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ABSTRACT In the livers of C57BL/6 mice, gamma interferon (IFN-�) controls intracel-
lular Leishmania donovani infection and the efficacy of antimony (Sb) chemotherapy.
Since both responses usually correlate with granulomatous inflammation, we tested
six prominently expressed, IFN-�-regulated chemokines—CXCL9, CXCL10, CXCL13,
CXCL16, CCL2, and CCL5—for their roles in (i) mononuclear cell recruitment and
granuloma assembly and maturation, (ii) initial control of infection and self-cure, and
(iii) responsiveness to Sb treatment. Together, the results for the L. donovani-infected
livers of chemokine-deficient mice (CXCR6�/� mice were used as CXCL16-deficient
surrogates) indicated that individual IFN-�-induced chemokines have diverse affects
and (i) may be entirely dispensable (CXCL13, CXCL16), (ii) may promote (CXCL10,
CCL2, CCL5) or downregulate (CXCL9) initial granuloma assembly, (iii) may enhance
(CCL2, CCL5) or hinder (CXCL10) early parasite control, (iv) may promote granuloma
maturation (CCL2, CCL5), (v) may exert a granuloma-independent action that enables
self-cure (CCL5), and (vi) may have no role in responsiveness to chemotherapy. De-
spite the near absence of tissue inflammation in early-stage infection, parasite repli-
cation could be controlled (in CXCL10�/� mice) and Sb was fully active (in
CXCL10�/�, CCL2�/�, and CCL5�/� mice). These results characterize chemokine ac-
tion in the response to L. donovani and also reemphasize that (i) recruited mononu-
clear cells and granulomas are not required to control infection or respond to Sb
chemotherapy, (ii) granuloma assembly, control of infection, and Sb’s efficacy are
not invariably linked expressions of the same T cell-dependent, cytokine-mediated
antileishmanial mechanism, and (iii) granulomas are not necessarily hallmarks of pro-
tective antileishmanial immunity.
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In visceral leishmaniasis, a disseminated protozoal infection, tissue macrophages in
the liver, spleen, and bone marrow are targeted and support intracellular parasite

replication. In the susceptible host, experimental Leishmania donovani infection in the
liver does not come under control nor are parasites killed until either chemotherapy is
given or T cell-dependent, multi-cytokine-driven mechanisms emerge and macrophage
activation is induced. In the livers of infected wild-type (WT) C57BL/6 (B6) and BALB/c
mice, this immunoinflammatory response is usually associated with mononuclear cell
recruitment to and granuloma assembly at parasitized Kupffer cells (1–8). In the
granulomatous environment, this T cell- and cytokine-mediated response also directs
self-cure in initially susceptible B6 and BALB/c mice and, in addition, regulates the
intracellular efficacy of conventional antileishmanial chemotherapy, pentavalent anti-
mony (Sb) (2, 4, 6, 7, 9–11).
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Gamma interferon (IFN-�) plays a particularly prominent role in the preceding
responses in L. donovani infection in the liver. In its absence, there is little T cell or
monocyte influx or granuloma formation and no evidence of macrophage activation,
since intracellular infection is unrestrained and Sb fails to exert its leishmanicidal effect
(3, 4, 12–14). How IFN-� initiates the inflammatory environment in the liver, in which
recruited mononuclear cells, activated macrophages, and, if given, chemotherapy
successfully interdigitate to eradicate L. donovani, has not been well clarified. In the
study described here, we focused on selected chemokines induced by L. donovani
infection in WT mice and regulated by IFN-�. Using deficient mice, we tested chemo-
kine roles in granuloma assembly, initial control, the outcome of infection, and the
response to chemotherapy.

RESULTS
IFN-�-regulated chemokine and chemokine receptor expression. Microarray

gene expression analysis was performed using liver tissue from WT and IFN-��/� mice
infected for 2 or 3 weeks. Enhanced expression was arbitrarily defined as a �4-fold
increase in gene expression compared with the results in uninfected mice. As shown in
Table S2 in the supplemental material, WT mice demonstrated enhanced expression of
11 chemokines and eight chemokine receptors. In contrast, infected IFN-��/� mice
showed enhanced gene expression of only 1 of the 11 chemokines (CCL8 [monocyte
chemoattractant protein 2 {MCP-2}]) and only one of the eight receptors (CXCR6).

To select chemokines for our analysis, two additional criteria were applied: (i)
prominent gene expression in infected WT mouse livers (defined as a �10-fold increase
on day 21 compared with that in uninfected mice) and (ii) IFN-� regulation (defined as
a ratio of �10 in the day 21 fold increase in expression in WT mice compared with that
in IFN-��/� mice). This winnowing identified six candidates for study (Table S2):
chemokines which primarily attract T cells (CXCL9, CXCL10, CXCL16), monocytes (CCL2),
monocytes and T cells (CCL5), or B and T cells (CXCL13) (15–19). Reverse transcription-
PCR (RT-PCR) testing using livers from WT and IFN-��/� mice that had been infected for
3 weeks confirmed the findings for the six selected chemokines (Fig. 1).

