also seen within
the S. mansoni egg granulomas, but, in contrast to those in
the parenchyma, such foci did not elicit defined inflamma-
tory granulomas distinguishable from the pre-existing in-
flammatory response induced by the eggs (Figure 3C).
Rather, they comprised a diffuse collection of amastigote-
infected macrophages (Figure 3D). In S/L mice heavily in-
fected with L. donovani, foci of infection extended through-
out the egg granulomas including the macrophages or
giant cells occupying the empty egg shells at the center of
older S. mansoni egg granulomas (Figure 3E).

L. donovani Amastigotes Preferentially Reside
within the S. mansoni Egg Granulomas in
Co-Infected Animals

In view of the failure of morphologically normal L. donovani
granulomas to form inside the egg granulomas, we were
interested to determine whether the increased L. donovani
amastigote numbers found in the livers of S/L mice were
associated with the parenchymal tissue or the schistosome
egg granulomas. For this, IFAT staining was performed
using anti-L. donovani sera to label the amastigotes, and
with antibody to mannose receptor (MR), a marker of alter-
natively activated macrophages,58 which are a feature of
the egg granulomas.59 As seen in Figure 4A, intense MR
staining (green) was restricted to the schistosome egg
granulomas, whereas the Küpffer cells throughout the liver
stained weakly for MR as previously reported.59 Interest-
ingly, none of the cells comprising the L. donovani granulo-
mas in the parenchyma of S/L mice showed high expres-
sion of mannose receptor, indicating an absence of
alternatively activated macrophages either recruited from
the schistosome granulomas or activated in situ by Th2
cytokines emanating from the egg granulomas. Notably
there was a higher density of amastigotes (red staining)
associated with the peripheral regions of the egg granulo-
mas, compared with the foci of infection within the liver

Figure 4. Preferential generation of L. donovani foci within the schistosome
egg granulomatous tissue. A: Liver sections from S/L mice at �8 weeks after
co-infection were stained for L. donovani amastigotes using immune hamster
anti-L. donovani serum and Alexa Fluor 546 goat anti-hamster IgG (red,
arrow, AM) and for mannose receptor (MR) with anti-CD 206 and Alexa
Fluor 488 goat anti-rat IgG (green). To ensure staining specificity, liver
sections from the same S/L mice were stained with isotype control rat IgG2a
(control for the MR staining) or normal hamster serum (control for the
amastigote staining). No nonspecific staining was seen. Strong specific MR
staining can be seen in the granulomatous tissue surrounding the S. mansoni
eggs (arrow, EG). The parenchymal Küpffer cells stain weakly for MR
(arrow, KC), and MR-positive cells are absent from the granulomas sur-
rounding L. donovani amastigotes in the parenchyma (inset). A higher
density of red-staining L. donovani amastigotes can be seen in foci of L.
donovani infection in the periphery of the S. mansoni egg granulomas
compared with inside the L. donovani granulomas (LG) in the parenchymal
tissue. B: This was confirmed quantitatively in H&E-stained tissue sections by
counting the density of L. donovani foci in the egg granulomatous tissue of
S/L mice (S/L G, open square) compared with the surrounding parenchyma
(S/L P, filled square) and the parenchyma of L mice (L, open circle). For each
mouse 50 adjacent fields were counted at �400 magnification. The data in B
show the mean � SE from five mice per group and is representative of two
separate experiments. *P � 0.01 for S/L G versus L; **P � 0.0001 for S/L P
versus L; ***P � 0.0001 for S/L G versus L, P � 0.005 for S/L G versus S/L P.
Original magnifications: �100 (A); �400 (A, inset).
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parenchyma, especially at �8 weeks after superinfection
(Figure 4A). This observation was supported by quantitative
comparison of the densities of foci of infection in either the
parenchymal areas or the egg granulomatous areas of the
livers of L or S/L mice (Figure 4B). At just �2 weeks after
infection, comparable densities of L. donovani foci were
found in the parenchyma and in the S. mansoni egg gran-
ulomatous areas of L and S/L mice. In L mice, the density of
foci declined progressively and significantly between �2,
�4, and �8 weeks (P � 0.001, P � 0.05, respectively)
coincident with the decline in parasite burden (Figure 1)
and with the development of immunity to L. donovani in
C57BL/6 mice.54,57 In the S/L mice, the density of L. dono-
vani foci in the parenchyma initially declined between �2
and �4 weeks but then increased significantly between
weeks �4 and �8 (P � 0.01). The density of L. donovani
foci within the egg granulomas was comparable at �2 and
�4 weeks but showed a marked and significant increase
between �4 and �8 weeks (P � 0.005). As a conse-
quence, the densities of L. donovani foci were significantly
higher in both the parenchyma and egg granulomas of the
S/L mice compared with the L mice at �8 weeks (P �
0.0001) and significantly higher in the granulomatous areas
compared with the parenchyma of the S/L mice (P � 0.01).

