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Protection induced by vaccination depends on the capacity of the vaccine to elicit an
appropriate immune response. In leishmaniasis, protection requires leishmanial-specific
CD4* T helper (T, cells. Vaccination of BALB/c mice with leishmanial antigens and
interleukin-12 (IL-12) promoted the development of leishmanial-specific CD4* T,,1 cells.
These mice were resistant to subsequent infection with Leishmania major. Thus, IL-12 is
an effective adjuvant for the initiation of protective cell-mediated immunity against leish-
maniasis and may be an important component in other vaccines that need to induce

cell-mediated immunity.

Protective immunity induced by vaccina-
tion is dependent on the capacity of the
vaccine to elicit the appropriate immune
response to either resist, control, or elimi-
nate the pathogen. Depending on the
pathogen, this may require a cell-mediated
or humoral immune response, which in
turn is determined by the nature of the T
cells that develop after immunization. The
current paradigm is that CD4* T cells can
be separated into subsets on the basis of the
repertoire of cytokines produced and that
the distinct cytokine profile observed in
these cells determines their function. This
model includes two major subsets: T;1 cells
that produce IL-2 and interferon vy (IFN-y)
and mediate cellular immune responses,
and Ty2 cells that produce IL-4, IL-5, and
IL-10 and augment humoral immune re-
sponses (1). An essential role of adjuvants
in vaccines is to direct CD4* T cell subset
differentiation, although how adjuvants
perform this function is poorly understood.

The protozoan parasite Leishmania major
causes either a healing or nonhealing cuta-
neous lesion in mice, depending on the
CD4* Ty cell subset that dominates. In
BALB/c mice, L. major infection usually
leads to a dominant CD4* T},2 response,
uncontrolled lesion development, metasta-
sis of the parasite, and eventual death of the
animal, whereas many other mouse strains
(for example, C3H/HeN and C57BL/6)
develop a Tyl response, control parasite
multiplication, and heal (2). Interferon 1 is
required for Tyl cell development in this
model, since in vivo depletion of IFN-y
before infection abrogates Tyl cell devel-
opment in resistant C3H/HeN mice, lead-
ing to a dominant Ty;2 response and sus-
ceptibility to L. major (3). However, IFN-y
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by itself cannot induce Ty1 cell develop-
ment. For example, when BALB/c mice
were immunized subcutaneously with a sol-
uble leishmanial antigen (SLA), inclusion
of IFN-vy in the vaccine enhanced protec-
tive immunity, but the bacterial adjuvant,
Corynebacterium parvum, was still required
for protection, suggesting that other factors
may be involved in the differentiation of
Tyl cells (3). Interleukin-12, which stim-
ulates IFN-y production by natural killer
(NK) cells and T cells (4), may be the
missing factor. When lymphocytes from
atopic patients were cultured with IL-12
there was an increase in the number of Ty;1
clones detected (5). Furthermore, in an in
vitro system using T cells from T cell
receptor (TCR) transgenic mice, [L-12 was
shown to promote the development of a
Tyl cell phenotype from naive CD4* T
cells (6). We now show that IL-12 en-
hances T;1 cell development in vivo and
can replace both C. parvum and IFN-vy in
a vaccine against leishmaniasis.