Among receptors for the six chemokines, expression of the genes for CXCR3 (the
ligand for CXCL9 and CXCL10), CXCR6 (the ligand for CXCL16), CCR2 (the ligand for
CCL2), and CCR3 and CCR5 (the ligands for CCL5) at day 14 or day 21 was also
prominent and IFN-� regulated (Table S2). Expression of CXCR5, the ligand for CXCL13,
was not detected in the microarray analysis.

Kinetics and outcome of L. donovani liver infection in chemokine-deficient and
chemokine-treated mice. We used IFN-��/� and WT mice as opposing benchmarks
with which to compare the responses in chemokine- and chemokine receptor-deficient
mice. As anticipated, infection was unrestrained in IFN-��/� mice and controlled in
initially susceptible WT mice (Fig. S1). The latter demonstrated parasite killing at week
4 and a phenotype of a near cure by week 8.

(i) C-X-C chemokines. Mice deficient in CXCL9, CXCL10, or CXCL13 or deficient in
CXCR6 (surrogates for CXCL16�/� mice [16, 20]) controlled early-stage liver infection
and showed parasite killing (week 4) and self-cure (week 8) (Fig. 2 and S2). The initially
increased parasite burdens in CXCR6�/� mice were not significantly different from
those in WT mice. Thus, by themselves, the selected C-X-C chemokines, CXCL9, CXCL10,
CXCL13, and, by inference, CXCL16, played no apparent host defense role in the
response to L. donovani in the liver.

Paradoxically, however, CXCL10�/� mice (and, at one time point, CXCL9�/� mice)
expressed enhanced antileishmanial activity (Fig. 2), prompting us to test the effect of
treating WT mice with anti-CXCL10. Given from the outset of infection, anti-CXCL10
injections enabled parasite killing (Fig. S3), suggesting that, along with providing
enhanced control in gene-deficient mice, CXCL10 can act to promote parasite replica-
tion. Although mice deficient in CXCR3, the receptor for both CXCL10 and CXCL9, are
not more susceptible to a different strain of L. donovani (21), we also tested CXCR3�/�

mice in our model, anticipating enhanced resistance to infection in the absence of
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CXCL9 and CXCL10 activation. This hypothesis not only proved incorrect (Fig. 2C), but
results at week 4 also indicated delayed parasite killing in CXCR3�/� mice. While mRNA
expression of CXCL11 (interferon-inducible T-cell alpha chemoattractant), CXCR3’s third
chemokine ligand, could be detected in B6 mice (e.g., see Table S2), B6 mice do not
produce functional CXCL11 protein (22, 23).

(ii) C-C chemokines. The kinetics and/or outcome of liver infection in mice deficient
in CCL2 or CCL5 contrasted with the preceding results since the effects of each were
required to properly control early-stage infection and efficiently kill L. donovani (Fig. 3).
While CCL2�/� mice proceeded to self-cure by week 8, parasite killing in CCL5�/� mice
was incomplete and week 8 liver burdens in CCL5�/� mice were 12-fold higher than
those in WT mice. Although spleen parasite burdens were not routinely measured,
amastigotes were readily identified in CCL5�/� mouse spleen imprints at week 8, while
they were scarce in WT mouse spleens (not shown).

(iii) Chemokine treatment. Our results in CXCL10�/� and anti-CXCL10-treated WT
mice suggested that endogenous CXCL10 paradoxically promotes infection (Fig. 2 and
S3). In contrast, exogenous CXCL10 given prophylactically (on days �1, �3, and �7
after L. donovani challenge) has been reported to induce liver parasite killing (24), an
effect also reported in the same model for a single injection of CCL2 on day �7 (25).
Because of this discrepancy in CXCL10’s apparent action and to test treatment effects
in established infection, starting on day �14, WT mice were given 3 alternate-day
intraperitoneal (i.p.) injections of 5 or 10 �g/kg of body weight of CXCL10 (24) or a

FIG 1 Relative mRNA expression of CXCL9, CXCL10, CXCL13, CXCL16, CCL2, and CCL5 3 weeks after infection in the livers of
WT (A) and WT versus IFN-��/� (B) mice. RT-PCR results (mean � SEM) are from 2 experiments (A) (8 mice per group) and from
1 experiment (B) (4 mice per group). In panel A, P was �0.05 for all results for expression in the livers of infected WT mice
versus expression in the livers of 8 naive (uninfected) WT mice, and the � symbols for uninfected mice for CXCL13 and CCL2
indicate values of 3.6 � 1.6 and 0.33 � 0.9 units, respectively. In panel B, P was �0.05 for all results for infected WT mice versus
infected IFN-��/� mice, and the � symbols for IFN-��/� mice indicate values for CXCL13 and CCL2 of 1.5 � 0.6 and 1.3 � 0.3
units, respectively.
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single injection of CCL2 (5 �g/kg) (25). In our hands, however, neither CXCL10 nor CCL2
treatment had an effect on day �21 on either liver parasite burdens or cell recruitment
to parasitized tissue foci (2 experiments, 7 to 8 mice per group; data not shown).

