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Administration of plasmids expressing interleukin-4 and interleukin-10
causes BALB/c mice to induce a T helper 2-type response despite the
expected T helper 1-type response with a low-dose infection of
Leishmania major
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SUMMARY

BALB/c mice are susceptible to developing an infection with Leishmania major as a result of
a fatal T helper 2 (Th2)-type response. However, mice infected with a low dose of parasites are
reported to be able to overcome the lesions associated with a T helper 1 (Th1)-type response.
To clarify why a difference in the dose of parasites induces a difference in the polarization
of the Th phenotype, we first attempted to measure cytokine production. Soon after infection,
the mice given high doses of parasites produced elevated levels of both Thl [interferon-y
(IFN-v)] and Th2 [interleukin (IL)-4 and IL-10] cytokines. However, when assessed at 1 and
2 weeks after infection, no significant difference in the balance of Thl and Th2 cytokines
could be detected between mice infected with low or high doses of L. major. These results
support the notion that the Th2 cytokine levels at an early phase of infection could be a key
factor for the induction of a Th2 response. In order to assess the efficacy of Th2 cytokines, the
mice infected with low doses of L. major were co-administered IL-4 plasmid and IL-10
plasmid. Consequently, the mice (which originally exhibited a Thl response) showed
progressive disease and developed a Th2 response. However, administration of these plasmids
at 7 days postinfection could not alter the Th polarization. Furthermore, production of IL-12
from the spleen cells stimulated by L. major was suppressed in the presence of IL-4 and IL-10.
These results strongly suggest that the susceptibility to L. major in BALB/c mice depends
on the persistence of Th2 cytokine levels at an early phase of infection.

INTRODUCTION

The differential expansion of functionally distinct CD4*
T-cell subsets in response to infection with Leishmania
major determines the outcome of disease in murine hosts.'
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A resistant C57BL/6 mouse strain is capable of controlling
L. major infection as a result of an ability to expand
T helper 1 (Thl)-type cells and thus increase their pro-
duction of interferon-y (IFN-y), but susceptible BALB/c
mice develop interleukin (IL)-4-secreting T helper 2 (Th2)-
type cells rather than IFN-y-producing Thl-type cells.*®
It is well known that IL-4 and IFN-y/IL-12 play a critical
role in achieving Th2 and Thl polarization, respectively.
However, there are various factors influencing the devel-
opment of the functionally polarized Th effector responses.
For example, variations in the antigen doses can be a
regulatory factor for T-cell differentiation, and the length
of the antigen stimulation can also determine the elicited
Th phenotype.”® In this context, high doses of antigen
in vivo have been reported to favour the development
of delayed-type hypersensitivity, presumably driven by Thl
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polarization, while low doses of antigen tend to favour
antibody production driven by Th2 polarization.” !>
However, the mouse strain also has a major impact on
polarization and could reverse the antigen dosage effect. In
this context, despite the marked susceptibility of BALB/c
mice to infection with L. major, mice infected with a low
dose of L. major have been shown to be able to control the
infection and establish a long-lasting immunity.'> This
finding is also consistent with the observation that in such
mice a strong response of delayed-type hypersensitivity
and immunoglobulin (Ig)G2a production is observed as
a typical indicator of the Thl response.'*!3

In the present study, the role of cytokines was
investigated as a trigger for the expansion of appropriate
Th phenotypes in two distinct models of BALB/c mice.
One model (the susceptible mice) revealed a susceptibility
to high doses of L. major infection, while the other model
(the resistant mice) acquired resistance with a low dose of
parasites.”>!® From these models, preliminary data were
obtained that the levels of Th2 cytokines (such as IL-4 and
IL-10) in the early response may be related to the regulatory
mechanisms of leishmanial diseases. To confirm whether
IL-4 and/or IL-10 play a key role in triggering the Th2
response, an IL-4- and an IL-10-expressing plasmid were
injected into BALB/c mice in which the Thl response was
expected to be induced with a low dose of L. major. The
effects of these plasmids are discussed in the context of
Th subtype polarization.

