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Interferon gamma is a key cytokine in
lung phase immunity to schistosomes

but what is its precise role?

Department of Biology, University of York, York, UK

Abstract

Vaccination of mice with radiation-attenuated cercariae of Schistoso-
ma mansoni induces a high level of protection against challenge with
normal larvae. The immune effector mechanism, which operates in the
lungs, is a cell-mediated delayed-type hypersensitivity response and
involves the formation of a tight focus of mononuclear cells around
embolised larvae. CD4" T cells with Th1 characteristics are a major
component of the infiltrate. They secrete abundant interferon gamma
(IFNy) upon antigen stimulation in vitro, whilst in vivo neutralisation
of the cytokine results in 90% abrogation of immunity. IFNy can
induce a large number of genes and an attempt has been made to
identify the ones which are essential components of the effector
mechanism. Inducible nitric oxide synthase (iNOS) is such a candidate
and nitric oxide (NO) is produced by cultures of airway leucocytes
from the lungs of vaccinated mice post-challenge. However, the
continued resistance of mice with a disrupted iNOS gene indicates that
NO has only a minor role in the protective response. Mice with a
disrupted IFNyreceptor gene have been used to dissect the role of the
cytokine. After vaccination and challenge, CD4* T cells from the
pulmonary interstitium have reduced levels of ICAM-1 and LFA-1
expression, compared to wild-type animals, which coincides with a
reduced cohesiveness of foci. However, immunity is not significantly
impaired in mice with a disrupted ICAM-1 gene, and focus formation
is normal. Similarly, a role has not been found for CD2/CD4S8 interac-
tions in cell aggregation. Possible IFNy-inducible molecules yet to be
fully investigated include other ligand-receptor pairs, chemokines,
and tumour necrosis factor a.
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Radiation-attenuated cercariae of Schis-
tosoma mansoni elicit a high level of protec-
tive immunity against a challenge with nor-
mal cercariae. In C57BL/6 mice it ranges
from 60-70% after a single vaccination, and
in primates such as the baboon and vervet
monkey it is >50% after 3 exposures (1). It
has recently been shown that administration
of recombinant IL-12 to mice around the

time of vaccination will boost that immunity
to approximately 90%, with some animals
having a zero worm burden (2). Indeed, the
radiation-attenuated vaccine currently pro-
vides the best paradigm for the development
of a human schistosome vaccine. With this
goal in mind we have undertaken a detailed
analysis of the mechanisms underlying both
the induction and effector phases of the mu-
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rine immune response to vaccinating and
challenge parasites, respectively.

In mice, optimally attenuated larvae un-
dergo a truncated migration which primes
the immune system more potently than nor-
mal larvae. A proportion remains at the skin
infection site, others enter and persist in the
skin draining lymph nodes, whilst the re-
mainder travel only as far as the lungs. The
larvae which lodge in the lymph nodes trig-
ger an intense proliferation in the T cell
compartment, greater than elicited by an
equivalent number of normal larvae. The
cytokine profile secreted by antigen-stimu-
lated T cell cultures over the first 7-10 days
is a mixed Th1/Th2 (or ThO) response, with
interferon gamma (IFNy), interleukin (IL)-4,
IL-5, and IL-10 all present (3). From day 10
onwards, the response polarises in the Thl
direction with approximately 25 times more
[FNyproduced by T cells from mice exposed
to attenuated than to normal parasites. Coin-
cident with the T cell proliferation in the
lymph nodes, delayed-type hypersensitivity
(DTH)-mediating cells appear in the circula-
tion, peaking around day 17 postexposure,
before declining to background levels by day
35 (4).

Those attenuated larvae which migrate
as far as the lungs also appear crucial to the
induction of a protective response. Their
arrival in the pulmonary vasculature stimu-
lates recruitment of leucocytes to the pulmo-
nary parenchyma and airways. The latter
cells can be recovered by broncho-alveolar
lavage and resolved by flow cytometry into
granulocytes, lymphocytes and macrophag-
es on the basis of their log 90° and forward
light scatter properties (5). In contrast to the
naive mouse where macrophages predomi-
nate, granulocytes and lymphocytes are abun-
dant in the airways of vaccinated animals,
with infiltration peaking between 17 and 21
days. The granulocytes, largely eosinophils,
are rapidly cleared whilst the lymphocytes
persist at least to 10 weeks. CD4" T cells
predominate in the lymphocyte population
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and they secrete large amounts of [FNy when
stimulated with antigen in vitro (6) but they
are reluctant to proliferate in vitro. They
have the phenotypic features of short-term
effector/memory cells (7) staining strongly
for CD44 but are negative for the B isoform
of CD45RB, which is present on naive T
cells. The end result of vaccination is that by
35 days, the murine host has generated a
population of schistosome-specific CD4* T
cells with Th1 characteristics and these cells
are particularly numerous in the lungs. We
have suggested that the recruited T cell popu-
lation arms that organ against incoming nor-
mal challenge larvae.

