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Susceptibility of mice to Leishmania major is associated with an insufficient NK cell-mediated innate immune
response. We analyzed the expression of NK cell-activating chemokines in vivo during the first days of infection
in resistant and susceptible mice. The mRNA expression of gamma interferon-inducible protein 10 (IP-10),
monocyte chemoattractant protein 1 (MCP-1), and lymphotactin was upregulated 1 day after infection in the
draining lymph nodes of resistant C57BL/6 mice but not in those of susceptible BALB/c mice. In vivo local
treatment of BALB/c mice with recombinant IP-10 shortly after infection resulted in an enhanced NK cell
activity in the draining lymph node. The data suggest that although the recruitment of NK cells is normal in
susceptible mice, the lack of NK cell-activating chemokines is a factor resulting in a suboptimal NK cell-
mediated defense.

Cutaneous infection of mice with Leishmania major is a
well-established experimental model of chronic disease caused
by an intracellular parasite (for review, see reference 25). In
this infection model, most strains of mice, including C57BL/6,
develop a Th1-dominated immune response which is associ-
ated with healing (2, 7). Conversely, some strains like BALB/c
succumb to the infection. In these susceptible animals, the
immune response is dominated by Th2 cells. Cumulative evi-
dence suggests that the basis for the respective Th-cell adap-
tation is laid very early, i.e., during the first 24 to 48 h in the
draining lymph node (LN) (5, 11, 13, 27, 30). We found that, in
susceptible mice, parasites disseminate very rapidly to visceral
organs, while containment of parasites in the draining LN is
characteristic of resistant mouse strains (11). This early para-
site containment was found to depend on natural killer (NK)
cells. Accordingly, measures which activate NK cells, such as in
vivo treatment with interleukin 12 (IL-12), poly(I-C), or alpha
or beta interferon (IFN-a/b), were all found to induce parasite
containment in susceptible mice (5, 11). These findings, to-
gether with those of other studies (27), present strong evidence
for the instrumental role of LN NK cells in the development of
protective immunity against the parasite.

Peripheral LN cells provide the environment for the gener-
ation of a specific immune response after antigen exposure in
the periphery (20). The attraction of leukocytes into LN is
essential for the host response to infection. The process of
leukocyte recruitment is controlled by chemokines, which are
chemotactic cytokines belonging to a superfamily of polypep-
tide mediators (16, 34). Recent evidence suggests that the
pleiotropic and redundant effects of chemokines can be
grouped according to their biological effects. Thus monocyte
chemoattractant protein 1 (MCP-1), MCP-2, MCP-3, RAN-
TES, macrophage inflammatory protien 1a (MIP-1a), and
MIP-1b all have been reported to be chemotactic and activat-
ing for NK cells (1, 15, 17, 33). Gamma interferon-inducible
protein 10 (IP-10) and lymphotactin (Ltn) act on both T cells

and activated NK cells (18). Although most of the data pre-
sented above are derived from experiments with human che-
mokines, the data so far available concerning murine chemo-
kines showed that the activating effect of chemokines on NK
cells and the production of chemokines by NK cells are similar
in the murine system (8). In the present study, we asked
whether differences in the production of chemokines by LN
can be correlated with the resistant or susceptible phenotype.
In previous studies, L. major was shown to induce the expres-
sion of MCP-1 both in vitro (24) and in vivo (19). The early
production of chemokines in LNs draining a site of infection
has not been investigated so far. Similarly, there are no pub-
lished data available concerning the in vivo production and
possible in vivo action of NK cell-activating chemokines.

Specific-pathogen-free 8- to 12-week-old female BALB/c
and C57BL/6 mice (Charles River Breeding Laboratories, Sulz-
feld, Germany) were infected subcutaneously in both hind
footpads with 2 3 106 stationary-phase L. major promastigotes
(MHOM/IL/81/FEBNI) as described elsewhere (12, 32). Pop-
liteal LNs (pLNs) were removed aseptically 1, 2, or 3 days after
infection and from noninfected animals as a control. Single-cell
suspensions of pLNs were washed with phosphate-buffered
saline (PBS), and total RNA was extracted by using the stan-
dard guanidinium thiocyanate-phenol-chloroform extraction
method as described previously (4). The expression of chemo-
kine mRNA was determined and quantified by the RiboQuant
RNase protection assay system (Pharmingen, San Diego, Cal-
if.). The use of the 32P-labeled anti-sense mCK-5 Multi-Probe
template set of this assay system allows comparative analysis of
mRNA expression of a whole set of chemokine species. A
Phosphor-Imager (BAS 2000; Fuji Photo Film Co., Tokyo,
Japan) with TINA 2.0 software was used to measure and an-
alyze the expression intensity of the chemokine mRNA spe-
cies. Comparison of the expression of a given chemokine
mRNA species with the expression of the housekeeping genes
coding for L32 or glyceraldehyde-3-phosphate dehydrogenase
allows the quantitative analysis of mRNA expression. In our
experiments, the expression intensity for a given chemokine
mRNA species was calculated as a percentage of L32 gene
expression. As a sham infection, we injected PBS and latex
particles into the footpads of mice. These treatments did not
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induce significant chemokine mRNA expression in the pLN
(data not shown).