MATERIALS AND METHODS

Animals and parasites

Specific pathogen-free female BALB/c mice (6 weeks
of age) were purchased from SLC (Shizuoka, Japan).
Leishmanial infections were induced using stationary-phase
promastigotes of L. major (MHOM/SU73/5KSKH) grown
at 27° in Schneider medium, pH 6-5, (Wako Pure Chemical
Industries, Osaka, Japan) supplemented with 20% heat-
inactivated fetal calf serum (FCS) (Lot no. AGD6389;
HyClone, Logan, UT). The mice were injected in the left
hind footpad with 1x10°—1x 10° stationary-phase pro-
mastigotes, and the course of the disease was monitored
by weekly measurements of the footpad thickness using
a dial gauge caliper. The experiments were performed
according to the Guidelines of Animal Care from the
Experimental Animal Center (National Defense Medical
College, Tokorozawa, Saitama, Japan). Soluble leishmanial
antigen (SLA) was prepared from promastigotes of
L. major by four freeze-thaw cycles in phosphate-buffered
saline (PBS) followed by centrifugation at 20000 g for
10 min. The antigen was passed through a 0-2-um filter and
stored at —80° until use.

Plasmid

Murine IL-4 and IL-10 expression plasmids (designated
pCAGGS IL-4 and pCAGGS IL-10, respectively) were
constructed by inserting IL-4 DNA and IL-10 DNA
into pCAGGS, an expression vector which contains the

chicken B-actin promoter and rabbit B-globulin poly A.!7
Unmanipulated pCAGGS was used as a control.

In vivo treatment with IL-4- and/or

IL-10-expressing plasmids

BALB/c mice were administered IL-4 and IL-10 plasmids

intradermally 10 mm distal from the tail base, as described

previously,'® either 0 or 7 days after challenge with L. major.

The groups of mice (n=6-10 per group) received:

(1) 50 ul of PBS alone on day 0;

(2) 10 pg of control plasmid on day 0;

(3) IL-4 plasmid on day 0 (10 pg/50 ul of PBS);

(4) IL-10 plasmid on day 0 (10 ug/50 ul of PBS);

(5) IL-4 and IL-10 plasmids on day 0;

(6) IL-4 plasmid on day 0 and IL-10 plasmid at 7 days
postinfection (p.i.);

(7) IL-10 plasmid on day 0 and IL-4 plasmid at 7 days p.i.;
or

(8) IL-4 and IL-10 plasmids at 7 days p.i., respectively.

In vitro stimulation of lymph node cells (LNC)

Popliteal LNC were prepared from individual mice 1, 2,
4 and 15 weeks after the primary infection with L. major.
Syngenic spleen cells y-irradiated at 2000 rads were used
as the antigen-presenting cells (APC). The LNC (2 x 10°)
from individual mice and APC (6 x 10°) were dispensed in
triplicate onto 24-well plates and cultured in 1 ml of RPMI-
1640 with 10% FCS in the presence or absence of 50 pg/ml
SLA. Seventy-two hours after culture at 37° in 5% CO,, the
supernatants were collected and stored at —80° until
required for cytokine assay. The levels of IFN-y, IL-2,
IL-4 and IL-10 in the culture supernatants were quanti-
fied by using a commercial enzyme-linked immunosorbent
assay (ELISA) (PerSeptive Diagnostics, Cambridge, MA),
according to the manufacturer’s instructions.

Antibody isotype assay

The mice were bled 15 weeks after the primary infection,
and the serum from individual mice was stored at —80°
until use. For assay of antibodies, flat-bottom 96-well
microtitre plates were precoated with 50 pl of 10 pg/ml
SLA overnight at 4°, and the levels of IgGl and IgG2a
in the serum were evaluated on the plates by using a
commercial mouse IgG isotyping kit (Zymed Laboratories,
San Francisco, CA), according to the manufacturer’s
instructions.

