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Previous studies have shown the central role of interleukin 12 (IL-12) in the development of resistance to
Leishmania major infection in C3H mice. We now show that during the innate immune response the lymph node
cells of L. major-infected C3H mice upregulate the IL-12 receptor on CD4*, CD8*, and B220™" cells. An in-
crease in the ability of the lymph node cells to bind IL-12 correlates with 9.3- and 4.6-fold increases in the
mRNA expression levels of the IL-12R31 and -f32 subunits, respectively. In contrast, BALB/c mice, which are
susceptible to L. major infection, have no increase in the ability of the lymph node cells to bind IL-12 and
correspondingly smaller increases in the mRNA expression levels of the IL-12Rf31 and -2 subunits of 2- and
1.5-fold, respectively. Neutralizing IL-4 and the administration of exogenous IL-12 upregulate IL-12R expres-
sion in BALB/c mice, while the neutralization of IL-12 in C3H mice blocks increased IL-12 receptor expression.
These experiments reveal an important role for the regulation of the IL-12 receptor during the innate immune

response after infection of mice with a pathogen.

It is now widely accepted that cytokines produced during the
innate immune response influence the type of adaptive im-
mune response that will dominate following infection (19, 25).
One of the most important of these cytokines is interleukin 12
(IL-12), a heterodimer produced by phagocytic cells that ini-
tiates the development of Th1 cells both in vitro and in vivo (1,
10, 15, 24). We have investigated the role of IL-12 in T-cell
subset development by studying mice infected with the proto-
zoan parasite Leishmania major. In this model, infection of
C3H mice leads to a dominant Th1 type response and healing,
while infection of BALB/c mice results in the development of
a Th2 response and an ultimately fatal infection (18, 23). We
found that IL-12 is produced soon after infection of C3H mice,
that it induces an NK-cell response, and that it is required for
the development of Thl cells and resistance to L. major (21,
22). In addition, the administration of IL-12 to BALB/c mice
early during the infection promotes resistance to L. major (9,
27). These data are consistent with a paradigm of Thl cell
development proposed for several intracellular pathogens in
which early IL-12 production by macrophages activates NK
cells, which then produce gamma interferon (IFN-v), leading
to a dominant Th1 response (25). While certain aspects of this
model have yet to be established, it is apparent that in the
absence of IL-12 the development of cell-mediated immunity
to intracellular pathogens is severely compromised (16, 22).

Critical to understanding the role of IL-12 in the develop-
ment of the Th1 cell phenotype is understanding how the IL-12
receptor is regulated. Early studies indicated that the receptor
was upregulated on human phytohemagglutinin-activated lym-
phocytes (2, 4), although the molecular mechanisms involved
in this upregulation have not been defined. More recently, it
has been shown that Th1 and Th2 cells differ in their expres-
sion of a functional IL-12 receptor (28, 29), and it has been
proposed that the inability to efficiently activate IL-12 signaling
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pathways is responsible for the development of a Th2 pheno-
type in BALB/c mice infected with L. major (7). The IL-12
receptor is now known to be composed of at least two chains,
designated IL-12RB1 and IL-12RB2 (3, 17). It would appear
that the presence of both subunits of the IL-12 receptor is
required for functional activity (17, 28) and that the inability of
Th2 cells to transduce an IL-12 signal is due to the lack of
expression of the IL-12RB2 chain, although expression of the
IL-12RB1 chain is upregulated after antigen stimulation (28).
In vitro studies with isolated T-cell receptor (TCR) transgenic
cells have shown that IL-12 responsiveness develops during
T-cell activation in the presence of IL-12 or IFN-y (or both)
and that IL-4 can inhibit the development of IL-12 responsive-
ness in the absence of IFN-vy (28).