The failure to control L. donovani infection within the egg
granulomas could result in a persistent source of amasti-
gotes for the continued establishment of new immature foci
of infection. Analysis of the ratio of mature reactions relative
to immature ones (infected Küpffer cells or immature gran-
ulomas) (Figure 5) showed that whereas the proportion of
mature granulomas increased progressively in the L mice,
associated with the decline in overall parasite numbers, the
proportion did not change significantly in the S/L mice
throughout time (Figure 5). Although this could be explained
by a slower rate of development of mature reactions in S/L
mice, it seems likely that, in the face of continued parasite
replication within the egg granulomas, it simply reflects the
continued establishment of new foci of infection. We con-
clude that the S. mansoni egg granuloma is a particularly
favorable site for establishment and maintenance of L. do-
novani infection leading to establishment of new foci of
infection throughout the liver.

Foci of L. donovani in the Hepatic Parenchyma
of Single and of Co-Infected Mice Contain
Similar Numbers of Amastigotes

Like the S/L mice, IL-10 transgenic mice infected with L.
donovani fail to control the infection.17 Infected macro-
phages in these transgenic mice do not elicit mature gran-
ulomas early (�2 weeks) after infection and accumulate
large numbers of amastigotes. Even though mature granu-
lomas eventually develop, these also contain heavy amas-
tigote burdens compared with wild-type mice.17 Therefore,
we investigated if the foci of infection in the parenchyma
and egg granulomas of S/L mice were similarly character-
ized by enhanced amastigote numbers per focus. Because
of the large range in amastigote frequencies in any given
animal, mean amastigote counts were unhelpful and could
hide the presence of a population of heavily infected cells.

Hence, the data are presented as a frequency distribution
(Figure 6). For the small proportion of foci with amastigote
counts greater than 50, the amastigote numbers were com-
parable in foci in the parenchyma and in the S. mansoni
granulomas (data not shown). The frequency distribution
shows that amastigote burdens within foci of infection in the
liver parenchyma of L and S/L mice were comparable at all
time points. The parenchymal foci in both the L and S/L
mice showed an increasing proportion of low amastigote
numbers throughout the time course of the experiment. At
�8 weeks there were similar proportions of foci with low
numbers of amastigotes (1 to 10) in both L and S/L mice (82
and 72%, respectively). However, in the L mice the majority
of such foci were mature (resolving) granulomas (Figure 5),
whereas in the S/L mice they comprised newly infected
Küpffer cells. Overall there was no evidence of heavy ac-
cumulation of amastigotes within the parenchymal foci in
the S/L mice indicating that the morphologically normal
parenchymal granulomas are able to control infection. The
egg granulomas of S/L mice were characterized by persis-
tence of a higher proportion of L. donovani foci with moder-
ate numbers of amastigotes (11 to 30) compared with the
parenchymal foci in L or S/L mice but there was no evi-
dence of accumulation of very heavily parasitized macro-
phages suggesting that, in the absence of structurally ma-
ture L. donovani granulomas, the infected macrophages
rupture and amastigotes spread.

