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Abstract

The attenuated vaccine against Schistosoma mansoni induces Th1-
mediated protective immunity and we have sought to identify a role for
IL-12 in this model. Elevated levels of IL-12 (p40 mRNA) were
detected in the lymph nodes (LN) and the lungs of vaccinated mice,
whilst treatment of vaccinated mice with anti-IL-12 antibodies de-
creased the ratio of IFNγ:IL-4 secreted by in vitro-cultured LN cells.
However, there was only marginal abrogation of the level of resistance
in these mice. Soluble antigens from the lung-stage of the parasite
(SLAP) appeared to be efficient stimulators of IFNγ and IL-12 secre-
tion. These antigens when used to immunise mice in conjunction with
IL-12 as an adjuvant, elicited a polarised Th1 response with abundant
IFNγ secretion but no IL-4. This immunisation regime also induced
significant protection against reinfection, whereas inoculation of mice
with SLAP alone did not. The induction of a dominant Th1 response
using SLAP + IL-12 probably operates via IFNγ production by natural
killer (NK) cells stimulated by IL-12, since in vivo ablation of NK cells
using anti-NK1.1 antibody reduced CD4+-dependent IFNγ produc-
tion from cultured LN cells by over 97%. Nevertheless, in mice with
a genetic disruption of the IFNγ receptor, administration of SLAP +
IL-12 induced levels of IFNγ equal to those in wild-type mice, thus
showing that in this model IL-12 can directly prime T cells independ-
ent of IFNγ. Clearly, IL-12 has a critical role in protective immunity to
schistosomes and it may aid the development of an effective vaccine
against this disease.
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Introduction

The recently identified cytokine interleu-
kin-12 (IL-12) has a very important role
during the early phases of an immune reac-
tion, and it is a major factor in the differen-
tiation of T helper lymphocyte subsets. Thus,
many researchers have studied its role in
shaping the polarized phenotype of immune
responses induced by various parasite infec-
tions. In this review, we will focus on the

role of IL-12 in the induction of protective
immunity to infection with the parasitic hel-
minth Schistosoma mansoni. Such studies
give hope that IL-12 can aid the develop-
ment of an effective vaccine against this
disease.

Background to interleukin-12

There are several excellent reviews on
the biology of IL-12 and the reader is en-
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couraged to look to those by Wolf et al. (1)
and Trinchieri (2) for detailed information.
In brief, IL-12 is a heterodimeric molecule
of approximately 70 kDa composed of 2
glycoproteins of 40 kDa (p40) and 35 kDa
(p35) and was originally termed natural killer
cell stimulatory factor or cytotoxic lympho-
cyte maturation factor. The p35 chain ap-
pears to be constitutively expressed by many
cell types, whereas the p40 chain and the
biologically active p70 dimer are highly in-
ducible and are produced by monocytes and
dendritic cells. The ability of such cells to
produce IL-12 whilst also acting as antigen-
presenting cells (APCs) may be critical in
driving the direction or polarisation of the
immune response. The key role of IL-12 in
vivo is its potent ability to induce IFNγ pro-
duction by both natural killer (NK) and T
cells. It also works in synergy with other
cytokines to enhance IFNγ production (e.g.,
IL-2 and TNFα) and is dependent upon other
factors such as costimulatory interactions
(i.e., CD28-B7). In contrast, IL-10, TGFß,
IL-13 and IL-4 all have inhibitory effects on
the production of IL-12.

The role of IL-12 in parasitic disease

Resistance to reinfection with intracellu-
lar parasites is frequently associated with
dominant Th1 responses implying a role for
IL-12. For example, susceptible mice in-
fected with Leishmania major and treated
with exogenous IL-12 mount a Th1 response
and become resistant to reinfection (3,4). In
contrast, genetically resistant mice deficient
for either the p35 or p40 subunits are suscep-
tible to infection with L. major and mount a
polarised Th2 cell response (5). Where NK
cell activity has been implicated as an effec-
tive anti-parasite mechanism, in Toxoplasma
gondii infections for example, then early
ablation of IL-12 leads to chronic disease
and a loss of the immune status (6), whilst
ablation of IL-12 in resistant strains of mice
infected with L. major leads to the develop-

ment of Th2 responses and progression to
disease (3,4).