In this study, we investigated the expression of the IL-12
receptor in vivo during the innate immune response to L. ma-
jor. We found that there was an increase in the ability of lymph
node (LN) cells to bind IL-12 at two days after infection in
C3H mice and that cells from the draining LN show an up-
regulation of the mRNA for both the IL-12RB1 and the -B2
subunits. In contrast, cells from BALB/c mice exhibited little or
no increase in IL-12 binding activity and a smaller increase in
IL-12RB1 and -B2 subunit mRNA. We also found that the
IL-12 receptor is upregulated by promoting a resistant pheno-
type in normally susceptible BALB/c mice through the admin-
istration of either anti-IL-4 antibodies or recombinant 1L-12,
suggesting both an inhibitory activity for IL-4 and a positive
feedback loop for IL-12. These data suggest that expression of
the IL-12 receptor is induced by L. major infection during the
innate immune response in resistant C3H mice and that dif-
ferential expression of both IL-12R subunits, B2 and B1, con-
tributes to the development of responsiveness to IL-12 in
L. major infections.

MATERIALS AND METHODS

L. major infections. Female BALB/cByJ and C3HeB/Fel] mice at between 5
and 6 weeks of age were obtained from the Jackson Laboratory (Bar Harbor,
Maine) and maintained in a specific pathogen-free facility. L. major parasites
(MHOM/IL/80/Friedlin) were grown to stationary phase in Grace’s insect cell
culture medium with 20% fetal bovine serum, 2 mM glutamine, 100 U of peni-
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cillin per ml, and 100 pg of streptomycin per ml. Metacyclic promastigote
parasites were isolated by negative selection with Arachis hypogaea agglutinin
(20). Mice were infected in the hind footpads with 2 X 10° metacyclic parasites.

Antibodies and cytokines and treatment regimens. IL-12 was a generous gift
from Stanley Wolf (Genetics Institute, Cambridge, Mass.) and was used in vivo
at 0.2 pg per foot injected simultaneously with the metacyclic parasites in a
volume of 50 pl. In vivo IL-4 depletion studies used 2.5 mg of anti-IL-4 mono-
clonal antibody (MAb) 11B11 (Biological Response Modifiers Program, Fred-
erick, Md.) administered intraperitoneally the day before and the day of infec-
tion. In vivo IL-12 depletion studies used 1 mg of anti-IL-12 MAb C17.8
administered intraperitoneally the day before and the day of infection as de-
scribed previously (22). Rat immunoglobulin (Ig; Sigma) was administered as a
control antibody.

RPA. LNs were removed and frozen in liquid nitrogen, and total RNA was
extracted with Ultraspec RNA extraction buffer (Biotecx Laboratories, Houston,
Tex.) according to the manufacturer’s recommendation. LNs from individual
mice were processed and analyzed separately. The RNA was resuspended in
diethyl pyrocarbonate-treated water and stored at —20°C. The RNase protection
assay (RPA) was carried out essentially as described by Gilman (6). Briefly,
antisense RNA probes were prepared with the T7 promoter in Bluescript (Strat-
agene, La Jolla, Calif.) or the Sp6 promoter in PCRII (Invitrogen, San Diego,
Calif.), labelled with [**PJUTP or [**P]CTP (400 to 800 Ci/mM), purified from a
6% acrylamide sequencing gel, and used the same day. Depending on availabil-
ity, 5 to 30 pg of total RNA was hybridized with a 5 X 10°-CPM antisense probe
in 80% formamide buffer at 60°C. The IL-12RB1 probe was generated from a
mouse cDNA clone (26) and covers nucleotides 1301 to 1621; the IL-12RB2
probe covers nucleotides 1607 to 1870 of the cDNA (15). The IFN-y probe
covers nucleotides 375 to 530 of the cDNA. A mouse cyclophilin antisense probe
(Ambion, Austin, Tex.) was used as an internal control for standardization of
expression levels between samples. Samples were processed as described previ-
ously (6) and fractionated on 6% sequencing gels. The gels were dried and
exposed to a phosphorimager screen for 1 to 4 days, and the relative signals were
quantitated with Image Quant software (Molecular Dynamics, Sunnyvale, Cal-
if.). IFN-y, IL-12RB1, and IL-12RB2 levels were determined by comparing the
signal intensities of the protected fragments to the signal intensity of the cyclo-
philin control after standardizing the values for C or U content. Increases are
expressed as B1/cyclophilin or B2/cyclophilin ratios.