In vitro assay of IL-12 production

Single-cell suspensions were prepared from the spleen
of naive BALB/c mice after lysing the erythrocytes with
ammonium chloride. The splenocytes (1 x 10° cells/ml), in
0-2 ml of RPMI-1640 supplemented with 10% charcoal
adsorbed-heat-inactivated FCS, were placed onto a 96-well
plate and then stimulated with live L. major (1 x 10%ml)
for 24 hr at 37° in 5% CO,. Similarly, the cells were also
stimulated with lipopolysaccharide (LPS) (10 ng/ml) as
a control. To determine the inhibition efficacy of IL-4
and IL-10 on the production of 1L-12, the cultures were
maintained in the presence of 5 ng/ml of recombinant
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(r)IL-4 and/or rIL-10 (Pepro Tech, London, UK). After
culture, the supernatants were collected for quantification
of TL-12 (p40) using a commercial ELISA (BioSource,
Camarillo, CA).

Statistical analyses

All data were expressed as the mean+standard error of
the mean (SEM) for each group. To assess the treat-
ments, Dunnett’s 7-test was performed for comparison of
the means by the General Linear Models of the Statistical
Analysis System (SAS Institute Inc., Cary, NC). The
reported P-values were two-sided, and P-values<0-05
were regarded as statistically significant.

RESULTS

BALB/c mice infected with a low dose of L. major
developed a protective Thl response

To confirm the effects of different levels of infectious doses
on the response to L. major infection, BALB/c mice were
infected at doses ranging from 1x 10% to 1 x 10° parasites
in the left hind footpad. As shown by Bretscher et al.'* and
Doherty & Coffman,'® the mice infected with high doses
of L. major developed a significant primary lesion, but in
the groups of mice infected with low doses of parasites
the lesion eventually ceased to increase in size at = 6 weeks
p-i. and thereafter resolved by 12 weeks p.i. (Fig. 1).
Thus, the BALB/c mice were able to control low-level
infections with L. major. In these mice, a typical Thl-type
response was established, as judged from the following
observations: (1) delayed type-hypersensitivity against SLA
was inducible; (2) these mice were completely resistant
to rechallenge with a lethal dose of parasites; and (3) the
LNC from these mice produced a significant amount of
IFN-y but only a low level of IL-4 when stimulated with
SLA (data not shown).

Variations in the antigen dose are considered to be one
of the factors influencing T-cell subset development.” To
explore whether or not the antigen doses themselves play
an important role, irrespective of infectious doses of live
L. major, we administered four times of 0, 0-5, 5-0 or 50 ng
of SLA to groups of BALB/c mice intraperitoneally a week
interval prior to infection. Ten days after the fourth
injection, the mice were infected with a lethal dose of
L. major. However, none of the immunized mice could
alter the progressive pathology, nor induce a Thl profile, as
assessed by the cytokine milieu (data not shown). These
results indicate that the protective response was governed
by a low dose of live L. major, but not by the antigen load.

Elevations in the level of Th2 cytokines at an early
phase of infection are essential for the induction of a
Th2 response in L. major-infected mice

To assess the type of Th responses induced by infection
of mice with different doses of L. major, antigen-specific
cytokines from LNC were assayed at 4 weeks p.i. (Fig. 2).
At this time-point, the cytokine responses already showed
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Figure 1. BALB/c mice infected with low doses of Leishmania
major induced a protective response to the disease. Groups of mice
(n=6-10 per group) were infected in the left hind footpad with
1% 10% (0), 1x10° (O), 1x10* (+), 1x10° (M) or 1x10° (@)
L. major, and C57BL/6 mice were also infected with 1x10°
parasites (<) as a control for the protective response. The weekly
measurements of footpad thickness represent the average
score +standard error of the mean (SEM) of at least six mice
per group. *P<0-001 for the group of mice infected with 1 x 10>
L. major compared to mice infected with 1 x 10° parasites 10 weeks
postinfection, based on Dunnett’s 7-test.