Tissue inflammatory responses and granuloma assembly. (i) WT and IFN-��/�

mice. L. donovani parasitizes resident macrophages in the liver, resulting in a range of
recruited inflammatory cells directed at initially infected Kupffer cells in both B6 and
similarly behaving BALB/c WT mice (3, 5). CD4� and CD8� T cells, NK and NKT cells, and
blood monocytes are primary influxing cells (1–3, 5, 8, 26, 27); neutrophils are also

FIG 2 Course of L. donovani infection in the livers of WT, CXCL9�/�, CXCL10�/�, and CXCR3�/� mice. Results from 2 experiments (A and C) and
3 experiments (B), indicated as mean � SEM values, are for 8 to 9 mice (A), 12 mice (B), and 7 mice (C) at each time point. *, P � 0.05 versus the
WT liver parasite burden (LDU).

FIG 3 Course of L. donovani infection in livers of WT, CCL2�/�, and CCL5�/� mice. Results from 2 experiments (A) and 3
experiments (B), indicated as mean � SEM values, are for 6 to 7 mice (A) and 9 mice (B) at each time point. *, P � 0.05 versus
the WT liver parasite burden (LDU).
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initially recruited to the liver (1, 5, 7, 8, 28) but are indifferent or not active toward
amastigotes (8, 29), limited in granulomas (8), and seldom discernible microscopically
by or after week 2 (2, 3, 27). Although the dynamic mononuclear cell response is
recognized to be asynchronous (8, 30), in the livers of WT mice it is usually (i) evident
at week 2, with early-developing granulomas being �50% of parasitized foci, (ii) fully
expressed by week 4, with �90% of infected foci being surrounded by developing or
mature (sometimes parasite-free) granulomas, and (iii) comprised at week 8 of mostly
parasite-free, mature, and/or involuting granulomas (3, 30). IFN-��/� mice showed
none of these effects, with virtually no cells being recruited to progressively more
heavily parasitized foci until weeks 8 to 12 (3, 4, 13). Figures 4 and S4 illustrate the
histologic responses in WT and IFN-��/� mice for comparison to the responses in
chemokine-deficient mice.

(ii) Chemokine- and chemokine receptor-deficient mice. Figure 5 shows the
results for granuloma assembly (the number of granulomas at weeks 2 and 4) and
maturation (the percentage of parasitized foci scored as mature and/or parasite-free
granulomas at weeks 4 and 8) (6, 31). Responses were intact in CXCL13�/� and
CXCR6�/� mice. However, the other gene-deficient mice showed altered responses,
and histologic correlates of the kinetics of granuloma assembly and maturation are
illustrated in Fig. 6, 7, S5, and S6. Together, these results indicated (i) accelerated early
granuloma assembly at week 2 in CXCL9�/� mice, (ii) little cell recruitment at week 2
and therefore deficient initial granuloma assembly in CXCL10�/�, CXCR3�/� (as pre-
viously reported [21]), CCL2�/�, and CCL5�/� mice, (iii) additionally impaired granu-
loma maturation at week 4 in CCL2�/� and CCL5�/� mice, and (iv) the presence of

FIG 4 Histologic responses to L. donovani infection 2 to 8 weeks after challenge in livers of WT and
IFN-��/� mice. In WT mice, infected foci show intracellular parasites and inflammatory responses ranging
from little or none (arrows) to developing granulomas at week 2 (A), mature granulomas at week 4 (B),
and mature and involuting (arrows), largely parasite-free granulomas at week 8 (C). In contrast, in
IFN-��/� mice at both week 2 (D) and week 4 (E), increasingly heavily infected Kupffer cells (arrows)
attracted few if any mononuclear cells, while at week 8 (F), scanty influxing cells (morphologically,
lymphocytes) were present at some of the remarkably heavily parasitized foci. Magnifications, �400. See
Fig. S4 for the corresponding low-power photomicrographs.
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delayed-onset, compensatory mechanisms that permitted CXCL10�/�, CXCR3�/� (21),
CCL2�/�, as well as CCL5�/� mice to assemble granulomas by week 4 and express
intact maturation by week 8. Thus, as judged by the findings in the livers of gene-
deficient mice, four of the selected IFN-�-induced chemokines, CXCL9, CXCL10, CCL2,
and CCL5, appear to regulate the provoked granulomatous response, seemingly in a
nonredundant fashion. The effects of these individual chemokines were, however,
limited to early- and/or midstage infection (weeks 2 to 4), and while CXCL10, CCL2, and
CCL5 promoted mononuclear cell recruitment and tissue inflammation, CXCL9 ap-
peared to have a paradoxical restraining effect.