Flow cytometry. Surface IL-12R expression was examined by the detection of
IL-12 binding to cell populations by a modification of methods previously de-
scribed (4). Briefly, single-cell suspensions obtained from the draining LNs of
four or five mice were pooled, washed in fluorescence-activated cell sorter
(FACS) buffer (phosphate-buffered saline containing 0.1% bovine serum albu-
min and 0.08% sodium azide), and incubated with 0.5 pg of recombinant IL-12
(diluted in FACS buffer) for 1 h on ice. Cells were washed in 2 ml of FACS buffer
and then incubated for 15 min on ice with 10 pg of anti-FcyIII/IIR antibody
(2.4G2) plus 10 pg of rat IgG (Sigma) to block nonspecific binding of antibodies
to FcR. Cells were then incubated with biotinylated anti-IL-12 MAb (C17.8) for
30 min on ice. After being washed, cells were stained with streptavidin-phyco-
erythrin (PE) (Pharmingen, San Diego, Calif.) for the detection of bound IL-12.
Control samples were incubated on ice in the absence of IL-12, followed by an
incubation with biotinylated anti-IL-12 MADb and staining with streptavidin-PE.
Similar patterns of staining were observed when control samples were incubated
with a biotinylated isotype control MAb (data not shown). To detect IL-12
binding to specific cell populations, cells were surface stained with fluorescein
isothiocyanate-labeled anti-CD4, -CDS, or -B220 or rat IgG isotype control MAb
(Pharmingen) for an additional 30 min. Propidium iodide was added to cells to
allow the exclusion of dead cells during acquisition on a FACScalibur flow
cytometer (Becton Dickinson, San Jose, Calif.). A minimum of 10,000 live events
were acquired from each sample. Analysis of surface IL-12 binding to LN cell
populations was performed with CELLQUEST (Becton Dickinson) software.

Measurement of IL-12 responsiveness of LN cells. Draining LN cells obtained
from mice at 2 days postinfection (and from uninfected mice) were plated in
complete tissue culture medium as described previously (22) in the presence or
absence of 1 ng of recombinant IL-12 per ml. Supernatants were harvested after
24 h, and IFN-y levels were measured by enzyme-linked immunosorbent assay
(ELISA).

RESULTS

Surface expression of the IL-12 receptor following infection
of mice with L. major. To determine if the observed differences
in IFN-y production between C3H and BALB/c mice during
the innate immune response might reflect differences in the
expression of the IL-12 receptor during this same time period,
the levels of IL-12 binding to LN cells for normal and infected
mice were examined by flow cytometry. We found that the level
of IL-12 binding was low to undetectable in LN cells taken
from uninfected C3H and BALB/c mice. However, IL-12 bind-
ing increased on LN cells taken from C3H mice infected with
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FIG. 1. IL-12 binding to LN cells from L. major-infected C3H and BALB/c
mice. The results of a flow-cytometric analysis of IL-12 binding to lymphocytes
isolated from the draining LNs of uninfected mice and mice infected 2 days
previously are displayed. The data from one representative mouse from each
group (n = 3 to 5) are shown. Peaks outlined by dark solid lines represent cells
incubated with 0.5 g of IL-12 and then stained with the anti-IL-12 MAb; these
peaks are compared to those for control samples stained with the anti-IL-12
MAD alone (shaded peaks). These results are representative of four experiments.

L. major for 2 days, while there was little detectable change in
IL-12 binding on LN cells from infected BALB/c mice either at
2 days postinfection (Fig. 1) or any time points examined up to
14 days postinfection (data not shown).

The shift in the fluorescence intensity of the LN cells from
infected C3H mice suggests that the increase in expression of
the IL-12 receptor reflects changes in the population as a
whole, rather than the appearance of a specific subpopulation
that upregulates the IL-12 receptor. To more fully explore
IL-12 receptor expression, we examined which cell types ex-
pressed the receptor in C3H mice at 2 days postinfection with
L. major and found upregulation of the receptor on CD4%,
B220™", and CD8" cells (Fig. 2). These cells constitute 95% of
the LN population. By 7 and 14 days postinfection C3H mice
had reduced binding of IL-12 to LN cells (data not shown),
again suggesting that the increase in the IL-12 receptor at 2
days postinfection is a characteristic of the LN population as a
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FIG. 2. IL-12 binding to LN cells and cell subsets from L. major-infected
C3H mice. A two-color flow-cytometric analysis of IL-12 binding to lymphocyte
subsets was performed with LN cells from C3H mice infected 2 days previously
that were surface stained for CD4, CD8, or B220. Results show IL-12 binding by
the total and gated populations. The peaks outlined by the dark solid lines and
the shaded peaks are as defined in the legend for Fig. 1. These results are
representative of four experiments.
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FIG. 3. IL-12 binding to LN cells from BALB/c mice given exogenous IL-12.
Shown is a two-color flow-cytometric analysis of IL-12 binding to lymphocyte
subsets using LN cells from BALB/c mice infected 2 days previously, BALB/c mice
infected 2 days previously and treated in vivo with 0.2 pug of IL-12 at the time of
infection, and BALB/c mice treated with 0.2 pg of IL-12 alone 2 days prior to
analysis. The peaks outlined by the dark solid line and the shaded peaks are as de-
fined in the legend for Fig. 1. These results are representative of three experiments.