divergence, with IL-4 dominating in mice infected with
high doses of L. major, and IFN-y dominating in those
infected with low doses. We next examined how the Thl
and Th2 phenotypes of the immune response were
dependent on the cytokines produced during the course of
the development of appropriate phenotypes. As the mice
infected with L. major already exhibited appropriate Th
responses at 4 weeks p.i., we assessed whether or not the
responses were a result of the balance of cytokines that were
produced in mice at relatively early infectious periods. At 1
and 2 weeks p.i., the antigen-specific IFN-y, IL-2, IL-4 and
IL-10 levels were compared with those in LNC from
mice infected with low and high doses of L. major,
respectively (Fig. 3). The relative balance of IL-4/IFN-y
was similar during these time-periods in both groups of
mice, while their quantitative levels were elevated in the
mice infected with high doses of parasites compared with
those infected with low doses. In addition, at these time-
points the cytokine profiles in neither group of mice indi-
cated a Thl or a Th2 phenotype. From these profiles,
two points are suggested. First, the relative level of IFN-y
production following a high-dose infection invariably
decreased after infection. Second, at around 4 weeks p.i.,
the IL-4 level had already significantly increased in the mice
infected with high doses of parasites. These results indicate
that the Th2 cytokine levels during the early infectious
period may account for the ability to induce a Th2
phenotype in the L. major-infected mice.
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Administration of exogenous IL-4 contributed to the
progression of leishmanial disease, but only transiently

As both IFN-y and IL-4 were produced at relatively low
levels during the early stages of infection in mice infected
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Figure 2. A T helper 1 (Th1)-type response in BALB/c mice, which
had been infected with low doses of Leishmania major, was already
established 4 weeks after infection. Single-cell suspensions from the
popliteal lymph nodes of individual mice in the designated groups
which had been infected with 1 x 10? (striped bars), 1 x 10* (dotted
bars) or 1 x 10° (open bars) of L. major were prepared 4 weeks after
infection. The cells were cultured in triplicate for 72 hr in the
presence of soluble leishmanial antigen (SLA) and X-ray-irradiated
splenocytes from syngenic mice as antigen-presenting cells (APC).
After culture, the supernatants were collected and assayed for
interferon-y (IFN-y) and interleukin (IL)-4 using an enzyme-
linked immunosorbent assay (ELISA). Each bar represents the
average +standard error of the mean (SEM) for six mice per group.
*P<0-001 compared with the group of mice infected with 1 x 10°
parasites.
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with low doses of L. major, an attempt to elevate the Th2
cytokine levels by exogenous IL-4 would be expected
to induce Th2 responses. The mice were treated with
continuous administration of rIL-4, for a 10-day period
by a mini-osmotic pump implanted subcutaneously on
the day of infection. The mice receiving IL-4 transiently
showed disease progression for up to 6 weeks p.i., but
the mice eventually healed by around 12 weeks p.i. (data
not shown). The transient effects of exogenous IL-4 suggest
that the mice appear to require some other factor for
the development of a Th2 response or suppression of the
Thl response.

The combination of IL-4 plasmid and IL-10 plasmid
played a critical role in the Th2 response during the
initial infectious period

The lesions in mice infected with a low dose of L. major, and
which received both IL-4 and IL-10 plasmids simul-
taneously on day 0, showed a linear increase in size for
up to 15 weeks p.i., demonstrating the probable profiles of
mice infected with a lethal dose of parasites (Fig. 4).
However, the mice receiving IL-4 and IL-10 plasmids
on day 0 showed a slightly slower lesion development in
comparison to that seen in the mice infected with a high
dose of parasites. This delay may be based on the doses
of L. major in these groups of mice. In contrast, the
co-administration of the two plasmids 7 days p.i. did not
alter the disease progression. In addition, combinations
of IL-4 plasmid on day 0 and IL-10 plasmid on day 7, or
vice versa, did not affect lesion development. The treat-
ment of mice with either IL-4 plasmid or IL-10 plasmid
alone on day 0 had also little discernible effect on the
disease (data not shown). These results indicate that 1L-4
and IL-10 play a crucial role in the pathogenesis of
this disease in mice.
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Figure 3. At an early stage of infection, cytokine profiles of mice that had received low doses of Leishmania major were
comparable to those of mice that had received high doses, except for the quantitative levels. Single-cell suspensions from the
popliteal lymph nodes were prepared from mice infected with low (1 x 10%) or high (1 x 10°) doses of L. major at 1 and 2 weeks
postinfection, respectively, and the cells were stimulated with soluble leishmanial antigen (SLA) in the presence of antigen-
presenting cells (APC). After culture for 72 hr, the supernatants were collected and cytokine levels determined using an
enzyme-linked immunosorbent assay (ELISA). Each bar represents the average+standard deviation (SD) of triplicate