Response to chemotherapy. In the L. donovani-infected liver, the effects of IFN-�
also convert the efficacy of Sb chemotherapy from being leishmanistatic to being
leishmanicidal (12). Thus, we completed the analysis of these IFN-�-induced chemo-
kines by testing the responses to treatment given at week 2 (day �14). As anticipated
(12), Sb-treated WT mice showed �90% parasite killing on day �21 and IFN-��/�

animals showed none (Table S3). All seven groups of chemokine- or chemokine
receptor-deficient mice responded normally to chemotherapy, however, including
those (CXCL10�/�, CXCR3�/�, CCL2�/�, and CCL5�/� mice) that expressed little or no
tissue inflammation at the time that treatment was administered.

Additional testing in CCL5�/� mice. All chemokine-deficient mice eventually
generated mature-appearing granulomas and expressed the self-cure phenotype at
week 8, with one exception: CCL5�/� mice (Fig. 7). To better understand the action of
CCL5 in L. donovani infection, we characterized mononuclear cell recruitment and
cytokine secretion in deficient mice. Consistent with CCL5’s regulation of T cell and
monocyte trafficking (16, 32, 33), the livers of CCL5�/� mice showed reduced
expression of CD3, CD4, and CD11b (Fig. 8), used as markers for T cells, CD4� cells,
and presumptive monocytes, respectively, while CD8 expression was intact. (CD11b
is also expressed by other types of myeloid cells [5, 27].) To assess cytokine
secretion, we focused on IFN-� and interleukin-10 (IL-10), primary macrophage-

FIG 5 Granuloma assembly at weeks 2 and 4 (A) and granuloma maturation at weeks 4 and 8 (B) in the livers of WT and chemokine- or
chemokine receptor-deficient mice. Results from 2 experiments for each group of deficient mice are shown as mean � SEM values for 4 mice
per group at each time point. WT mice were infected in parallel in each experiment performed in deficient mice; however, for clarity, results
are for WT mice in panel A and represent pooled data from 20 WT mice in panel B. *, P � 0.05 versus the corresponding mean result for WT
mice infected in the same experiments with the designated deficient mice.
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activating versus macrophage-deactivating cytokines, respectively, in this model
(12, 34). In two experiments, antigen-restimulated spleen cells from CCL5�/� and WT
mice that had been infected for 3 weeks (n 	 6 per group) secreted similar levels of
IFN-� (2.7 � 0.2 versus 2.2 � 0.2 ng/ml) and IL-10 (256 � 32 versus 164 � 34 pg/ml)
(P � 0.05). IL-10 was not detected in serum from the same infected animals (n 	 6);
however, IFN-� activity was appreciably lower in CCL5�/� mice (336 � 62 pg/ml) than
in WT mice (1,565 � 174 pg/ml) P � 0.05), suggesting a suboptimal Th1 cell-type
response.

DISCUSSION

In inducing the control of intracellular L. donovani infection in the livers of initially
susceptible WT mice (e.g., B6 and BALB/c mice), IFN-�’s diverse effects certainly include
but also extend beyond direct macrophage activation. One such IFN-�-dependent
effect, granulomatous inflammation, typically accompanies a successful antileishmanial
defense in the liver (3, 7, 8, 30).

To better understand mononuclear cell recruitment to sites of parasitized resident
macrophages and subsequent assembly into granulomas, we focused on selected
IFN-�-regulated chemokines provoked by L. donovani infection. Liver granulomas in
this model in B6 and BALB/c WT mice are complex and dynamic (5, 8, 30), allowing
initially parasitized Kupffer cells, recruited mononuclear cells, inflammatory cytokines,
and the intracellular mechanisms of the activated macrophage to interdigitate and
eventually eradicate L. donovani (3, 14, 35). Administered chemotherapy also interacts
with the same factors in the parasitized tissue focus, and for pentavalent antimony (Sb),
expression of its intracellular killing action in the liver is also usually associated with
tissue inflammation. Sb’s leishmanicidal efficacy requires or is optimized by T cells and
monocytes (2, 36), IFN-� and other cytokines (10–12, 37, 38), and IFN-�-induced