whole and reflects a response by both antigen-specific and
nonspecific cells. We presume that if sufficient numbers of
antigen-specific cells from C3H mice could be identified at 14
days postinfection they would be expressing the IL-12 receptor.
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FIG. 4. Inhibition of IL-12 receptor upregulation in C3H mice treated with
anti-IL-12. Shown is a two-color flow-cytometric analysis of IL-12 binding to LN
cells from C3H mice infected 2 days previously that were surface stained for
CD4. Control rat IgG and anti-IL-12 antibodies were administered the day
before and the day of infection.

IL-12 regulates the expression of the IL-12 receptor. We
were interested in determining if exogenous IL-12 adminis-
tered to BALB/c mice might upregulate IL-12 receptor expres-
sion. An increase in the IL-12 receptor in response to IL-12
would be consistent with the ability of IL-12 administration to
BALB/c mice to promote Th1 cell development and resistance
to L. major (9, 27) and with an increase in the ability of LN
cells from IL-12-treated mice to produce IFN-y (1, 14). As
seen in Fig. 3, the inclusion of IL-12 in the parasite inoculum
given to BALB/c mice led to an increase in the IL-12 binding
activity on CD4", CD8*, and B220™ cells in the draining LN.
In order to determine if the parasite was stimulating a cofactor
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FIG. 5. RPA of IFN-y mRNA from total LNs of individual C3H mice and BALB/c mice 2 days postinfection with L. major. Representative RPAs for a single C3H
mouse and BALB/c mouse are shown on the left and right, respectively. Cyc, cyclophilin. The averages and standard deviations for IFN-y mRNA quantitation in relative
units are shown for one experiment, which included three C3H mice. U, uninfected; I, infected; I IgG, infected plus treatment with control antibody; I aIL-12, infected
plus treatment with anti-IL-12 antibodies. These results are representative of three experiments. IFN-y mRNA quantitation for BALB/c mice is identical to that for
C3H mice. U IL-12, uninfected plus treatment with IL-12; I IL-12, infected plus treatment with IL-12. The IFN-y mRNA relative-unit value for infected mice treated
with IL-12 is the average of results for two individual mice. Infection and treatment are described in Materials and Methods.
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FIG. 6. Upregulation of the IL-12 receptor in BALB/c mice treated with
anti-IL-4. (A) Anti-IL-4 MADb or control antibody was administered to BALB/c
mice the day before and at the time of infection, and LN cells were harvested 2
days later for flow-cytometric analysis like that shown in Fig. 2. (B) A represen-
tative RPA of an individual mouse, and IFN-y mRNA quantitation of total LN
cells of three BALB/c mice treated as described for panel A. U, uninfected;
I+IgG, infected plus treatment with control IgG; I+allL-4, infected plus treat-
ment with anti-IL-4 antibodies. Infection and treatment are described in Mate-
rials and Methods. The value for infected mice treated with anti-IL-4 antibodies
is the average of results for two mice.

that might be required for upregulation of the receptor, we
tested the ability of IL-12 to enhance IL-12 receptor expression
in the absence of L. major. The results were almost identical to
those seen when mice received IL-12 and L. major; there was
a dramatic increase in IL-12 receptor binding on CD4", CD8™,
and B220" populations within 2 days of the administration of
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IL-12 alone (Fig. 3). LN cells from BALB/c mice treated with
phosphate-buffered saline as a control and analyzed 2 days
later showed no increase in IL-12 binding (data not shown), a
finding identical to the results for BALB/c mice infected with
L. major alone. These results are similar to those of Galbiati et
al., who demonstrated that IL-12 administration enhanced
IL-12 responsiveness and receptor expression in vivo (5).