analyses.
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Figure 4. Co-administration of pCAGGS interleukin (IL)-4 and pCAGGS IL-10 significantly increased lesion development in
BALB/c mice infected with a low dose of Leishmania major. BALB/c mice (n=6 per group) infected with a low dose of
L. major were injected intradermally with IL-4 and IL-10 plasmids (10 pg/mouse) via the tail at 0 or 7 days postinfection. The
untreated mice were also infected with low or high doses of parasites in the same manner as the respective controls. The weekly
measurements of footpad thickness represent the average score +standard error of the mean (SEM) of six mice per group.
*P<0-001 for values of group of mice co-administered IL-4 and IL-10 plasmids in comparison to the control mice which
received the control plasmid (unmanipulated pCAGGS) on day 0.

To determine whether or not the increasing course of
the disease in the mice receiving IL-4 and IL-10 plasmids
correlated with an induction of the Th2 response, we
measured IFN-y and IL-4 production from the LNC of
individual mice at 15 weeks p.i. The mice which received
both IL-4 and IL-10 plasmids at the time of infection
developed a typical Th2 response with relatively high levels
of IL-4 and a low level of IFN-y (Fig. 5). Similarly, control
BALB/c mice, infected with a lethal dose of L. major,
showed a Th2 response with an IL-4-dominant profile. In
contrast, the groups of mice which received plasmids 7 days
p-i. or IL-4 plasmid or IL-10 plasmid alone did not show
any features indicating a Th2-type response, with IFN-y
levels higher than those of IL-4, indicating that the
composition of plasmids and the timing of administration
are critical.

The Thl response is thought to be accompanied by
the preferential production of IgG2a antibodies, whereas
the dominating IgG1l antibodies characterize the Th2
response. Figure 6 shows the results of an antigen-specific
serum IgG antibody analysis of the groups of mice which
received IL-4 and IL-10 plasmids, IL-4 plasmid, IL-10
plasmid, an empty plasmid, or PBS alone, at 15 weeks p.i.
The groups of mice receiving IL-4 and IL-10 plasmids
and which were simultaneously infected with low doses of
L. major, were found to have high levels of SLA-specific
IgG1, similar to those of the mice infected with a lethal
dose of parasites. On the other hand, the groups of mice
that received both plasmids 7 days p.i. and healed the
disease showed dominant levels of IgG2a, indicating a Thl
response. In addition, upon receiving the IL-4 and IL-10
plasmids 7 days p.i., or IL-4 plasmid or IL-10 plasmid alone

© 2002 Blackwell Science Ltd, Immunology, 105, 515-523
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Figure 5. Co-administration of interleukin (IL)-4 and IL-10
plasmids converted the cytokine profiles to T helper 2 (Th2) type
in BALB/c mice in which the T helper 1 (Thl) type was expected to
be induced with a low dose of Leishmania major. The single-cell
suspensions from the popliteal lymph nodes of individual mice
in the designated groups were prepared 15 weeks postinfection
and then cultured in triplicate for 72 hr in the presence of soluble
leishmanial antigen (SLA) and X-ray-irradiated splenocytes from
syngenic mice as antigen-presenting cells (APC). The supernatants
were collected and assayed for interferon-y (IFN-y) (striped bars)
and IL-4 (dotted bars) using an enzyme-linked immunosorbent
assay (ELISA). Each bar represents the average +standard error
of the mean (SEM) for six mice per group. *P<0-001 compared
to the group of control mice that received control (unmanipulated
pCAGGS) plasmid.
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Figure 6. Co-administration of interleukin (IL)-4 and IL-10
plasmids enhanced the antigen-specific immunoglobulin (Ig)G1
antibody levels in BALB/c mice that had been infected with a low
dose of Leishmania major. Soluble leishmanial antigen (SLA),
specific serum IgG2a (striped bars) and IgG1 (dotted bars) levels
were assessed by enzyme-linked immunosorbent assay (ELISA)
15 weeks after infection. The assays were performed at 1250-fold
dilutions in triplicate for each serum sample. Serum from the
BALB/c mice infected with a high dose of L. major was used as
the standard for the IgGl-dominant profile. The values shown
represent the mean +standard error of the mean (SEM) of six mice
per group. ¥*P<0-001 when comparing the levels of IgGl and
I1gG2a, respectively, from the mice receiving plasmids versus
those from the control mice which received empty plasmid
(unmanipulated pCAGGS).