In general, it is thought that helminth
infections induce protective Th2 responses
leading to elevated serum IgE levels, eosino-
philia, and mastocytosis. As expected, ad-
ministration of IL-12 to mice infected with
either Nippostrongylus brasiliensis (7) or
Brugia malayi (8) promotes the switch in
development from a biased Th2 response to
one where Th1 responses dominate but this
does not enhance host protection. The domi-
nant Th2 responses to helminth infections
are often associated with severe tissue pa-
thology (e.g., the granulomatous response to
schistosome eggs) and so IL-12 treatment
may be useful in downregulating such re-
sponses. In this respect, Wynn et al. (9)
demonstrated that although sensitisation of
mice with schistosome eggs and IL-12 did
not reduce the number of adult worms or
eggs recovered following challenge with a
normal percutaneous infection, the granulo-
mas around the challenge eggs were smaller,
contained fewer eosinophils and had reduced
hepatic fibrosis. However, there is also strong
evidence that Th1 responses can be protec-
tive against the larval forms of schistosomes
and so IL-12 may have a critical role to play
in the generation of protective immunity.

Th1 lymphocyte-mediated immunity
to Schistosoma mansoni

Mice infected with normal S. mansoni
clearly develop an immune response which
is dominated by Th2 cells stimulated by the
onset of egg deposition (10), although it
remains unclear whether the response is host
protective (11). In contrast, optimally at-
tenuated schistosomes, which fail to migrate
further than the lungs and do not mature,
induce demonstrable high levels of protec-
tion (60-70%) to challenge infection. Ini-
tially, a mixed Th1/Th2 or Th0 response is
observed in cells from the draining lymph
nodes (LN). However, by 7 days after vacci-
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nation a polarised Th1 phenotype has devel-
oped in the LN, whereby cells secrete abun-
dant IFNγ but minimal IL-4 (12). In contrast,
normal larvae fail to sustain IFNγ secretion
in these LN after the first week. Antigen-
specific cells of the Th1 subset are also
recruited to, and persist for at least 6 weeks
in the lungs of vaccinated mice (13), where
elimination of challenge parasite mostly oc-
curs (14). We have also demonstrated that
IFNγ has a critical role in this model of
immunity, since protection can be abrogated
by up to 90% following in vivo administra-
tion of monoclonal antibody to IFNγ (15),
and mice with a disrupted IFNγ receptor
gene fail to establish optimum levels of re-
sistance to challenge (16).

The role of IL-12 in immunity induced
by the attenuated schistosome vaccine

Since cells of the Th1 phenotype appear
to be so important to the expression of im-
munity to the live schistosome vaccine, it
might be predicted that IL-12 would play a
critical role during the development of the
immune response. We in York have analysed
the expression of mRNA for both the p35
and p40 subunits of IL-12 in the skin expo-
sure site, draining LN and lungs at various
times after vaccination. Upregulation of the
p40 subunit occurs about day 2 in the LN,
coincident with peak expression of IFNγ and
IL-2 (17). Expression of p40 mRNA is also
upregulated in the lungs of vaccinated mice
(17) and appears to be related to the peak of
cell infiltration and IFNγ production by day
21 (13). Similarly, Wynn et al. (18) reported
a steady increase in the expression of p40
mRNA in the lungs of vaccinated mice, which
by day 28 was significantly above the level
recorded in the lungs of mice infected with
normal parasites.

Detection of mRNA for IL-12 is sugges-
tive of a role for this cytokine in the protec-
tive Th1 response. However, in order to
demonstrate a direct role for the biologi-

cally active heterodimer, we have adminis-
tered antibodies against the p70 heterodimer
to vaccinated mice and assessed parameters
of the immune response and protection
(Anderson S, Wilson RA and Mountford
AP, unpublished results). Either sheep anti-
IL-12 (Dr. S. Wolf, Genetics Institute, Cam-
bridge, MA) or rabbit anti-IL-12 antibodies
(raised in York) were administered at vari-
ous time points between days 0 and 15 after
exposure of mice to irradiated cercariae. It
appears that the antibody treatments only
had a marginal effect on reducing the level
of resistance induced by the irradiated vac-
cine but this effect was greater when the
antibody was given around the time of vac-
cination rather than once the Th1 immune
response had established. The treatments
did, however, significantly reduce the ratio
of IFNγ:IL-4 secretion by LN cells at both
days 5 and 15 post-vaccination, thereby
showing that IL-12 is involved in the regu-
lation of the Th responses in this model.
However, cytokine ablation experiments of
this kind are always difficult to interpret
since we do not know whether removal of
the biologically active molecule has been
complete due to the administration of insuf-
ficient or inappropriate antibody, or dosage
over a non-optimum time course. The use
of mice genetically deficient for either the
p35 or p40 molecules (5) would overcome
this problem and is now a feasible option.