Foci of L. donovani within the Egg Granulomas
of Co-Infected Mice Show Reduced NOS-2
Expression Compared to Foci in the
Parenchyma

In susceptible strains, such as the C57BL/6 mice used in
these studies, control of L. donovani depends on parasite

Figure 5. The proportion of mature parenchymal L. donovani granulomas in
the liver increases progressively in L mice but not in S/L mice. Foci of infection
were examined in 50 adjacent fields (�400 magnification) of H&E-stained liver
tissue and recorded as L. donovani-infected Küpffer cells, immature or mature
granulomas. The data shown are the mean percentages of mature granulomas �
SE from the S/L (filled square) and L (open circle) groups and is representative
of two separate experiments. Percentages of mature granulomas were signifi-
cantly higher in L mice than S/L mice at �4 and �8 weeks (n � 5 mice per group
at each time point; *P � 0.05; **P � 0.002).
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killing by reactive oxygen and nitrogen intermediates.
Reactive nitrogen intermediates play the major role60 and
can be visualized by staining for NOS-2 in hepatic gran-
ulomas.57 As illustrated in Figure 7B for the �8-week time
point, NOS-2 expression could be demonstrated in L.
donovani granulomas in the parenchyma of S/L mice and
was comparable to that in the L mice (Figure 7A), sug-

gesting that there was no inhibition of leishmanicidal
activity in the parenchyma of S/L mice. In contrast, the
staining around L. donovani foci in the S. mansoni egg
granulomas was much weaker (Figure 7, B and C). An
unexpected finding was the high level of NOS-2 expres-
sion surrounding the S. mansoni eggs in both S/L and S
mice. This very focal staining was typical, and although
such expression of NOS-2 within the egg granuloma has
been described for S. japonicum granulomas in mice,61

such staining has only been described around S. man-
soni eggs in mice lacking alternatively activated macro-
phages.30 Overall, the intensity of NOS-2 staining asso-
ciated with the schistosome eggs in S/L mice was greater
than that associated with the L. donovani granulomas in a
given area of tissue, precluding quantitative comparisons
of the NOS-2 expression specifically associated with the
L. donovani granulomas. Similar relative intensities of
NOS-2 staining in L and S/L mice were also seen at �2
and �4 weeks (data not shown).

Discussion

These studies showed that S. mansoni-infected mice fail
to control a superimposed L. donovani infection and sug-
gest that this is not attributable to a generalized failure in
the development of effective anti-L. donovani immunity
but rather occurs because the S. mansoni egg granuloma
provides a microenvironment unfavorable for the expres-
sion of anti-leishmanial immunity, thus creating a niche
for persistent amastigote survival.

Several previous studies have shown suppression of Th1
responses to unrelated antigens/pathogens in the context
of Th2 cytokine responses stimulated by schistosome
eggs.36,40,45 This has been attributed to the anti-inflamma-
tory effects of IL-4 and IL-10,62 and can lead to reduced
control of concurrent infections.40,45 IL-4 and IL-10 can
inhibit protective Th1 responses to L. donovani15,62,63 and,
furthermore, induction of a Th2 response by injection of
heat-killed L. major promastigotes (HKLM) resulted in failure
to control L. donovani, which was dependent on IL-4 and
IL-10 and inhibition of IFN-�.15 S/L mice showed elevated
levels of IL-4 and IL-10 compared with L mice, but IFN-�
levels were only significantly lower than in L mice at �2
weeks after superinfection. By �4 and �8 weeks IFN-�
levels were higher or comparable to those in L mice. We
consistently observed highly elevated LDUs in S/L com-
pared with L mice at �8 weeks after superinfection, but no
coincident significant differences in IFN-� responses.

IFN-� induces development of mature granulomas
around L. donovani-infected Küpffer cells64,65 and these
mediate amastigote killing.5,56 In Th2-skewed mice, ma-
ture granulomas formed but at a reduced frequency that
was attributed to a failure of granuloma assembly in the
Th2 environment.15 Morphologically mature granulomas
also formed in the hepatic parenchyma of S/L mice (Fig-
ure 3), but at a lower frequency than in L mice at �4 and
�8 weeks (Figure 5). However, we interpret this lower
frequency as being attributable to the increased fre-
quency of immature granulomas (Figure 4B) arising from

Figure 6. The failure of L. donovani control in S/L mice is not characterized
by heavy accumulation of amastigotes within individual foci. Amastigotes,
visualized by staining as described in Figure 4, were counted in individual
foci and the frequencies of foci containing differing numbers of amastigotes
determined. The data are based on examination of 50 adjacent fields (�1000
magnification, n � 5 mice) and is representative of two separate experi-
ments. Data refer to L. donovani foci in the parenchyma of L mice (open
bars), the parenchyma of S/L mice (shaded bars), and the egg granulomatous
tissue of S/L mice (black bars). *Significantly higher than in the parenchyma
of S/L mice (P � 0.01) and L mice (P � 0.02). **Significantly higher than in
the parenchyma of S/L mice (P � 0.01) and L mice P � 0.001).
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the uncontrolled parasite replication in S/L mice, rather
than impaired granuloma maturation.

