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In experimental Leishmania donovani infection in BALB/c mice, initial susceptibility gives way to T-cell-
dependent acquired resistance and eventual control over visceral infection. Since various cytokines appear to
underlie the host response to Leishmania infection, we examined infected liver tissue for gene expression of
cytokines associated with Thl (gamma interferon [IFN-y] and interleukin-2 [IL-2]) and Th2 cells (IL-4 and
IL-10). By Northern (RNA) blot analysis, only IFN-y mRNA expression was detected in livers of infected
euthymic mice. To determine whether activation ofThl cells develops selectively in this model, qualitative PCR
analysis was used. These results indicated that mRNAs for IFN--y, IL-2, IL-4, and IL-10 were all induced by L.
donovani infection. The potentially negative Th2 cell-associated response did not appear to play a functional
role, however, since resistance was acquired, anti-IL-4 monoclonal antibody treatment did not accelerate
control over visceral infection, and serum immunoglobulin E levels remained low. As judged by PCR analysis,
IL-4 and IL-10 mRNAs were also expressed under three other conditions without apparent effect: in naive
euthymic mice treated with IL-2, which induces leishmanicidal activity; in rechallenged immune mice, which
resist reinfection; and in nude mice, which fail to control L. donovani. These results suggest that, like other
Leishmania species, L. donovani infection may trigger a potentially suppressive Th2 cell-associated cytokine
response. However, in T-cell-intact mice able to control L. donovani, this response either is insufficient to
influence outcome or more likely is overshadowed by the Thl cell response.

Although initially susceptible to experimental infection
caused by the intracellular protozoan Leishmania donovani,
BALB/c mice proceed to develop a T-cell-dependent immune
response which results in control over visceral parasite repli-
cation (43). With time, visceral parasite burdens are reduced
by >85%, and thereafter these chronically infected animals are
resistant to rechallenge (42). This spontaneous acquisition of
resistance to L. donovani appears to reflect the effects of
lymphokine-secreting T cells, activated macrophages, and a
well-established tissue granulomatous reaction (43). Endog-
enously-generated gamma interferon (IFN--y) (50) and inter-
leukin-2 (IL-2) (40), lymphokines primarily produced by the
Thl subset of CD4+ T cells (12, 37), have already been
implicated in this response.
Akin to the preceding results in experimental infection,

recent epidemiologic studies of human visceral leishmaniasis
suggest that up to 85% of infected individuals may also
spontaneously control infection (2, 10, 16, 24, 34). These
individuals either remain asymptomatic or develop oligosymp-
tomatic infection which eventually resolves without treatment
(2, 10, 16, 24, 34). This response is associated with skin test
reactivity and appears to correlate with intact antigen-specific
production of IFN--y (10, 24, 34, 45), a lymphokine which
induces macrophages to express leishmanicidal activity (39,
41). In contrast, in patients who proceed to develop or have
clinically active visceral infection (kala-azar), in vitro secretion
of antigen-stimulated IFN--y and IL-2 is suppressed (9, 10, 15,
24, 45), enhanced induction of IL-10 and/or IL-4 mRNA can
be demonstrated in the tissues (19, 26), and IL-4 can some-
times be detected in the circulation (24, 51). The presence of
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IL-4 and IL-10, Th2 cell-associated cytokines (38), appears
important pathogenetically since both can suppress the secre-
tion and/or host defense effects of activating cytokines, includ-
ing IFN--y and IL-2 (25, 31, 38, 49).

This same preferential Th2 cell response also appears to
largely (11, 22, 23, 30, 46), but perhaps not exclusively (4, 6-8,
36, 47), underlie the failure of BALB/c mice to control
cutaneous infection with Leishmania major. Th2 cell activation
may also partially exert a negative effect in experimental
Leishmania amazonensis cutaneous infection (1). In view of
these observations about noncuring experimental cutaneous
disease and the recent data from patients with visceral infec-
tion (2, 10, 16, 19, 24, 26, 34), one would predict that, in
BALB/c mice capable of controlling L. donovani, a Th2 cell
response either is not triggered in vivo or is overshadowed by
a Thl cell-associated response. The present results support the
latter conclusion.