We have compared the immune responses
of IL-12 p40-deficient (KO) mice and their
C57BL/6 wild-type controls following vac-
cination with irradiated cercariae (Anderson
S, Shires VL, Wilson RA and Mountford
AP, unpublished results). Cultured LN cells
from KO mice had markedly altered cytokine
profiles with significantly decreased pro-
duction of IFNγ but increased IL-4. This
pattern was reflected in the levels of cytokine
mRNA in both the LN and lungs after vacci-
nation. Correspondingly, the KO mice had
decreased levels of Th1-associated antibod-
ies, but enhanced levels of IgE. Following
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exposure of vaccinated mice to challenge
larvae, cells recovered by lavage from the
lungs of KO mice secreted abundant IL-4
and IL-5 but little IFNγ. Flow cytometric
analysis of these cells recorded a very high
proportion of eosinophils. Furthermore, foci
around challenge parasites in KO animals
contained large numbers of eosinophils and
giant cells. Thus, in the absence of IL-12
the Th1 response normally detected in vac-
cinated mice fails to develop and, as a con-
sequence, the levels of protection in KO
mice were considerably lower (42%) than
in their wild-type counterparts. These data
provide conclusive evidence for the involve-
ment of IL-12 in immunity induced by the
vaccine, but the residual protection obtained
reveals that it is not an absolute require-
ment. Moreover, the administration of rIL-
12 to KO mice in the first 11 days post-
vaccination led to a reconstitution of the
Th1-type response, exemplified by in-
creased IFNγ and decreased IgE produc-
tion. Treatment of KO mice with rIL-12
also abolished eosinophil influx and re-
stored the level of protective immunity to
that detected in wild-type mice. The obser-
vation of pulmonary and antibody immune
responses with wild-type characteristics in
KO mice, five weeks after termination of
the IL-12 treatment, demonstrates the sta-
bility of the protective Th1 response once it
has been induced by the action of IL-12.

Antigens from lung-stage
schistosomes induce IFNg
and IL-12 production

Although the attenuated schistosome
vaccine elicits a dominant Th1 lymphocyte
population with a probable role for IL-12, it
remains unclear which antigens are respon-
sible. We have demonstrated that attenu-
ated lung-stage larvae are efficient stimula-
tors of protection (19) and they release a
number of stage-specific proteins (20). Fur-
thermore, antigenic material released be-

tween days 6 and 8 by in vitro-cultured
lung-stage larvae and the soluble extracts
from whole lung-stage larvae induced LN
cells from vaccinated mice to secrete abun-
dant IFNγ but little IL-4 upon restimulation
in vitro (21). The released antigens were
also particularly efficient stimulators of
IFNγ release by cells recovered from the
airways of vaccinated mice. In contrast,
antigens from cercariae and skin-stage lar-
vae induced the lowest levels of IFNγ but
higher levels of IL-4. These results indicate
that in vaccinated mice an overwhelming
proportion of the lymphocytes responsive
to lung-stage antigens had the Th1 pheno-
type, whilst a greater number of cells with
specificities for early antigens had the Th2
or Th0 phenotype. These observations raise
the possibility that specific antigenic con-
stituents of the lung-stage antigen prepara-
tions have a propensity to activate cells
with a Th1 phenotype.

Stimulation of accessory cells to pro-
duce IL-12 by constituents of lung-stage
parasites could be one explanation for the
polarized development of Th1 cells. In ini-
tial experiments naive splenocytes, rich in
accessory cells, were cultured with various
antigen preparations from different stages
of parasite development and the presence
of IL-12 in the culture supernatant was
determined by the subsequent proliferation
of human PHA blasts. Such analyses indi-
cated that antigens released from cultured
larvae were superior at stimulating IL-12
production compared to soluble ones from
sonicated parasites. Moreover, antigens re-
leased from lung-stage parasites were bet-
ter inducers of IL-12 than those released
from transforming cercariae. We have also
immunised mice with soluble antigens from
whole cercariae or lung-stage larvae and
analysed the profile of cytokine mRNA in
the skin and draining lymph nodes by RT-
PCR. This approach showed that lung-stage
antigens induced a greater upregulation of
IFNγ and the newly discovered cytokine
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�interferon gamma inducing factor� (IGIF;
22), although the expression of the p40
subunit of IL-12 remained relatively stable
compared to naive mice.

The use of IL-12 as an adjuvant
when coadministered with
lung-stage antigens

Our evidence for lung-stage antigens
being important inducers of protective im-
munity to schistosomes led us to consider
immunising mice directly with a soluble
antigen preparation (SLAP) from lung-stage
larvae in conjunction with recombinant IL-
12 as an adjuvant to boost the Th1 immune
response (23).