FIG 6 Histologic reaction to L. donovani infection 2 to 8 weeks after challenge in the livers of WT, CXCL9�/�, CXCL10�/�, and CXCR3�/� mice. The
photomicrographs shown for WT mice are from mice infected in parallel with CXCR3�/� mice (histologic reactions were similar in WT mice infected in parallel
with CXCL9�/� and CXCL10�/� mice). In WT mice, the inflammatory responses at parasitized foci at week 2 range from none (arrows) to developing granulomas
(A); at week 4, granulomas are mature and coalescing (B); and at week 8, mature and involuting granulomas are parasite-free (C). (D to F) CXCL9�/� mice show
an accelerated response with well-established mononuclear cell recruitment at virtually all infected foci at week 2 (D) and mature, largely parasite-free
granulomas at week 4 (E). In contrast, in both CXCL10�/� mice (G to I) and CXCR3�/� mice (J to L), few parasitized Kupffer cells (arrows) have attracted
inflammatory cells at week 2 (G, J); however, by week 4 (H) or week 8 (L), granulomatous responses are well established in both groups. Magnifications, �400.
See Fig. S5 for the corresponding low-power photomicrographs.
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antileishmanial macrophage mechanisms (i.e., inducible nitric oxide synthase [iNOS],
phagocyte oxidase, Irgm3) likely acting in concert (14, 39).

To gauge the roles of the chemokines designated here to be prominently expressed
and IFN-� regulated, three IFN-�-dependent responses were assayed in gene-deficient
mice: (i) granuloma assembly and maturation, (ii) the kinetics of initial parasite repli-
cation and killing and the outcome of infection, and (iii) responsiveness to chemother-
apy (3, 12, 13). We used the responses in the livers of deficient mice to infer nonre-
dundant roles for individual chemokines, and we refer below to the six that we studied
as “IFN-�-regulated chemokines.” We understand, however, that IFN-� induces other
chemokines in the L. donovani-infected liver (Table S2), additional chemokines are
active in this model (e.g., CCL3 [40] and CCL19/21 [41]), and chemokines and their
receptor ligands have pleiotropic effects beyond mononuclear cell recruitment. The
latter include T cell stimulation, cytokine secretion, and direct macrophage activation
(15–17, 19, 40–42). In addition, we did not analyze chemokine-associated responses in
spleen or bone marrow, organs also involved in visceral infection. Nevertheless, our
results point to the following conclusions about the six selected chemokines in L.
donovani infection.

Initial granuloma assembly. IFN-�-regulated chemokines exert diverse effects on
mononuclear cell recruitment in early-stage liver infection. Individual effects range from
none (CXCL13 and CXCL16 [inferred from CXCR6�/� mice {20)}]) to an unexpected
restraining action (CXCL9) and the anticipated promotion of mononuclear cell recruit-
ment (CXCL10, CCL2, CCL5). The requirements for CXCL10, CCL2, or CCL5 in granuloma

FIG 7 Histologic responses to L. donovani infection at 2 to 8 weeks after challenge in the livers of WT, CCL2�/�, and CCL5�/�

mice. The photomicrographs shown for WT mice are from those infected in parallel with CCL5�/� mice (histologic reactions
were similar in WT mice infected in parallel with CCL2�/� mice). (A to C) See the legends to Fig. 4 and 5 for descriptions of
the reactions in WT mice. In CCL2�/� mice (D to F) and CCL5�/� mice (G to I), (i) few parasitized Kupffer cells (arrows) have
attracted inflammatory cells at week 2 (D, G), in contrast to the findings for WT mice (A), and (ii) developing granulomas are
present at week 4 at most but not all (arrows) now more heavily infected foci (E, H), and (iii) while mature granulomas are well
established in both groups by week 8 and largely parasite-free in CCL2�/� mice (F), the same structures in CCL5�/� mice
contain abundant amastigotes (arrows) (I). Magnifications, �400. See Fig. S6 for the corresponding low-power
photomicrographs.
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assembly were not long-lived, however, since compensatory mechanisms restored the
granuloma number (Fig. 5A).

Granuloma maturation. CCL2 and CCL5 optimize the initial conversion of devel-
oping granulomas to histologically mature-appearing structures (3, 8) in the infected
liver, a process that does not involve IFN-�-regulated C-X-C chemokines, including
CXCL10. Delayed-onset mechanisms for inducing granuloma maturity, however, are
similarly in place to compensate for CCL2 and CCL5 (Fig. 5B).

Initial parasite replication. Individual IFN-�-regulated chemokines also exert a
range of effects in the control of intracellular parasite replication during early-stage
infection (weeks 2 to 3). CXCL9, CXCL13, and CXCL16 have no effect, CXCL10 appears
to paradoxically promote liver infection, and CCL2 and CCL5 clearly enhance control. At
week 3, liver parasite burdens in CCL2�/� and CCL5�/� mice were nearly at the level
of those in IFN-�-deficient mice (Fig. 3 and S1).