L. major infection induces the expression of RANTES on a
high level in the pLNs of both resistant and susceptible mice.
The gene expression of RANTES, a chemokine with chemo-
tactic activity on NK cells and Th1 cells, was upregulated rap-
idly after L. major infection (Fig. 1A). The high expression of
RANTES was restricted to the first 2 days of infection. This
expression pattern was very similar in both mouse strains.

In addition to the expression of chemokine genes by freshly
isolated pLN cells, we also investigated the potential of in
vivo-primed pLN cells to express chemokine genes upon re-
stimulation with L. major in vitro. Single-cell suspensions from
pLNs taken on day 1 after infection were plated at a concen-
tration of 106/ml in tissue culture plates (Greiner, Nürtingen,
Germany) in a volume of 10 ml of RPMI 1640 medium sup-
plemented with 2 mM L-glutamine, 10 mM HEPES buffer, 100
mg of penicillin per ml, 160 mg of gentamicin per ml, 13 mM
NaHCO3, 50 mM 2-mercaptoethanol and 10% fetal calf serum
(Sigma Chemical Co., Deisenhofen, Germany). Total RNA
was extracted after incubation of the cells at 37°C in a 5% CO2
humidified atmosphere for 18 h with L. major lysate (5 3 105

promastigotes/ml) as described previously (10). This treatment
did not result in increased RANTES mRNA expression (Fig.
1B); the level of expression remained on the same high level
during the in vitro culture.

MIP-1a and MIP-1b are expressed by pLN cells only after
in vitro restimulation. There was no upregulation of the ex-
pression of MIP-1a and MIP-1b in freshly isolated pLN cells
during the first 3 days after L. major infection (Fig. 1A). How-
ever, cells isolated from pLN 1 day after infection expressed
the mRNA for these chemokines after in vitro restimulation
with L. major (Fig. 1B). The level of the in vitro gene expres-
sion was markedly different between the two mouse strains;
pLN cells from resistant C57BL/6 mice expressed both chemo-

kines on a significantly higher level than cells from susceptible
BALB/c animals (Fig. 1B). A possible explanation for the high
in vitro expression versus the lack of expression in vivo is the
difference in antigen load. Only a few parasites can be found in
the draining LN 1 day after infection, while the antigen doses
used in vitro are high. The in vitro restimulation data indicate
the potential of pLN cells from C57BL/6 mice to produce
MIP-1a and MIP-1b upon exposure to L. major, and it is
noteworthy that the expression of both chemokines correlates
with the resistant phenotype.

Resistant mice express MCP-1, IP-10, and Ltn in pLNs
early after infection with L. major. The expression of the
MCP-1, IP-10, and Ltn genes was rapidly upregulated after L.
major infection in the pLNs of resistant C57BL/6 mice (Fig.
1A). This increased gene expression was transient and was
restricted to the very early phase of infection. The expression
of these genes returned to normal after 2 to 3 days of infection.
There was no significant upregulation of MCP-1, IP-10, and
Ltn expression in the pLNs of susceptible BALB/c mice (Fig.
1A). In vitro restimulation resulted in a significantly higher
expression of Ltn mRNA in cultures of pLN cells from
C57BL/6 mice, but not in those from BALB/c mice (Fig. 1B).
Again, the high expression of this chemokine clearly correlates
with the resistance phenotype.

Similarly to RANTES, the expression of mRNA for MCP-1
and IP-10 was not increased after in vitro restimulation of pLN
cells with L. major antigen (Fig. 1B). These findings suggest
that the in vivo exposure of the pLN cells to Leishmania is
sufficient to induce the expression of these chemokine genes.