MATERIALS AND METHODS

Visceral infection. Congenitally athymic nude (nu/nu) 20- to
30-g female mice bred on a BALB/c background and their
euthymic (nu/+) littermates were purchased from Life Sci-
ences (St. Petersburg, Fla.) and maintained under similar
conventional conditions. To establish visceral infection, mice
were injected by tail vein with infected hamster spleen homo-
genate containing 107 L. donovani IS amastigotes (43). Ani-
mals were sacrificed at various intervals for up to 8 weeks, and
liver parasite burdens, expressed as Leishman-Donovan units
(43), were determined microscopically in Giemsa-stained tis-
sue imprints. Immune BALB/c mice were rechallenged with
107 amastigotes and sacrificed at various intervals for up to 2
weeks (42). These animals, which solidly resist reinfection (42),
were originally infected 7 to 12 months before use.
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IL-2 treatment. Escherichia coli-derived recombinant human
IL-2 (7 x 10' U/mg; Amgen, Thousand Oaks, Calif.) was
administered in saline continuously for 7 days by a subcutane-
ously implanted osmotic pump (Alzet model 2002; Alza, Palo
Alto, Calif.) which delivered 6.4 x 104 U/day (40). Controls
received pumps filled with saline alone.
RNA extraction. Sections of liver were pressed through a

wire mesh to obtain single-cell suspensions, and RNA was
isolated by the guanidium thiocyanate-phenol-chloroform
method (RNAzol B; BIOTECX, Houston, Tex.) (14). Each
sample yielded 300 to 500 ,ug of total RNA.

Northern blot analysis. For Northern (RNA) blot analysis,
20 p.g of total RNA from each sample was separated by
electrophoresis on a 1.2% agarose-formaldehyde gel, trans-
ferred to a nylon filter by capillary blotting, and hybridized with
32P-labeled cDNA (42). Probes were prepared by a random
primer method with 0.5- to 0.8-kb fragments of murine IFN-y,
IL-2, IL-4, and IL-10 cDNAs and human glyceraldehyde-3-
phosphate dehydrogenase (GAP) cDNA.

Qualitative RT-PCR. Reverse transcription PCR (RT-PCR)
was performed as follows. To synthesize cDNA, 1 pg of each
RNA sample was reacted with murine leukemia virus reverse
transcriptase and oligo(dT) l. Reagents were incubated at
37°C for 1 h and heated to 65°C for 10 min to denature the
murine leukemia virus-reverse transcriptase, and samples were
diluted to 100 [L1. Ten microliters of each cDNA solution was
subjected to PCR in a volume of 50 ,u1 containing 2 mM (each)
deoxynucleoside triphosphate, 20 ,uM (each) specific primer,
buffer, and 1.25 U of Taq polymerase (Perkin-Elmer Cetus).
The primer sequences were as follows: IFN-y, sense TCA
GGA AGC GGA AAA GGA GTC, antisense TCA AGT CAC
TTG AGA CAC TGC; IL-2, sense CAG CTC GCA TCC TGT
GTC ACA, antisense GAT GAT GCT TTG ACA GAA GGC;
IL-4, sense GTA CCA GGA GCC ATA TCC ACG, antisense
GAG TCT CTG CAG CTC CAT GAG; IL-10, sense CTG
GAA GAC CAA GGT GTC TAC, antisense GAG CTG CTG
CAG GAA TGA TGA; and GAP, sense GAT GAC ATC
AAG GTG GT, antisense TCT TGC TCA GTG TCC 71G
CTG. Each primer pair amplified across an intron. Each cycle
consisted of 94°C for 30 s, 55°C for 1 min, and 72°C for 1.5 min.
Amplification was performed with 40 cycles for IFN-y, IL-2,
IL-4, and IL-10 and 22 cycles for GAP. IL-2 amplification
yielded multiple bands. To improve specificity, 2 p1I of each
IL-2 amplification reaction sample was reamplified for 15
cycles with internal primers: sense CAT CIT CAG TGC CTA
GAA GAT (312 to 333), antisense GAA GGC TAT CCA CTC
CCT CAG (524 to 503). After amplification, 10 p. of each
sample was applied to a 2% agarose gel, and the products were
visualized by ethidium bromide staining (40). The specificity of
the amplified bands was confirmed by size, restriction enzyme
digest, and Southern blot. GAP was used as a control for the
amount of cDNA used in each sample.
Treatment with IL-4 in vitro and anti-IL-4 MAb in vivo and