We next assessed the role of endogenously produced IL-12
in the upregulation of the IL-12 receptor. Previous work has
shown that IL-12 plays a central role in the development of an
effective cell-mediated immune response to L. major infection
in C3H mice. C3H mice treated with anti-IL-12 antibodies and
then infected with L. major have decreased levels of IFN-y-
producing cells during the innate immune response and de-
velop large lesions, with the accompanying development of
CD4" Th2 cells (21, 22). We found that treatment of L. major-
infected C3H mice with anti-IL-12 antibodies prevented the
increase of the IL-12 receptor normally seen on CD4" cells
(Fig. 4).

Early IFN-y production in the BALB/c-C3H L. major infec-
tion model serves as a marker for eventual Th1 development as
well as a functional marker of IL-12 responsiveness. Therefore,
we analyzed IFN-y mRNA levels in uninfected and L. major-
infected mice to correlate IFN-y upregulation and the expres-
sion of the IL-12 receptor. RPA of total LN cells from infected
C3H mice and IL-12-treated BALB/c mice demonstrates in-
creases in IFN-y mRNA levels compared to uninfected ani-
mals (Fig. 5). These IFN-y mRNA increases correlated with
increases in IL-12 receptor expression. Anti-IL-12 treatment of
L. major-infected C3H mice resulted in a decrease in the in-
duction of IFN-y mRNA in the total LN cell population (Fig.
5) compared to that for infected animals treated with a control
antibody. This inhibition of IFN-y mRNA upregulation also
correlates with the inhibition of IL-12 receptor expression seen
with anti-IL-12 treatment (Fig. 4).

Regulation of IL-12 receptor expression in BALB/c mice by
IL-4. IL-4 is rapidly produced by BALB/c mice following in-
fection with L. major, and neutralization of this early IL-4 burst
with MAbs promotes Th1 cell development and resistance to
infection (8). In addition, in vitro analysis of IL-12 receptor
expression has demonstrated that IL-4 can decrease the ex-
pression of the functional IL-12 receptor (28). The production
of IL-4 during the innate immune response has been shown to
influence the ability of CD4™ T cells to respond to IL-12 as
measured by the production of IFN-y (14). Thus, CD4™" cells
from BALB/c mice treated with anti-IL-4 antibodies prior to
infection were responsive to IL-12, whereas cells from un-
treated counterparts showed an inability to produce IFN-y in
response to IL-12 (14). Since our data show a correlation
between the upregulation of the IL-12 receptor within the LN
cell population and an ability of that same population to re-
spond to IL-12, we hypothesized that CD4" cells from anti-
IL-4-treated BALB/c mice would demonstrate an increase in
IL-12 receptor. Indeed, we found that neutralization of IL-4 in
BALB/c mice led to an increase in IL-12 receptor binding on
CD4™ cells at 2 days postinfection (Fig. 6A). The IL-12 recep-
tor increase detected was comparable to that seen on CD4"
cells in L. major-infected C3H mice (Fig. 2). The increase also
correlated with an increase in IFN-y mRNA expression (Fig.
6B).

Expression of IL-12R1 and -f32 subunits following L. major
infection. Since the IL-12 binding data show a shift in the
entire cell population and since the upregulation appears as a
synchronous event during the early immune response, with no
subpopulation becoming uniquely positive, we analyzed the
regulation of the B1 and B2 subunits of the IL-12 receptor from
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the total LN cell population by RPA. We found that C3H mice
upregulated the B1 subunit from 0.513 relative units (RU) of
mRNA in uninfected animals to 4.76 RU of mRNA in infected
animals (a 9.3-fold increase). In addition, there was a concom-
itant increase in the B2 subunit from 0.463 RU of mRNA in
uninfected animals to 2.11 RU of mRNA in infected animals (a
4.6-fold increase). In contrast to the C3H mice, BALB/c mice
exhibited smaller changes in the expression of both IL-12RB1
and -B2, resulting in approximately a 2-fold increase of these
subunits over uninfected levels (Fig. 7A). In addition, a semi-
quantitative PCR analysis of LN cells from BALB/c mice on
days 1, 2, and 3 following infection demonstrated that there
was no significant increase in IL-12RB1 mRNA expression at
any of these early time points while LN cells from C3H mice
showed maximal IL-12RB1 expression on day 2 (data not
shown).