After subcutaneous injection of either
live L. major parasites or SLA into BALB/c
or C3H/HeN mice there is a rapid response
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in the draining lymph riode (LN), charac-
terized by a three- to fivefold increase in cell
number and enhanced cytokine produc-
tion. In BALB/c mice IL-4 is detected
within 3 days, whereas in C3H/HeN mice
the NK cell population expands and pro-
duces IEN-y (3, 7). To determine whether
administration of IL-12 alters the initial
response to SLA in BALB/c mice, we as-
sessed cytokine production by popliteal LN
cells taken 3 days after footpad injection
with SLA or SLA + IL-12 (8). C3H/HeN
mice were injected with SLA to provide a
comparison of cytokine levels. As observed
previously, LN cells from BALB/c mice
injected with SLA produce IL-4 but little
IFN-v, whereas LN cells from C3H/HeN
mice produce IFN-y but little or no IL-4
(Fig. 1A). However, when BALB/c mice
were injected with SLA + IL-12, no IL-4
was detected, and substantial amounts of
IEN-vy, higher than those observed in the
resistant C3H/HeN mouse strain, were de-
tected. A similar effect was obtained with
several doses of IL-12, including 1, 0.1, and
0.01 pg, although complete ablation of
IL-4 was not achieved with the lowest dose
(9). The source of the IFN-y at this early
time point has not been determined, al-
though associated with the IFN-y response
was the induction of an NK cell cytotoxic
response (Fig. 1B). However, administra-
tion of IL-12 alone enhanced NK cell cy-
totoxic function in the draining LN but
failed to stimulate IFN-y production (Fig.
1, A and B). This may be due to the
capacity of SLA to stimulate the production
of other cytokines, such as IL-2, which
synergize with IL-12 to enhance IFN-y
production. This finding is compatible with
our previous observation that the produc-
tion of IFN-y by NK cells during the first 3
days of L. major infection in C3H/HeN
mice is dependent on IL-2 produced by
CD4* T cells (7).
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Fig. 1. Inoculation of SLA and IL-12 into BALB/c mice inhibits IL-4 production, promotes production
of IFN-y, and induces an NK cell response in the draining LN at 72 hours. (A) In vitro IFN-y and IL-4
production by LN cells taken from normal mice or mice inoculated subcutaneously 3 days
previously with SLA, SLA + IL-12, or IL-12 alone. (B) NK cell cytotoxic response of LN cells from
immunized BALB/c mice against YAC-1 target cells. The cytokine responses depicted are from one
representative experiment out of five, in which the mean IFN-y levels in mice immunized with SLA
and SLA + IL-12 were 4.6 = 1.1 and 114 = 20 ng/ml, respectively (P < 0.005). In five out of five
experiments, IL-12 reduced IL-4 levels to less than 1 U/ml.
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To determine whether IL-12 induced
the development of a CD4* Ty1 cell pop-
ulation, we collected popliteal LNs and
spleens 10 days after the primary in vivo
stimulation with SLA or SLA and IL-12,
restimulated them in vitro with SLA only,
and assessed the cytokine profile (10). As
seen in Fig. 2, immunization of BALB/c
mice with SLA primed for a dominant T};2
type response characterized by high IL-4
production. Inclusion of IL-12 reversed this
pattern, leading to a dominant Tyl re-
sponse characterized by elevated IFN-y lev-
els and little if any IL-4. A similar response
was observed with both unfractionated lym-
phocytes and purified CD4* T cells, indi-
cating that IL-12 was specifically influenc-
ing CD4* Tyl development. In contrast,
IL-12 administered without antigen had no
effect on the capacity of either the LN or
the spleen to produce IFN-y.

Because an NK cell cytotoxic response
was observed with LN cells 2 days after
injection with IL-12 (Fig. 1B), we tested
whether the presence of NK cells contrib-
uted to the development of CD4* Ty, 1 cells
after immunization with SLA and IL-12.
Mice were depleted of NK cells by treat-
ment with a rabbit polyclonal antibody to
asialo GM1 (anti-asialo GM1) before im-
munization, which completely inhibited
NK cell cytotoxic function (9). A compar-
ison of the response in mice treated with
anti-asialo GM1 before immunization with
SLA + IL-12, and those not depleted of
NK cells, indicated that the presence of NK
cells during immunization significantly aug-
mented subsequent Tyl cell development
(Fig. 2B). The requirement of NK cells is
probably related to their ability to produce
IFN-v, since treatment of mice with anti—
IFN-y monoclonal antibodies also ablated
the effects of IL-12 (day 10 spleen cell
IFN-y levels: SLA + IL-12, 58.7 ng/ml;
SLA + IL-12 pretreated with anti-IFN-y,
5.1 ng/ml) (11).