serum IgE determination. To establish cultures of human
monocyte-derived macrophages (41), 1.5 x 10' peripheral
blood mononuclear cells were added to 13-mm-diameter
round glass coverslips and then processed and maintained in
standard medium for -7 days as reported previously (41).
These monocyte-derived macrophages were then pretreated
for 3 days with medium alone or medium containing 1,000 U of
recombinant human IFN-y per ml (107 U/mg; Amgen), 10 to
100 U of recombinant human IL-4 per ml (2 x 107 U/mg;
Amgen), or both IFN-y and IL-4. Cultures were challenged for
1 h with 5 x 106 L. donovani amastigotes, washed to remove
uningested parasites (time zero), and then reincubated for 72
h in medium alone (41). With fixed coverslips, the number of
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FIG. 1. Course of hepatic infection in euthymic BALB/c mice
following challenge with L. donovani amastigotes. Results are the
means ± standard errors for 8 to 10 mice at each time point from four
to five experiments. LDU, Leishman-Donovan units.

amastigotes per 100 macrophages at time zero was compared
with the number present at 72 h to determine parasite killing
or the fold increase in intracellular replication (41).

Starting 1 day after infection and once weekly thereafter,
groups of three mice were injected intraperitoneally with 1 mg
of anti-murine IL-4 monoclonal antibody (MAb) (11 B. 1, lot
3-287-880217) generously provided by C. Reynolds (Biological
Response Modifiers Program, National Cancer Institute, Fred-
erick, Md.). Liver parasite burdens were determined 2 and/or
4 weeks after infection. Serum immunoglobulin E (IgE) levels
were measured by enzyme-linked immunosorbent assay as
described elsewhere (17).

RESULTS AND DISCUSSION
Induction of cytokine mRNA by L. donovani infection. After

challenge with L. donovani, liver parasite burdens in naive
euthymic BALB/c mice progressively increase, peak at 4 weeks
as resistance is acquired, and then decline to low levels (Fig. 1)
(43). Cytokine mRNA analysis of liver tissue from infected
mice was initially performed by Northern blot. By this method,
IFN-y mRNA was induced 2 weeks after infection and was
more fully expressed at week 4 (Fig. 2). Thereafter, IFN-y
mRNA expression declined and was not detected 8 weeks after
infection. Using the same liver samples, we were unable to
detect expression of IL-2, IL-4, or IL-10 mRNA at any time
point (Fig. 2).

Qualitative PCR analysis. We next reexamined the same
liver samples for the induction of cytokine mRNA by using
RT-PCR and focused on tissue from mice infected for 4 weeks,
the time at which acquired resistance was first expressed. Four
weeks after infection, mRNAs for IFN-y and IL-2 as well as for
IL-4 and IL-10 were induced (Fig. 3). At our limits of
detection, mRNAs for these four cytokines were not expressed
in liver tissue from either uninfected controls (Fig. 3) or
controls injected with spleen homogenates from uninfected
hamsters (not shown). mRNA for each of the four cytokines
was first detected by RT-PCR 10 days after infection; mRNAs
for IL-2, IL-4, and IL-10 were also detected at weeks 6 and 8
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FIG. 2. Northern blot analysis of cytokine mRNA in livers of
BALB!c mice infected with L. donovani. Each lane represents a single
mouse. Lanes: 1 to 5, uninfected age-matched littermates; 6 to 13, mice
at the indicated postinfection time points. Autoradiographs of 10- to
14-day exposures for IFN-,y, IL-2, IL-4, and IL-10 are shown. Only
IFN--y mRNA was detected. GAP is a control for the amount of RNA
in each sample (exposure of 1 day). Lane 14 has no RNA.