on day 0, all groups of these mice developed a minimal
antigen-specific I1gG1 response. These results indicate a
role for both IL-4 and IL-10 at the initial infectious
period to enable L. major to induce a Th2 response in
BALB/c mice.

Combination of IL-4 and IL-10 suppressed the production
of IL-12 in vitro

We next investigated the assumption that induction of the
Th2 response with both IL-4 and IL-10 in BALB/c
mice (infected with L. major) may be associated with the
suppression of IL-12 production (Fig. 7). Significant IL-12
production was observed in live L. major-stimulated or
LPS-stimulated splenocytes from BALB/c mice, whereas
control cells without stimulation showed poor IL-12
production. The addition of rIL-4 and rIL-10 to the
culture significantly inhibited the secretion of I1L-12 from
the L. major-stimulated splenocytes, while 1L-4 or IL-10
alone partially decreased the production of IL-12. This
observation supports the idea that IL-4 and IL-10 inhibit
the induction of a Thl response by suppressing IL-12
production while also promoting initiation of the Th2
response.
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Figure 7. Combination of interleukin (IL)-4 and IL-10 suppressed
the production of IL-12 in vitro. The single cell suspensions of
splenocytes from naive BALB/c mice were stimulated with live
Leishmania major in complete RPMI-1640 media for 24 hr. The
cells were also stimulated with lipopolysaccharide (LPS) as
the control. For the inhibitory efficacy of IL-4 and IL-10 on the
production of IL-12, the cells were cultured in the presence of
recombinant IL-4 and rIL-10. After culture, the supernatants
were collected and the IL-12 (p40) levels were quantified using
an enzyme-linked immunosorbent assay (ELISA). The data shown
represent the mean +standard deviation (SD) of triplicate experi-
ments. ¥*P<0-001 in comparison to the controls which were
stimulated with L. major in the absence of IL-4 and IL-10.

DISCUSSION

Th differentiation can be efficiently polarized into Thl
or Th2 phenotypes in vitro,'>* as well as in vivo.*"** In the
present report, we demonstrated that differences in the
inoculated dose of L. major induce distinct Th responses
in BALB/c mice (i.e. Th2 responses were induced with
a high dose of L. major, whereas a Thl response was
induced with a low dose). These results agree with those
reported by Doherty & Coffman.'> Furthermore, and as
suggested by Doherty & Coffman, we confirmed that this
distinct polarization of Th phenotype does not simply reflect
the difference in antigen load.'® There is an assumption that
the profiles of Thl and Th2 are determined at the early
stages of infection. However, our results indicated that
cytokine profiles at the early infectious period were not
predictive of the subsequent adaptive immune response,
Th2 and Thl responses (Fig. 3). This raises the question
in leishmanial diseases as to what is the key cytokine for
developing a Th2 response or suppressing the Th1 response
in susceptible BALB/c mice. As resistant C57BL/6 mice
transiently produce IL-4 at the early infectious stage of an
L. major infection,>>° the possibility of suppressing the
nascent Th2 response should be a pivotal event contributing
to resistance in mice infected with a low dose of L. major.
On the other hand, an elevated level of IFN-y in BALB/c
mice, which were infected with a lethal dose of parasites,
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was found at the early stages of infection, suggesting that
IFN-y could not affect the development of the Th2
response. Indeed, within the early infectious period it has
become evident (from previous studies) that susceptible
and resistant mice do not differ considerably regarding their
levels of IFN-v.?® These findings may also explain why the
administration of rIFN-y did not induce an improvement
in the leishmanial disease in BALB/c mice.?” These results
may thus indicate that the key factor in susceptibility to
L. major is not a decrease in the IFN-y production but an
expansion of IL-4. Actually, an excessive quantity of 1L-4
has been shown to be deleterious for the host in models
of intracellular infections.?®?® These findings are supported
by data reporting that depletion of IL-4 with anti-IL-4
antibody at the time of infection induces lesion healing and
the development of a Thl response in BALB/c mice.>?*
As a result, the early IL-4 response may play a decisive
role in the lethal outcome of infection in BALB/c mice.
We therefore expect that the continuous administration
of rIL-4 by a mini-osmotic pump will lead to a non-healing
state in BALB/c mice which are infected with a low dose
of L. major. However, rIL-4 only increased the lesion
development transiently, and all mice eventually healed
under our experimental conditions. Similar findings
have been reported previously,?! namely that infusion of
exogenous IL-4 did not establish a Th2 response in
genetically resistant mice that were infected with L. major.
These data indicate that exogenous IL-4 failed to support
a simple causal relationship between the expected function
of IL-4 and the susceptibility to L. major infection in
BALB/c mice.