L. major infection induces significantly higher NK cell cy-
totoxic activity in pLNs of resistant mice compared to suscep-
tible animals. Given the known NK cell-activating potential of
chemokines such as MCP-1, MIP-1a, MIP-1b, IP-10, and Ltn
(18, 33), it could be expected that pLN cells from resistant
C57BL/6 mice early after L. major infection have a higher NK

FIG. 1. (A) Chemokine mRNA expression by pLN cells in the early phase of footpad infection with L. major. The level of expression for chemokine mRNA species
is given as a percentage of expression of the L32 housekeeping gene. (B) Chemokine mRNA expression of pLN cells after restimulation with L. major antigen in vitro.
pLNs were removed on day 1 after infection, and the cells were incubated for 18 h in vitro in the presence of L. major lysate. The data shown are from one representative
experiment of three performed.
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cell activity than cells from susceptible BALB/c mice. We an-
alyzed the NK cell cytotoxic activity in a standard 4-h 51Cr-
release cytotoxicity assay by using YAC-1 target cells as de-
scribed earlier (10). Briefly, 104 51Cr-labeled target cells were
added to the LN cells in a total of 200 ml in U-bottom micro-
titer plates at effector/target ratios of 50:1, 25:1, 12:1, and 6:1.
The plates were incubated for 4 h at 37°C in an atmosphere of
air containing 5% CO2. pLN cells of noninfected C57BL/6 and
BALB/c mice displayed no significant NK cell cytotoxic activity
(Fig. 2). L. major infection resulted in the rapid induction of
NK cell cytotoxic activity in pLN cells of both mouse strains
(Fig. 2). However, pLN cells from resistant C57BL/6 mice
indeed had a significantly higher NK cell activity than pLN
cells from susceptible BALB/c mice (Fig. 2). Infection with L.
major induced similarly high NK cell activity as well in C3H/
HeN mice, another resistant mouse strain tested (Fig. 2).

We then asked whether the higher NK cell activity in
C57BL/6 mice reflects a higher number of NK cells recruited to
the pLN in this mouse strain. MCP-1, RANTES, MIP-1a, and
MIP-1b all have been reported to exert chemotactic activity on
NK cells (1, 15, 17, 33). We analyzed the recruitment of NK
cells into the draining pLN by flow cytometry on a FACS-
Calibur with CellQuest software (Becton Dickinson & Co.,
Mountain View, Calif.). NK cells were analyzed by using a
fluorescein isothiocyanate-labeled monoclonal antibody to the
pan-NK cell marker DX5 (Pharmingen). This antigen is ex-
pressed on the surface of NK cells from both C57BL/6 and
BALB/c mice (21). As expected, pLNs in noninfected C57BL/6
and BALB/c mice were found to contain few DX51 cells: the
ratio of DX51 NK cells was 1 to 2% in both mouse strains. The
proportion of DX51 cells increased to 3 to 4% in both mouse
strains on day 1 after L. major infection (not shown). These
data indicate that the levels of L. major-induced recruitment of
NK cells in the pLN are similar in both mouse strains. There-
fore, the low NK cell activity of pLN in L. major-infected
BALB/c mice cannot be simply explained by the low numbers
of NK cells. It is rather the level of activation of NK cells which
is possibly different in resistant versus susceptible mice.

RANTES mRNA is expressed 1 day after infection in both
BALB/c and C57BL/6 mice on a relatively high level. RAN-
TES has been reported to exert chemotactic and a limited
stimulatory activity on NK cells (33). In this respect, the ex-
pression of IP-10 and Ltn in resistant but not in susceptible

mice is of special interest, since these chemokines have been
reported to have a stimulating effect only on preactivated NK
cells (18). Therefore, RANTES may lead to recruitment and to
initial low-level activation of NK cells in both mouse strains.
Subsequent expression of IP-10 and Ltn can then lead to fur-
ther activation of these cells in resistant C57BL/6 mice, but not
in susceptible BALB/c mice.

In vivo treatment of infected BALB/c mice with rIP-10 en-
hances NK cell activity in draining LN. If a low infection-
induced production of chemokines lies behind the low NK cell
activation of pLN cells in BALB/c mice, treatment of mice with
an NK cell-activating chemokine should enhance the NK cell
activity in these animals. Therefore, we tried to rescue the NK
cell activity of pLN cells from infected BALB/c mice by local in
vivo treatment with IP-10. BALB/c mice were injected in the
infected footpad with 0.5 mg of murine recombinant IP-10
(rIP-10) (R&D Systems, Wiesbaden, Germany) in 20 ml of
PBS 4 h after challenge with L. major. Control mice received
20 ml of PBS in the infected footpad. The pLN was removed
24 h after infection, and the cells were assayed for their cyto-
toxic activity against YAC-1 target cells. This in vivo treatment
of the infected footpad with IP-10 indeed resulted in an en-
hanced NK cell cytotoxic activity (Fig. 3), comparable to that of
resistant mice. These data clearly demonstrate the in vivo NK
cell-activating potential of IP-10 in L. major-infected mice. The
data also support our view that the low expression of NK
cell-activating chemokines, such as IP-10, is involved in the
suboptimal early activation of NK cells in the draining LNs of
BALB/c mice infected with L. major. However, IP-10 alone,

FIG. 2. NK cell cytotoxic activity of pLN cells from C57BL/6, C3H/HeN, and
BALB/c mice on day 1 after footpad infection with L. major. NK cytotoxic
activity against YAC-1 target cells was measured in a 4-h 51Cr-release assay. The
data shown are from one representative experiment of three performed.