On the basis of the ability of IL-12 to
direct the development of leishmanial-spe-
cific CD4* Ty1 cells, we assessed whether
IL-12 could act as an adjuvant in a vaccine
against L. major (12). Mice immunized with
SLA + IL-12 were completely protected
against disease (Fig. 3). The lesion size in
these animals was as small as that produced
in the resistant C3H/HeN mice (Fig. 3,
inset). Cytokine analysis indicated that con-
trol mice produced small amounts of IFN-y
and IL-4, whereas mice immunized with
SLA + IL-12 produced little IL-4 but
amounts of IFN-y that were comparable to
those observed in resistant C3H/HeN mice
(9). Lesions from unimmunized BALB/c
mice or mice that had been immunized with
SLA alone or IL-12 alone contained greater
than 107 parasites, whereas BALB/c mice
immunized with SLA + IL-12 contained 10°
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Fig. 2. IL-12 in the presence of SLA induces differentiation of CD4* T,,1 cells in the LN and the
spleen. Cytokine responses of unfractionated or CD4*-enriched popliteal LN (A) or spleen (B) cells
harvested from BALB/c mice 10 days after immunization. Only the data from cells cultured with SLA
(50 pg/ml) are shown since in the absence of antigen there was no response. One group of mice
was depleted of NK cell activity before immunization with SLA + IL-12 by pretreatment with
anti-asialo GM1 (aASGM1). The results presented are representative of two or more experiments.
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Fig. 3. BALB/c mice immunized with SLA +
IL-12 are protected against infection with L.
major (12). Unimmunized BALB/c mice (A),
BALB/c mice immunized with SLA (O) or SLA +
IL-12 (M), and normal C3H/HeN mice (O) were
injected in the left footpad with 1 x 10° purified
metacyclic L. major promastigotes and the
course of infection monitored by measurement
of lesion size. (Inset) Course of infection in
unimmunized C3H/HeN mice as compared with
that in BALB/c mice immunized with SLA +
IL-12. Each data point represents the mean
lesion size of five mice. Differences in lesion
size between control or SLA and SLA + IL-12
were significant from week 4 onward. Similar
results were obtained in three experiments.

parasites (Table 1) (13).

Adjuvants are thought to function in
several ways, including by slowing the re-
lease of antigen, targeting antigen to mac-
rophages, and activating macrophages (14).
Many of the most effective adjuvants in-
clude bacteria or their products, although
the role that the bacteria play is ill-defined.
The recent finding that Listeria monocyto-
genes enhances Tyl cell development in
vitro through IL-12 suggests that IL-12
production is one mechanism by which
bacterial adjuvants function (6). This pos-
sibility is further supported by the finding
that many bacteria or their products—lipo-
polysaccharide, Staphylococcus aureus, My-
cobacterium tuberculosis, and C. parvum—
stimulate IL-12 production by macrophages

SCIENCE ¢ VOL. 263 ¢ 14 JANUARY 1994

Table 1. Parasite quantitation in lesions of im-
munized mice 10 weeks after infection. Data
represent mean + SD of at least five animals

per group.

Mouse Immu- —-log
strain nization (parasite titer)
BALB/c None 81+11
SLA 7.7+08
IL-12 75+ 0.3
SLA + IL-12 3.2+ 19*
C3H/HeN None 1.1 =01

*P <0.001 as compared with other BALB/c groups
(Student's t test).