We next determined if this early increase in IL-12 recep-
tor expression corresponded to an increase in the ability of
LN cells to respond to IL-12. For these experiments LN cells
from mice infected 2 days earlier were incubated with IL-12
for 24 h and the levels of IFN-vy in the supernatant were
measured by ELISA. We found that IL-12-stimulated cells
from C3H mice produced significant levels of IFN-y, while
little to no IFN-vy was produced by cells from BALB/c mice
(Fig. 7B). LN cells from uninfected animals of either strain
did not produce detectable levels of IFN-y at this time
point. The lack of IL-12 responsiveness seen in BALB/c
mice was similar to that reported by Launois et al. (14),
where antigen-stimulated cells also failed to respond to
IL-12 in vitro.
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FIG. 7. IL-12 receptor B1 and B2 subunit mRNA expression and IL-12 re-
sponsiveness of LN cells during the early immune response to L. major infection
in C3H and BALB/c mice. (A) Representative RPA of IL-12RB1 and -32 mRNA
from LNs of individual C3H or BALB/c mice 2 days after infection with L. major.
The RPA shown is representative of samples from five or six individual mice per
group. U, uninfected; I, infected. Also shown are the relative units of 81 or B2
mRNA at 2 days postinfection in C3H and BALB/c mice. Each column shows the
means and standard deviations for five or six mice. (B) Lymphocytes isolated
from the LNs of C3H or BALB/c mice infected 2 days previously were incubated
with IL-12 (1 ng/ml) for 24 h. The supernatants were then harvested, and IFN-y
levels were measured by ELISA to assess IL-12 responsiveness. The results are
representative of two experiments with three individual mice each.

DISCUSSION

In this study, we found that L. major infection rapidly in-
creases the expression of the IL-12 receptor in C3H mice. This
increase can be detected as changes in IL-12 binding on CD4™,
CD8™, and B220™ cells, as well as an increase in IL-12RB1 and
-B2 mRNA expression in the total LN population. In contrast,
very little change was detected in the expression of the recep-
tor on cells from L. major-infected BALB/c mice. These results
suggest that the lack of expression of the IL-12 receptor in
BALB/c mice during the innate immune response to L. major
may contribute to their inability to develop a Thl response.

These experiments extend a growing body of knowledge that
describes events involved in the development of cell-mediated
immunity and show for the first time how the IL-12 receptor
and the B1 and B2 subunits may be regulated in vivo during an
infection. An in vitro analysis of the IL-12 receptor with cells
from transgenic mice having an ovalbumin-specific TCR has
defined a developmental scenario in which IL-12RB1 is present
on both Thl and Th2 cells, yet Th2 cells fail to exhibit a
functional receptor due to the lack of the IL-12RB2 chain (28,
29). Loss of the ability of T cells to respond to IL-12 may be a
critical event in their differentiation towards mature Th2 cells.
In our study, we addressed the issue of IL-12 receptor expres-
sion during the innate immune response to L. major, prior to
or during the development of antigen-specific Th1 or Th2 cells.
Previous studies have indicated that early after infection, cells
from BALB/c mice lose their ability to respond to IL-12, as
indicated by IFN-y production, and that this loss is related to
the production of IL-4 by a Va8, VB4 CD4* T-cell population
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(12-14). In the present study we show that after infection with
L. major, the increase in the ability of the LN cells to bind
IL-12 as well as produce IFN-vy in response to IL-12 differs
dramatically between BALB/c and C3H mice. We also show
that differences in the ability of these mouse strains to upregu-
late IL-12RB1 and -B2 mRNA by 2 days postinfection corre-
late with the ability of the LN cells to bind to IL-12. These data
demonstrate a differential regulation of the IL-12 receptor
during the innate immune response and suggest that regulation
of the expression of both IL-12 receptor subunits may play a
critical role in vivo during the development of cell-mediated
immunity.