In these studies, immunisation of mice
intradermally with one or two doses of SLAP
(25 µg) alone elicited a population of anti-
gen-specific CD4+ lymphocytes (day 5 post-
immunisation) which secreted IFNγ, IL-4
and IL-10, indicating a mixed Th1/Th2 or
Th0 response. In contrast, cells from mice
immunised with SLAP + IL-12 (1 µg) se-
creted 5 times as much IFNγ and were CD4+
cell dependent. IL-4 production in the mice
immunised with SLAP + IL-12 was non-
existent, whilst the secretion of IL-10 was
reduced by approximately 50%. This indi-
cates that the coadministration of IL-12
with SLAP leads to the induction of an
immune response entirely dominated by Th1
lymphocytes. The administration of IL-12
with antigen also had a dramatic effect upon
the isotype composition of serum antibod-
ies. Antigen-specific IgG1 and total IgE
antibodies were almost completely inhib-
ited in mice receiving SLAP + IL-12, mir-
roring the effect on IL-4 which is important
in controlling the switching to these isotypes
and underlines the inhibitory effect of IL-
12 on the development of Th2-mediated
immune responses. On the other hand, the
levels of IgG2a, which are thought to be
enhanced by IFNγ, were not substantially
elevated in mice immunised with SLAP +

IL-12 compared to the levels in mice
immunised with SLAP alone.

The most important finding of this study
(23) was that the delivery of two doses of
SLAP + IL-12 induced significant levels
(53.4-37.9%) of protective immunity to chal-
lenge infection, whereas vaccination with
SLAP alone did not. Failure to achieve
higher levels of protection, similar to those
achieved with the live vaccine, may be due
to the lack of the appropriate signals for
primed cells to be recruited to the lungs
and/or a suboptimum dosing regime for the
SLAP + IL-12 vaccine. In this respect, it
was demonstrated that administration of
IL-12 to mice previously immunised with
the live attenuated vaccine could boost the
level of protection induced compared to the
level in mice exposed to the live vaccine
alone (18). Nevertheless, this first report on
the use of IL-12 as an adjuvant in conjunc-
tion with soluble antigens to stimulate anti-
worm protective immunity is very encour-
aging and IL-12 as an adjuvant may aid the
future development of recombinant or sub-
unit schistosome vaccines.

Does IL-12 act on NK cells  or T cells
to prime for the development of Th1
immune responses?

In our paper (23), we also sought to
determine whether the observed effects of
IL-12 on Th lymphocyte development were
on the T cells themselves, or indirectly via
IFNγ production by IL-12 acting on NK
cells. Ablation of NK cells in vivo follow-
ing administration of anti-NK1.1 monoclon-
al antibody to mice immunised with SLAP
+ IL-12 significantly reduced (64.5%) the
level of proliferation of CD4+ LN cells
(day 5 post-immunisation) compared to co-
horts treated with control antibody. How-
ever, the level of IFNγ secreted by cells
from mice treated with anti-NK1.1 was
greatly reduced by over 97%. These results
indicate that the administration of IL-12 in
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this model stimulates NK cells to produce
IFNγ which then guides Th cell develop-
ment, rather than by acting on the Th1 cells
directly. However, it is possible that a di-
rect effect on T cells may occur at later
times and following repeated administra-
tion of IL-12.

We have also addressed this question by
administering SLAP + IL-12 to mice with a
genetic disruption of the IFNγ receptor gene
(IFNγR-/-); activated NK or T cells from
these mice can produce but not respond to
IFNγ. Antigen-specific IFNγ production was
elevated to a similar extent in both wild-type
and IFNγR-/- animals treated with SLAP +
IL-12. This implies that IL-12 (or other IL-
12-induced cytokines) can directly stimulate
lymphocytes with a Th1 phenotype without
the requirement for IFNγ. This corroborates
studies using schistosome eggs + IL-12 in
IFNγR-/- mice (Wynn TA and Mountford
AP, unpublished data) and IFNγ knockout
mice (24). It is hard to reconcile the different
conclusions from the studies investigating
the role of IL-12 in Th1 cell differentiation.
Many other factors are undoubtedly involved
and care must be taken when comparing the

results obtained from different inbred strains
or transgenic animals.

Conclusions

From a number of studies, it is clear that
IL-12 is involved in the regulation of the
immune response to schistosomes. It would
seem that it does have an important role in
the protective Th1 immune response induced
by the attenuated vaccine. However, it would
be unethical to use such a vaccine in man and
the search for a recombinant or subunit for-
mulation continues. From our studies on
lung-stage antigens, which appear to be effi-
cient stimulators of IFNγ and IL-12 produc-
tion, we have shown that IL-12 can be used
as an adjuvant in conjunction with soluble
antigens to enhance Th1 immune responses
and to induce protection against reinfection.
Combined with its role in downregulating
Th2 responses associated with pathology,
IL-12 represents a powerful tool with which
to manipulate the immune system and its use
as an adjuvant should aid the development
of new and existing candidate vaccine anti-
gens against schistosomes.
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