(not shown). In contrast, IFN-,y mRNA expression (Fig. 4) was
not detected by PCR analysis 8 weeks after infection, parallel-
ing the Northern blot results shown in Fig. 2.
These PCR data suggested two conclusions. First, L. dono-

vani infection in the liver induces mRNA expression of both
Thl (IFN--y, IL-2) and Th2 (IL-4, IL-10) cell-associated cyto-
kines. Other tissues infected by L. donovani (spleen, bone
marrow) were not examined in this study. Since the PCR assay
employed was qualitative, no conclusion can be drawn about
the relative amounts of the various cytokine mRNAs detected.
Nevertheless, it seems reasonable to infer from the Northern
blot results (only IFN--y mRNA detected) that L. donovani
infection in the liver preferentially induced a Thl cell response.
It is also possible that infection activated a separate subset of
CD4' cells (e.g., ThO cells [18, 35, 38, 44]) capable of secreting
multiple cytokines. Second, in addition to correlating with the
course of visceral infection, the kinetics of IFN-,y mRNA
expression in both the Northern blot and PCR assays also
appeared to support prior observations derived from treating
infected mice with anti-IFN-,y MAb (50). In those experiments,
the inhibition of antileishmanial defense induced by anti-
IFN-y~MAb was most pronounced early on (at week 4) when
acquired resistance was first expressed (50). In contrast, de-
spite 8 weeks of continued anti-IFN--y MAb treatment and
measurable anti-IFN--y activity, hepatic infection nevertheless
came under control (50). This finding led us to postulate that
the eventual resolution of acute infection with conversion to a
chronic low-level state (43) may involve a separate IFN--y-
independent mechanism (50). The apparent absence of IFN--y
mRNA expression at week 8 (Fig. 2 and 3) supports this
conclusion. Other more recent studies suggest that tumor
necrosis factor alpha may mediate this late-acting mechanism
(50a).

Role of IL-4. In addition to the basic capacity of BALB/c
mice to control infection, other observations have also implied
that the primary response to L. donovani is apparently Thl cell
dependent: in vitro-stimulated spleen cells from infected mice
secrete IFN-,y and IL-2 (28, 43) and not IL-4 (28), and
treatment with MAb directed at endogenous IFN--y and IL-2

IL2

E IL4

* IL10

E GAP

FIG. 3. RT-PCR analysis of cytokine mRNA in livers of euthymic
BALB/c mice 4 weeks after L. donovani infection. RNA preparations
for each RT-PCR sample are the same as those used in Fig. 2. Lanes:
1, uninfected control; 2 and 3, infected mice.

impairs initial acquired resistance (40, 50). Nevertheless, as
judged by PCR analysis, IL-4 and IL-10 mRNAs were also
expressed by week 2, raising the possibility that a Th2 cell
response might contribute to the logarithmic increase in
parasite replication during the first weeks after challenge (Fig.
1) (43).
To examine the potential consequences of Th2 cell activa-

tion, we focused on IL-4 and used three approaches. First,
IFN-y-activated macrophages infected with L. donovani were
treated in vitro with IL-4. Second, mice were injected with
anti-IL-4 MAb. Third, serum was assayed for IgE, a marker for
the presence of IL-4 (17, 21, 22, 46). In three experiments,
human macrophages (41) pretreated for 3 days with IFN-y
alone (1,000 U/ml) killed 41 ± 2% of ingested amastigotes 72
h after infection, while untreated cells supported a 2.2- +
0.4-fold increase in intracellular replication. The addition of 10
U of IL-4 per ml during the IFN-,y pretreatment period
abolished killing and permitted a 1.7- ± 0.4-fold increase in
intracellular replication. Pretreating macrophages with up to
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FIG. 4. RT-PCR analysis of the kinetics of IFN-y mRNA expres-
sion in livers of euthymic BALB/c mice 2 to 8 weeks after infection
with L. donovani (lanes 6 to 13, two mice per time point). Lanes: 1 to
5, uninfected mice; 14, negative control for PCR.
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100 U of IL-4 per ml alone did not influence amastigote
intracellular replication. These data, indicating the capacity of
IL-4 to inhibit macrophage activation, confirm results from a
previous study (31).