FIG. 3. Effect of in vivo treatment with rIP-10 on NK cell cytotoxic activity.
BALB/c mice were injected with 2 3 106 L. major promastigotes in the left hind
footpad. Infected mice were injected in the left hind footpad with 0.5 mg of
murine rIP-10 4 h after challenge with L. major. Control mice received an
injection of PBS in the infected footpad. Uninfected BALB/c mice were given an
injection of 0.5 mg of murine rIP-10 in the left hind footpad. pLN cells were
removed 24 h after infection and assayed for their NK cell cytotoxic activity
against YAC-1 target cells.
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i.e., without L. major infection, did not result in increased NK
cell activity in the pLN (Fig. 3). Therefore, the in vivo effect of
IP-10 is dependent on other infection-induced factors. RAN-
TES, a chemokine with NK cell-activating potential (33), could
be one of those factors, since RANTES mRNA expression was
highly upregulated after L. major infection (Fig. 1). This is in
agreement with the finding that only activated NK cells re-
spond to IP-10 (18). The data suggest that the lack of IP-10
expression is at least one of the factors to result in a suboptimal
NK cell activation in susceptible BALB/c mice despite an ini-
tial low-level activation of NK cells early after infection. In
vitro treatment of pLN cells from infected BALB/c mice with
rIP-10, however, did not lead to enhanced NK cell activity (not
shown).

Recently, the increase in the number of IFN-g-producing
cells in the liver of Leishmania donovani-infected mice after
blockade of CTLA-4 was reported to correlate with the en-
hanced expression of IP-10 (22). In the livers of L. donovani-
infected mice, NK cells have been suggested to play a promi-
nent role in IFN-g production and host defense (6), and NK
cells have been shown to utilize CD28/B-7 mediated pathways
during their activation (9). These data are consistent with our
finding that IP-10 upregulates the NK cell function in mice
infected with Leishmania. Previous studies have suggested that
the suboptimal production of or response to immunoregulators
such as IL-12, IFN-a/b, and type 2 nitric oxide synthase may
cause the dysfunction of the early defense machinery operative
on day 1 after infection with L. major (5, 28). Our data suggest
that the lack of early production of chemokines also contrib-
utes to the insufficient activation of NK cells in susceptible
animals.

The synthesis of RANTES, MIP-1a, and MIP-1b was re-
ported to be associated with a Th1 type of immune response
(29). These chemokines have also been found to be chemotac-
tic for Th1 cells (31). Moreover, CXCR3, the receptor for
IP-10, was reported to be expressed not only by NK cells, but
also by activated T cells (3, 14, 23, 26). Therefore, in addition
to the activation of NK cells, the early production of RANTES,
MIP-1a, MIP-1b, and, particularly, IP-10 may also contribute
to the resistance to L. major by affecting the circulating pop-
ulation of activated T cells. Therefore, we tested the effect of
IP-10 treatment on the course of L. major infection in BALB/c
mice. A single injection of 0.5 mg into the footpad 4 h after

infection, a treatment regimen which resulted in enhanced NK
cell activity, did not protect the mice from the disease. The
IP-10 treatment actually led to a slight exacerbation of lesion
development (Fig. 4). This finding does not support the role of
IP-10 in the protective immunity. However, one should be
cautious with the interpretation of these findings in the ab-
sence of data concerning the dose dependency, time kinetics,
and pleiotropic action of IP-10 in vivo. For example, the ex-
pression of CXCR3 was demonstrated not only on Th1 cells
but also on Th2 cells (26). Moreover, although a lower con-
centration of IP-10 is required to attract Th1 cells, Th2 cells
can also respond to IP-10 if this chemokine is applied in a
higher concentration (26). The dose of 0.5 mg used in our
experiments may be high enough to attract Th2 cells. Appli-
cation of neutralizing anti-IP-10 antibodies in resistant
C57BL/6 mice could possibly clarify the role of IP-10 in the
resistance to L. major.
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