Parasite killing. IFN-�-regulated chemokines are not involved in the initiation of L.
donovani killing in the liver. Killing was under way in all gene-deficient mice by week
4; however, the extent of killing varied considerably. Compared with the results for WT
mice infected in parallel, the results for gene-deficient mice suggested that parasite
killing was unaffected by CXCL13 and CXCL16, suppressed not only by CXCL10 but also
by CXCL9, and enhanced by CCL2 and especially by CCL5 (Table S4).

Outcome of infection. IFN-�-regulated chemokines are not required for expression
of the self-cure phenotype in L. donovani infection in the liver, with one exception,
CCL5. Infection persisted in CCL5�/� mice (Fig. 3), despite the emergence of an intact
granulomatous response (Fig. 7). Had observations been extended beyond week 8, it is
possible that CCL5�/� mice might have reduced parasite burdens further.

Responsiveness to chemotherapy. Individual IFN-�-regulated chemokines are not
required for host responses that enable the leishmanicidal activity of Sb chemotherapy
in the liver.

Our results for chemokine-deficient mice also serve to reemphasize that in L.
donovani infection in the liver, (i) recruited mononuclear cells and granulomas are not

FIG 8 Mononuclear cell recruitment, as judged by the immunohistochemical expression of CD3, CD4,
CD8, and CD11b, in the livers of WT and CCL5�/� mice 2 weeks after L. donovani infection. Results are
from 2 experiments, and mean � SEM values for 6 mice per group are indicated. *, P � 0.05 versus the
corresponding result for WT mice.

Chemokines in Visceral Leishmaniasis Infection and Immunity

January 2017 Volume 85 Issue 1 e00824-16 iai.asm.org 9

http://iai.asm.org


necessary to control intracellular infection or respond to Sb chemotherapy and (ii)
granuloma assembly, control of infection, and Sb’s efficacy are not invariably linked
expressions of the same or a similar T cell-dependent, cytokine-mediated, macrophage-
activating mechanism (3, 5, 8, 12, 30, 36, 37). In the presence of little or no discernible
tissue inflammation, for example, early parasite replication was better controlled in one
setting (in CXCL10�/� mice) and Sb’s killing action was entirely preserved in others (in
CXCL10�/�, CCL2�/�, CCL5�/�, and CXCR3�/� mice).

Additional examples of intact (even enhanced) control of L. donovani in the liver,
despite no tissue inflammation or a poorly organized or immature granulomatous
response, have also challenged the idea that granulomas are necessary hallmarks of
protective antileishmanial immunity (8). Examples of such control can be found in (i)
gene-disrupted naive B6 or BALB/c mice deficient in transcription factors (43, 44),
cytokines (28, 45, 46), and chemokine receptors (40), (ii) rechallenged immune WT
BALB/c mice (3), and (iii) innately resistant WT mice (31). Conversely, a fully established,
structurally mature-appearing granulomatous response in the liver also does not
necessarily translate into effective control of L. donovani. This dissociation, demon-
strated here in CCL5�/� mice, has been observed in the context of sustained macro-
phage deactivation (IL-10 transgenic mice [34]) and in mice lacking a particular antil-
eishmanial factor, including CD40L, iNOS, and even IFN-� (13, 35, 47, 48). In IFN-��/�

mice, granulomas induced by anti-CD40 or anti-IL-10 receptor monoclonal antibody
treatment are not effective in controlling L. donovani (47, 48); however, granulomas
induced in IFN-��/� mice by exogenous IL-12 treatment are associated with inhibition
of parasite replication (13).

In addition to our findings in CXCL10�/�, CCL2�/�, and CCL5�/� mice, accumulated
evidence also indicates that an intact leishmanicidal response to Sb chemotherapy
does not require mononuclear cell recruitment or granuloma assembly. In such a
setting, drug efficacy is preserved in early infection in (i) B6 and BALB/c mice deficient
in signaling (6, 49), granular proteins (31), cytokine secretion (13, 50), macrophage
activation (34), and/or individual intracellular antileishmanial mechanisms (12, 14) and
(ii) in innately resistant mice (31). However, even if they are not microscopically in situ
at the time that treatment is given, host T cells are nevertheless required to convert Sb
from an inactive to leishmanicidal form (36), likely via endogenous IFN-�, which is
required for expression of Sb’s intracellular killing action (12).