In two experiments, anti-IL-4 MAb treatment had no effect
on visceral infection in vivo. Liver parasite burdens in naive
mice treated once weekly with 1 mg of anti-IL-4 starting the
day after challenge were not different from those of untreated
animals at week 2 (not shown) and were somewhat higher
rather than lower at week 4 in anti-IL-4-treated mice (578 +
68 versus 408 ± 89 Leishman-Donovan units, mean ± stan-
dard error, n = 6 mice per group). In a single experiment,
initiating once-weekly anti-IL-4 treatment I day prior to L.
donovani challenge also had no effect at either week 2 or week
4 (not shown). These results contrast directly with the salutary
effect of anti-IL-4 MAb in nonhealing BALB/c mice infected
with L. major (46).

In addition, and as previously reported by Kaye and col-
leagues (28) for both self-curing and noncuring L. donovani-
infected mice, we also found that serum IgE concentrations
were low at levels 10- to 30-fold below those reported in L.
major-infected BALB/c mice (21. 22). In two experiments, the
serum IgE level (mean ± standard error) for uninfected mice
was 0.9 ± 0.2 ig/ml (n = 5 mice). Levels in 2-, 4-, and
8-week-infected BALB/c mice were 1.4 + 0.4, 3.1 + 0.5, and
3.1 ± 0.8 VLg/ml, respectively (n = 6 to 8 mice per group).
Although there was a modest increase in IgE level at week 4,
this increase coincided with the onset of acquired resistance
and control of infection. Separate results suggested that the
anti-IL-4 MAb was active in infected mice after four once-
weekly injections; IgE levels were reduced from 2.4 ± 0.2
,ug/ml to 0.6 ± 0.1 ,ug/ml, a concentration similar to the 0.8 +
0.2 p.g/ml measured in uninfected mice (n = 3 mice per group).

Responses in immune and T-cell-deficient mice. In prior
studies, we also determined the response to L. donovani in two
other populations of BALB/c mice: previously-infected euthy-
mic mice, which become solidly resistant (immune) to rechal-
lenge, and T-cell-deficient athymic (nude) animals, which
permit progressive visceral infection (42, 43). Thus, we also
extended this analysis to these two other quite distinct hosts.

In immune mice rechallenged with L. donovani, qualitative
PCR analysis indicated that mRNAs for IFN-y, IL-4, and
IL-10 were expressed within 1 day (Fig. 5A), 10 times faster
than in naive euthymic mice. The rapid induction of IL-4
mRNA appeared to be of little consequence, however, since (i)
immune mice resisted rechallenge as judged by minimal in-
creases in parasite burdens 1 and 2 weeks after reinfection (not
shown) (42), and (ii) anti-IL-4 MAb treatment (1 mg/week
starting the day before rechallenge) did not alter liver burdens
2 weeks after reinfection (two experiments, data not shown).
Two weeks after infection in nude mice, IFN--y and IL-10

mRNAs (Fig. 5B) and IL-4 mRNA (not shown) were also
detected in liver samples by qualitative PCR. However,
mRNAs for these cytokines were not detected in the same
samples by Northern blot analysis (not shown) suggesting a
difference between nude and euthymic animals for IFN-y
mRNA expression (Fig. 2). In view of reports of T-cell-
independent mechanisms of IFN-y production (3, 20, 27, 48),
we suspect that natural killer cells (or perhaps -y/8 cells [5]) are
the most likely sources of the IFN-y mRNA detected by PCR
in nude mice (3, 20, 27, 48). However, nude mice fail to control
L. donovani visceral infection (43). Thus, it appears that, in the
absence of a full complement of T cells, either IFN-y is not
sufficient by itself to induce antileishmanial activity or, alter-
natively, the IFN-y produced by other cells may not be
sufficient to lead to effective resistance. Indeed, twice-weekly
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FIG. 5. RT-PCR analysis of cytokine mRNA in livers of immune