Ultimately, killing of L. donovani amastigotes within the
mature granulomas requires activation of granuloma
macrophages by TNF-� and IFN-�56,66 leading to NOS-2
expression and generation of high and persistent levels
of NO.60,67 IL-10 serves to inhibit NOS-2 expression and
promotes L. donovani infection.16,17 Thus, hepatic gran-
ulomas in IL-10 transgenic mice showed severely inhib-
ited NOS-2 expression and contained very high amasti-
gote numbers indicating suppressed leishmanicidal
activity.17 In contrast, S/L mice did not show inhibited
NOS-2 expression within mature granulomas in the liver
parenchyma (Figure 7) nor uncontrolled amastigote rep-
lication within individual foci (Figure 6), suggesting that
the elevated IL-10 was insufficient to inhibit leishmani-
cidal activity in the parenchyma.

The abundant schistosome egg granuloma macro-
phages68 provide a potential niche for L. donovani infection
in the liver of S/L mice, and early during infection we found
comparable levels of L. donovani infection in the paren-
chyma and egg granulomas. Subsequently, and coincident
with the manifestation of anti-L. donovani immunity in the L
mice,54 the density of foci in the egg granulomas increased
relative to the parenchyma in the S/L mice (Figure 4). No-
tably, such foci failed to elicit histologically discrete granu-
lomas and showed low levels of NOS-2 expression, com-
pared to foci in the parenchyma of S/L and L mice.

There are various ways in which development of the
Th1-mediated anti-L. donovani immunity could be inhib-
ited within the egg granulomas, which are themselves
highly regulated, to limit excessive Th1- or Th2-mediated
pathology.31 High levels of IL-4 endogenously produced
by the egg granuloma cells69 could inhibit proliferation of
Th1 cells. High levels of IL-10 produced by regulatory
CD4�CD25� cells and macrophages in the granulomas
can inhibit both Th2 and Th1 responses69–72 and the
abundant alternatively activated macrophages are cru-
cial in preventing severe Th1-dependent inflammatory
disease.30,59,73,74 Alternatively activated macrophages
may also provide a nutritionally privileged site for Leish-
mania amastigotes because arginase I appears to pro-
mote parasite growth75 by generating L-ornithine, the
substrate for biosynthesis of polyamines used for para-
site growth and differentiation.76,77

In conclusion, these results suggest that despite
developing a Th2-skewed cytokine response, S/L mice
develop a delayed but apparently functional anti-L.
donovani Th1 response that is able to mediate granu-
loma formation and effective clearance of amastigotes
from foci of infection in the hepatic parenchyma. How-
ever, this anti-leishmanial immunity fails in foci of in-
fection within the S. mansoni egg granuloma probably
owing to the lack of L. donovani granuloma assembly
and the consequent lack of expression of NO. This
persisting source of amastigotes would thus explain
the maintenance of L. donovani in the liver in S/L mice.
The results suggest that control of L. donovani infection
may be inhibited in S. mansoni co-infected humans,
and this warrants further investigation.

Figure 7. NOS-2 expression around foci of L. donovani replication is com-
parable in the liver parenchyma of L and S/L mice but inhibited within the S.
mansoni egg granulomas. NOS-2-stained liver sections from L mice (A), S/L
mice (B and C) 8 weeks after L. donovani infection. Long arrows: granu-
lomas in parenchyma showing strong NOS-2 staining. Short arrows: low
intensity NOS-2 staining around L. donovani foci associated with the S.
mansoni egg granulomas. SG, schistosome egg granuloma showing strong
NOS-2 staining around the egg. Original magnifications: �100 (A, B); �400
(C).
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