Both CXCL9 and, especially, CXCL10 ligands that bind to and activate CXCR3 are
involved in Th1 cell-type inflammatory responses and are well recognized to regulate
activated CD4� effector cell trafficking into inflamed tissues (22, 23, 51, 52). However,
our results in CXCL9�/� and CXCL10�/� mice suggest initially suppressive actions on
mononuclear cell recruitment (CXCL9) and control of parasite replication (CXCL10). The
latter observation highlights the variable actions reported for CXCL10, since, depending
upon the pathogen, model, and organ examined (53), CXCL10 deletion or neutraliza-
tion can have no effect on (54, 55), reduce (51, 52, 56), or apparently even enhance (57,
58) host resistance to infection. CXCL10 also influences and recruits suppressive
CXCR3� regulatory T cells to the tissues (59, 60), and the absence of CXCR3� regulatory
T cells might enhance the control of L. donovani replication in CXCL10�/� mice. That
said, however, it is not clear why early-stage infection was better controlled in
CXCL10�/� mice than CXCR3�/� mice, although mice of both backgrounds showed
similarly deficient initial mononuclear cell recruitment. Possible explanations might
involve CXCL10’s CXCR3-independent actions unrelated to chemotaxis (61), CXCR3
effects unrelated to CXCL10 (19, 62), or a predisposition of CXCR3-deficient macro-
phages toward an alternatively activated (M2) state (63).

CCL5 also has pleiotropic actions and is well recognized in T cell and monocyte
recruitment as well as in attraction/trafficking of a range of inflammatory mononuclear
cells expressing CCR1, CCR3, or CCR5 (16, 19, 32, 64, 65). CCL5 stood out in our analysis
because, in addition to regulating (i) CD4� cell and presumed monocyte recruitment,
(ii) circulating IFN-� activity, and (iii) resistance to L. donovani in early-stage infection,
CCL5�/� mice were the only chemokine-deficient mice that we tested in which liver
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infection persisted. An antileishmanial role for endogenous CCL5 has already been
demonstrated in cutaneous L. major infection (66), and relevant to antileishmanial
mechanisms, CCL5 has been reported to upregulate Th1 cell-type responses (66) and,
like IFN-�, to directly activate macrophages to secrete nitric oxide (67). CCL5’s reported
in vivo effects also extend to protective actions in both early and late chronic stages of
other intracellular infections (32, 33, 68).

MATERIALS AND METHODS
Animals and liver infection. WT female C57BL/6 mice, purchased from The Jackson Laboratory (Bar

Harbor, ME), were used as controls in each experiment performed in gene-deficient mice. Breeding pairs
of the following mice, all on a C57BL/6 background and backcrossed for at least 10 generations, were
obtained and bred at Weill Cornell Medical College: (i) IFN-��/�, CCL2 (MCP-1)�/�, and CXCR6�/� mice
(The Jackson Laboratory), (ii) CCL5 (RANTES)�/� (69), (iii) CXCL9 (Mig)�/� (originally developed by J.
Farber), and CXCL10 (IFN-�-inducible protein 10 [IP-10])�/� mice (22, 51), and (iv) CXCR3�/� and CXCL13
(B lymphocyte chemoattractant)�/� mice (generously provided, respectively, by A. Satoskar [Ohio State
University, Columbus, OH [21]) and J. Cyster [University of California, San Francisco, CA] [70]). A pair of
CXCL16�/� mice was generously provided by I. Charo (University of California, San Francisco) but did not
breed; in their place, CXCR6�/� mice were used since CXCR6 is the only known receptor ligand for
CXCL16 (20).

Mice were female and 7 to 13 weeks old at the time of infection. Groups of 3 to 5 mice were injected
via the tail vein with 1.5 � 107 hamster spleen homogenate-derived L. donovani amastigotes (LV9 strain).
Infection was assessed microscopically using Giemsa-stained liver imprints in which parasite burdens
were measured by blind counting of the number of amastigotes per 500 cell nuclei � organ weight (in
milligrams) (Leishman-Donovan units [LDUs]) (6). Parasite killing at week 4 (indicated as the percent
reduction in the mean liver burden) was calculated by comparing the number of LDUs at week 4 to the
peak number of LDUs at week 3. These studies were approved by the Weill Cornell Medical College
Institutional Animal Care and Use Committee.

Gene and mRNA expression in liver tissue. A high-density oligonucleotide microarray system, the
Murine Genome U74A array, version 2, containing 12,488 genes (Affymetrix, Santa Clara, CA), was used
to test liver tissue from naive and infected WT and IFN-��/� mice. Total RNA was isolated from freshly
obtained tissue, and samples from 4 or 5 mice from each group were pooled. The performance of the
microarray experiment was determined and the associated data analyses were carried out as previously
described (6, 71)

For quantitative real-time RT-PCR testing, total RNA was isolated from liver tissue from individual
mice using an RNeasy minikit (Qiagen, Hilden, Germany) and reverse transcribed into cDNA. RT-PCR was
performed in an ABI 7400 system using a SYBR green PCR kit. GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) mRNA expression was used as the control for quantitative analysis. The primers for the
detected genes are listed in Table S1 in the supplemental material. PCR cycling conditions were as
follows: an initial incubation step of 2 min at 50°C and reverse transcription for 60 min at 60°C and 94°C
for 2 min, followed by 40 cycles of 15 s at 95°C for denaturation and 2 min at 62°C for annealing and
extension. To calculate relative RNA levels, we used the formula: 2(�ΔCT), where ΔCT 	 the threshold cycle
(CT) number for the specific gene � the CT number for GAPDH (71).