(A) and nude (B) BALB/c mice after challenge with L. donovani. (A)
Lane 1, unrechallenged immune mouse; lane 2, 1 day after rechallenge.
(B) Lanes 1 and 2, uninfected nude mice; lanes 3 and 4, nude mice 2
weeks after infection.

treatment for 4 weeks with anti-IFN-y MAb, using a prepara-
tion (R4-6A2 [42, 50]) and injection schedule which impairs
acquired resistance in naive euthymic animals (42, 50), did not
exacerbate already progressive visceral infection in nude mice
(two experiments, data not shown). In addition, as judged by
undetectable levels of IgE in serum (<0.07 ,ug/ml) in 4-week-
infected nude mice and the finding that once-weekly injections
of 1 mg of anti-IL-4 did not affect liver burdens (two experi-
ments, data not shown), endogenous IL-4 also did not appear
to exert an effect in nude mice. While these observations
suggest that mRNAs for IFN-y, IL-4, and IL-10 may all be
expressed in non-T cells in this model, it is worth pointing out
that nude mice may have residual T cells as well (29).

Effect of treatment with IL-2. In both the exogenous and
endogenous forms, IL-2 appears to exert contrasting effects in
BALB/c mice infected with L. major (negative or no effect [21,
32, 33]) compared with those infected with L. donovani
(positive effects [40]). Therefore, we completed these experi-
ments by using this ThI cell-associated cytokine as a treatment.
Since L. donovani infection by itself induced cytokine mRNA
in the PCR assay, uninfected mice were examined. As shown in
Fig. 6, 7 days of continuous IL-2 treatment resulted in the
expression of IFN-y, IL-4, and IL-10 mRNAs in the livers of
both euthymic and nude mice. Cytokine mRNA was not
detected in livers from mice treated with pump-delivered
saline alone (not shown). In nude mice, the Thl and Th2 cell
responses associated with IL-2 treatment appeared to be of
little functional significance, since in experiments performed in
parallel (40), this same IL-2 regimen induced neither a positive
nor a negative effect on visceral infection (40). In contrast, in
euthymic mice, continuous IL-2 treatment achieved leishmani-
cidal activity (40), suggesting that the IL-2-induced appearance
of IL-4 and IL-10 mRNAs also yielded little effect in these
animals. However, the observed Thl cell response to IL-2
(IFN-y mRNA induction) did appear relevant, since the
antileishmanial activity of exogenous IL-2 is reversed by anti-
IFN-y MAb treatment (40).

Together, and as judged by qualitative PCR-detectable
induction of IL-4 and IL-10 mRNAs, these results suggest that
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FIG. 6. RT-PCR analysis of cytokine mRNA in livers of uninfected
euthymic (A) and nude (B) BALB/c mice treated continuously with
IL-2 for 7 days. For both panels A and B, lane 1 represents untreated
mice, lanes 2 and 3 represent mice treated with IL-2, and lane 4
represents the negative control for PCR.

L. donovani (as well as the Thl cell-derived stimulus IL-2) may
trigger a Th2 cell-associated response in a variety of immuno-
logically distinct hosts. However, this reaction, particularly as it
relates to IL-4, does not appear to be sufficient to influence
primary ThI cell responses and therefore the course of visceral
infection. In a separate model of L. donovani infection in
B1O.D2/n mice (28), the noncuring phenotype is associated
with an extinguished Thl cell response. However, the suppres-
sion of this response and disease progression did not appear to
be related to activation of Th2-like cells, since there was no
increase in serum IgE, and spleen cells did not produce IL-4 or
IL-5 in vitro (28). While our findings suggest that L. donovani
stimulates a Th2 cell-associated response, this response does
not appear to develop fully and is inhibited (13, 38), or at least
is overshadowed, by the opposing effects of Thl cells in mice
capable of expressing antileishmanial resistance.
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