In vitro studies using DO11.10 CD4* T cells from TCR
transgenic mice have shown that during the first few days after
activation, the expression of the IL-12 receptor is critical for
Th1 cell development, even though at this time point these
cells are producing only low levels of IFN-y (10). Similarly, in
C3H mice infected with L. major, we show that the IL-12 re-
ceptor is rapidly upregulated on CD4™ T cells, although at this
time point the IFN-y associated with the infection is primarily
coming from NK cells (21). However, we do see some differ-
ences in the expression of the IL-12 receptor subunits when
our results are compared with that seen with the DO11.10
TCR transgenic system. DO11.10 CD4™ T cells respond to
antigen in vitro by upregulating the IL-12RB1 chain regardless
of whether they will ultimately become Thl or Th2 cells, but
only the Thl cells upregulate the B2 subunit (28). After infec-
tion of C3H mice with L. major, we see upregulation of both
chains of IL-12R in the whole LN cell population; in contrast,
there is little increase in either the B1 or B2 subunit in infected
BALB/c mice. Although we describe the expression of the p1
and B2 IL-12 receptor subunits in the whole LN cell population
rather than a specific cell population, we believe that our data
demonstrate that CD4™ T cells fail to upregulate the 81 chain
because we see the lack of B1 mRNA upregulation in the
whole population and the lack of IL-12 binding to the CD4™ T
cell population. One difference between our study and those
with TCR transgenic mice is that most of the CD4™ T cells
expressing the IL-12 receptor during the innate immune re-
sponse are probably not antigen specific, while the TCR trans-
genic model creates a system where all the cells are antigen
specific. Alternatively, under in vivo conditions other cytokines
produced in BALB/c mice during the innate immune response,
such as IL-10 and transforming growth factor B (22), may
downregulate expression of the IL-12RB1 subunit (31). How-
ever, our results confirm a central role for IL-4 in the expres-
sion of IL-12R, since the blocking of endogenous IL-4 at the
time of infection results in an increase in the ability of CD4"
LN cells to bind IL-12. This increase in IL-12 binding corre-
lates with both an ability of these cells to respond to IL-12 (14)
and the development of an L. major-resistant phenotype (9).

The differences observed between BALB/c and C3H mice
are probably not due to differences in the magnitude of the
inflammatory response occurring in the draining LN since,
following infection of BALB/c and C3H mice with L. major,
similar numbers of cells infiltrate the LN (data not shown). We
have previously shown that IL-12 is transiently produced in the
LN following L. major infection of BALB/c mice, in spite of
their lack of a strong IFN-y or NK cell response (22). Our
studies and those of others (5) demonstrate that IL-12 can
enhance the expression of its own receptor, which suggests that
there are sufficient functional IL-12 receptors present in a
naive LN cell population to mediate this effect. However, it
would appear that the endogenous levels of IL-12 seen in the
BALB/c mice are unable to effectively upregulate the IL-12
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receptor, which may be due to the concomitant production of
inhibitory cytokines as discussed above.

The increase in IL-12 binding to LN B cells early after
infection in C3H mice is intriguing. In vitro studies have shown
that unstimulated splenic B cells do not bind IL-12 but rather
increase IL-12 binding after stimulation (30). The increased
IL-12 binding detected on the B cells after L. major infection
is probably not associated with significant IFN-y production
from this cell population (21), although IL-12 has been shown
to have effects on B-cell growth and differentiation indepen-
dent of IFN-y (11, 30).

The upregulation of the IL-12 receptor that we observed in
C3H mice is part of the early immune events that influence
T-cell development in response to a pathogen. Consequently,
the early inflammatory response in the LN draining the site of
infection may serve not only to select T cells that have speci-
ficity for leishmanial antigens but also to prime those cells to
become Thl cells by increasing IL-12R expression on the
CD4" population as a whole, including antigen-specific and
non-antigen-specific cells. However, in the absence of IL-12R
upregulation, observed following L. major infection of BALB/c
mice, T cells will be unable to differentiate into Thl cells.
These findings define an important mechanism by which the
innate immune response influences the development of adap-
tive immunity in vivo.
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