On the other hand, IL-10 acts as an inhibitor for
proinflammatory cytokines and IL-12 production, both
in vitro>® and in vivo.’! Indeed, IL-10 was described as a
Th2 cytokine that inhibits macrophage-dependent cytokine
synthesis by Th1 cells.*** As the combination of IL-4 and
IL-10 was reported to be able to inhibit Thl-cell develop-
ment,*>* we assessed whether exogenous IL-4 and IL-10
(administered together) could alter the Th balance in mice
that were infected with low doses of L. major. The plasmid
DNA encoding cytokine allows the cytokine to maintain
its constant level of bioactivity and to be distributed at the
site of infection.'®** Therefore, a single dose of cytokine-
expressing plasmid may help to produce an effective model
for evaluating the cytokine function in murine leish-
maniasis. We herein demonstrated that the administration
of two plasmids changed resistant mice to susceptible mice,
i.e. they demonstrated classical Th2 profiles with progres-
sive footpad swelling and a cytokine milieu. These results
demonstrate that IL-4 or IL-10 alone do not induce the
mice to produce a Th2 phenotype, but together IL-4
and IL-10 may be sufficient to induce a Th2 response in
the early infectious period and also maintain the response
thereafter.

A question that emerges from the results of this report is
why the combination of IL-4 and IL-10 is able to contribute
to the Th2 response in the resistant mice while IL-4 or IL-10
alone was ineffective in altering the Th2 response. One
possible explanation could be that IL-4 triggered Th2 cell
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expansion and IL-10 suppressed Thl cell activity.’!®

However, a single injection of adenovirus expressing 1L-4
has been reported to induce a progressive disease in a strain
of mice resistant to L. major infection.>® This discrepancy
may be related to differences in the mice models between
the resistance-acquired BALB/c mice, which were infected
with low doses of L. major in our study and the innate
resistant strains of mice, BI0D2, which were infected with
high doses of parasites. In our report it is also possible that
IL-4 and IL-10, when expressed in the resistant acquired
mice may suppress the production of IL-12 and thus influ-
ence the Th2 response. Regarding the stimulation of
naive T cells with Th2 cytokines in vitro, the Th2-polarized
cells were observed to no longer be converted to a Thl
phenotype by restimulation with IL-12,%"*% probably owing
to a defect in IL-12 signal transduction.*>*’ In this context,
the loss of IL-12 responsiveness by T cells in the early
infectious period can critically determine the immune
response which develops later during an L. major infec-
tion.*! In fact, we herein demonstrated that the addition of
IL-4 and IL-10 suppressed the production of IL-12 from
splenocytes stimulated with L. major.

In summary, this study demonstrated that for induc-
tion and maintenance of the Th2 response the levels of
both IL-4 and IL-10 must be maintained from the initial
infectious stage. We must further elucidate the functions
of the Th2 cytokines involved in initiating and maintaining
the Th2 response in order to develop appropriate therapies
for treating infectious diseases where a Th2 response is
detrimental to the host.
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