(15). Our data show that IL-12 can substi-
tute for bacterial adjuvants and suggest that
the induction of this cytokine may be the
key component to vaccine efficacy when
cell-mediated immunity is required. Since
many bacterial adjuvants have both immu-
nostimulating properties as well as toxic
effects, use of IL-12 as an adjuvant may be

_preferable. In our studies, local injection of
IL-12 was not associated with any obvious
adverse effects, and there was no apprecia-
ble alteration in cell populations within the
draining LN after IL-12 injection. Finally,
immunization against L. major infection by
administration of the vaccine into the skin
has been problematic, even when bacterial
adjuvants were included (3). Our results
suggest that IL-12 not only substitutes for
bacterial adjuvants, but may be more effi-
cacious.
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Phase Shifting of the Circadian Clock by Induction
of the Drosophila period Protein
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Virtually all organisms manifest circadian (24-hour) rhythms, governed by an ill-defined
endogenous pacemaker or clock. Several lines of evidence suggest that the Drosophila
melanogaster period gene product PER is a clock component. If PER were central to the
time-keeping mechanism, a transient increase in its concentration would cause a stable
shift in the phase of the clock. Therefore, transgenic flies bearing a heat-inducible copy of
PER were subjected to temperature pulses. This treatment caused long-lasting phase
shifts in the locomotor activity circadian rhythm, a result that supports the contention that

PER is a bona fide clock component.

A wide variety of organisms exhibit daily
fluctuations in many biochemical, physio-
logical, and behavioral phenomena that are
governed by an endogenous circadian (=24
hours) pacemaker or “clock” (1). Although
no bona fide components of a circadian
oscillator have been identified, a candidate
is the period (per) gene product from Dro-
sophila melanogaster (2, 3). In the absence of
per activity (per®’ nonsense mutation),
there is no observable rhythmicity of eclo-
sion or of locomotor activity (2). More-
over, missense mutations shorten (per®) to
19 hours or lengthen (per™) to 29 hours the
free-running periods of both rhythms (2).
Consistent with the possibility that per is
directly involved in the generation of these
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rhythms is the observation that PER itself is
subject to circadian regulation; both per
protein (PER) (4) and per mRNA (5) un-
dergo daily fluctuations in the heads of
adult flies. These two oscillations are con-
nected, as PER may have a role in the
circadian regulation of its own transcription
(5, 6).

If PER oscillations contribute directly to
the clock mechanism, transient perturba-
tions of its level or activity would cause a
phase shift in the oscillator (Fig. 1A).
Because identical stimuli applied at differ-
ent phases in a circadian cycle can give rise
to shifts with different magnitudes and di-
rections, PER increases might advance or
delay the rhythm of locomotor activity in
an a priori unpredictable fashion (Fig. 1A).

To test this prediction, we generated
transgenic flies bearing a heat-inducible
copy of per, termed hspcper (Fig. 1B) (7).
Several independent lines were obtained,
and we assayed the biological activity of
hspcper in a per® arrhythmic background.
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As in previous results (8), some lines were
rhythmic at 25° or 29°C, whereas others
were not (9). We chose one completely
arthythmic line (per®;hspc-23a) (10) and
reasoned that in a wild-type strain with this
insert (per*;hspc-23a), only the per* gene
should contribute significantly to locomotor
activity thythms at 25°C. Indeed, the
rhythms of per*;hspc-23a flies were indistin-
guishable from those of control wild-type
flies, including in their periods (11) and in
their phases (9). With this strain, we then
induced PER at various times throughout a
circadian cycle and measured the phase of
the resultant locomotor activity.

Because temperature pulses elicit phase
shifts in many organisms (12), we first
determined the effects of temperature on
wild-type D. melanogaster locomotor activ-
ity thythms. We administered short pulses
of the heat stimulus throughout the circa-
dian cycle and determined the magnitude
and direction of the ensuing phase shift;
plotting the average phase shift (13) as a
function of the circadian time of the stim-
ulus yielded a phase response curve (PRC)
(Fig. 2A). This heat PRC is similar to
results obtained with light pulses as the
stimulus for phase-shifting D. melanogaster
locomotor activity (I4). Depending on
when the temperature pulse was given, the
activity phase was delayed, advanced, or
unchanged. Both delays and advances
reached a new steady state within one
circadian cycle after treatment with heat
).

We applied the identical temperature-
pulse regime to per*;hspc-23a flies and a
different PRC was generated (Fig. 2, A and
B). Expression of heat-induced PER (HSP-
PER) converted the phase delay region
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