Tissue granuloma responses. The histologic response to infection was evaluated by micro-
scopic analysis of liver sections stained with hematoxylin and eosin. The number of granulomas
(the number of infected Kupffer cells which had attracted �5 mononuclear cells) in 100 consecu-
tive �40-magnification fields was counted, and at 100 parasitized foci, the granulomatous reaction
was scored as none, developing or mature, and/or parasite-free (6). Mature granulomas show a core
of fused parasitized Kupffer cells, numerous surrounding mononuclear cells, and epithelioid-type
changes (3).

Immunohistochemistry. Liver samples were immediately embedded and frozen in OCT compound
(Sakura, Torrance, CA) cooled by dry ice and isopentane. Tissue samples were sectioned at a 5-�m
thickness, placed on glass slides, and fixed for 10 min in acetone at 4°C. Sections were stained using
primary antibodies for CD3 (clone SP7; Vector Laboratories Inc., Burlingame, CA), CD4 (clone H129.29; BD
Pharmingen, San Diego, CA), CD8 (clone 53-6.7; BD Pharmingen), and CD11b (clone M1/70; BD Pharmin-
gen) on a Leica Bond RX automated staining platform (Leica Biosystems, Buffalo Grove, IL). Primary
antibodies were applied at a concentration of 1:100, followed by application of a secondary antibody
(BA-4001; Vector Laboratories) and a polymer detection system (Novocastra bond polymer refine
detection; Leica Biosystems) using diaminobenzidine (DAB) as the chromogen and hematoxylin as the
counterstain. Normal mouse spleen, thymus, and liver prepared by the same method were used as
positive controls. A negative reagent control was prepared from each experimental tissue specimen by
substituting nonspecific immunoglobulins of the same species for the primary antibody. Coverslips were
placed on the slides, and images were acquired with an Olympus BX45 microscope using a 40�
objective, a DP25 camera, and CellSens Entry (version 1.9) software (Olympus Imaging America, Inc.,
Center Valley, PA). For each stain in each animal, 6 images measuring 141,790 �m2 were acquired from
randomly selected areas. Images were then analyzed using ImageJ (version 1.47) software (National
Institutes of Health, Bethesda, MD) with the Color Deconvolution (version 1.5) plug-in to determine the
staining area (72). After deconvolution with the H DAB vector, the Threshold tool (in which lower and
upper values were set at 0 and 80, respectively) was applied to the DAB component to produce a
black-and-white image. The Measure tool was used to determine the percentage of positive (black) pixels
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(the positively staining area). The mean positively staining area for each stain in sections from each
animal’s liver was calculated from the values obtained from the 6 images. Results are expressed as the
percentage of the positively staining area.

Treatments. Groups of 3 to 5 infected mice were injected i.p. with 0.2 ml of saline containing (i)
pentavalent antimony (Sb; sodium stibogluconate; Pentostam; Wellcome Foundation Ltd., London, UK)
once on day �14 at an optimal leishmanicidal dose (500 mg/kg) (6), (ii) recombinant murine CXCL10/
IP-10 (R&D Systems, Minneapolis, MN) on days �14, �16, and �18 at 5 or 10 �g/kg per injection (24),
or (iii) recombinant murine CCL2/MCP-1 (R&D Systems) once on day �14 at 5 �g/kg (25). The source of
CXCL10 and CCL2, the number of injections given, and the doses used were selected from studies in
which chemokine treatment reportedly induced antileishmanial effects against L. donovani in the liver
(24, 25). The liver parasite burdens in Sb- and chemokine-treated mice were determined on day �21, and
parasite killing was calculated as indicated in the Table S3 footnote (6). Additional WT mice were injected
i.p., starting 4 h after L. donovani challenge, with 0.2 ml of saline containing 200 �g of hamster
anti-mouse CXCL10 (52, 56) or hamster IgG (Jackson ImmunoResearch Laboratories, West Grove, PA).
Anti-CXCL10 was given on alternate days until day �26, and liver burdens were measured on days �14
and �28.

IFN-� and IL-10 protein determination. IFN-� and IL-10 activities in serum and spleen cell culture
supernatants were measured using enzyme-linked immunosorbent assay kits from BD Biosciences (San
Jose, CA) and BioLegend (San Diego, CA), respectively (31). Spleen cells (5 � 106 cells/ml) were stimulated
for 48 h with 30 �g/ml of soluble L. donovani antigen, generously provided by A. Satoskar (73).

Statistical analysis. Differences between mean values were analyzed by a two-tailed Student’s t test.
A P value of �0.05 was considered significant.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
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