Tracking of 7>selenomethionine-labelled
parasites in primed mice has revealed that
the major site of challenge elimination is the
lungs (8). The immune effector mechanism
has the features of a focal DTH response,
with CD4* and CD8" T cells plus macro-
phages aggregating around an embolised
larva (9). This reaction differs markedly from
the one containing numerous epithelioid
macrophages and eosinophils that develops
around an embolised schistosome egg. The
CD4* T cells are key components of the
response and their in vivo ablation, by ad-
ministration of anti-CD4 monoclonal anti-
body (mAb) to mice, abrogates immunity
(10). We have studied the kinetics of focus
formation after administration of lung
schistosomula, recovered from a donor ani-
mal, to embolise in the pulmonary vascula-
ture of a primed mouse (11). The first cells
aggregating around parasites are visible in
perivascular locations by 24 h. Infiltration
intensifies by 48 h, but the greatest influx
occurs between 48 and 96 h and foci are at
maximum size by 8 days. It is important to
realise that a schistosomulum arriving in the
lungs from the skin must first elongate in
order to migrate along capillaries to reach
the venous compartment. The 3-4-day dura-
tion of this developmental process coincides
almost exactly with the time needed for fo-
cus formation, and hence may explain why
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some schistosomula can evade the effector
response and exit the lungs to reach the
systemic circulation. Indeed, schistosomula
may return to the lungs several times in the
course of their migratory circuits around the
vascular system, but on second and subse-
quent passages they will already be elon-
gated and able to traverse the capillaries
more rapidly.

Production of IFNy is crucial to focus
formation and protection. Administration of
anti-IFNy mAb to vaccinated mice between
4 and 16 days after challenge abrogates pro-
tection by 90% (12) and also results in the
production of loose and disseminated cellu-
lar infiltrates in the lung. It is therefore perti-
nentto ask what precise role IFNymight play
in the effector response. Since CD4* T cells
are a prerequisite for the immune effector
response, the relevant antigens must be re-
leased by the embolised larvae for process-
ing and presentation by accessory cells to
bring about their activation. (As yet we know
little about this initiating event.) IFNy can
induce a large number of genes and so it is a
difficult task to pinpoint the ones most rel-
evant to the effector process. For the pur-
poses of this review those genes can be
divided into two broad categories. The first
involves the enzymes that control produc-
tion of cytotoxic agents such as nitric oxide
(NO) or superoxide which could directly kill
the parasites. The second category covers
those activities concerned with the genera-
tion of inflammation.

Newly transformed schistosomula are
very susceptible to cytotoxic killing mecha-
nisms in vitro but paradoxically lung stage
larvae are refractory. We have investigated
the potential role of NO as an agent in the
pulmonary effector response in vitro and in
vivo(13). Both antigen-stimulated and spon-
taneous production of NO by cultures of
airway leucocytes from vaccinated and chal-
lenged mice are greater than those from chal-
lenged control animals. RT-PCR analysis of
mRNA for inducible nitric oxide synthase

(iNOS) has also revealed its upregulation in
vivo, 96 h after intravenous challenge of
vaccinated mice with lung schistosomula,
coincident with focus formation.

We tested the hypothesis that NO pro-
duction influences the protective immunity
elicited by vaccination, using mice with a
targeted disruption of the iNOS gene. In two
vaccination experiments, the inability to in-
duce NO production resulted in a reduction
in protection from 68 to 48% (an abrogation
of approximately 30%). However, the situa-
tion was more complicated due to the fact
that both test and control gene-disrupted
mice had higher worm burdens than their
heterozygous littermates. Application of
ANOVA to the data detected no significant
effect on worm burden attributable to iNOS
disruption. We therefore concluded that NO
does not play a major role in worm elimina-
tion in this model. One contributory factor to
the situation may be the ability of haemoglo-
bin to scavenge NO and convert it to nitrate.
Thus, when mouse erythrocytes are added to
in vitro larvicidal assays, they completely
abrogate the killing of newly transformed
schistosomula. Since schistosomula migrate
from the skin to the portal tract within the
bloodstream, they will at all times be sur-
rounded by erythrocytes and it is unlikely
that they will be exposed to cytotoxic con-
centrations of NO.

The minor role indicated for NO produc-
tion in the pulmonary effector response pro-
vides confirmation for earlier observations
made on the viability of challenge schisto-
somula in the lungs (14). Tracking studies
have revealed that by day 17 migration of
challenge parasites in vaccinated mice has
virtually ceased, yet many schistosomula re-
main in the lungs and will never mature.
Nevertheless, if these parasites are recov-
ered and injected into the hepatic portal sys-
tem of a naive mouse, approximately 75%
will mature, virtually the same as for para-
sites recovered from the lungs of challenge
controls. These data provide strong evidence
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that schistosomula are simply trapped by the
inflammatory infiltrate. In other words, the
pulmonary effector mechanism operates by
blocking migration rather than by direct cy-
totoxic killing.

If blocked migration is the key to under-
standing the mechanism(s) of protection, then
what role does IFNy play in this process? In
this context, we have used mice with a dis-
rupted IFNy receptor (IFNYR"") gene; these
animals synthesise the cytokine but are un-
able to transduce its signals at the cell sur-
face. They develop approximately 20% im-
munity to challenge after a single vaccina-
tion, compared to the 10% protection seen
after neutralisation of IFNyin C57BL/6 mice.
It might be anticipated that disruption of
IFNy signalling pathways would reduce pul-
monary inflammation. In fact, it increased
three-fold over the wild-type animals, with
much larger numbers of eosinophils present.
The pulmonary CD4* T cells have Th2 char-
acteristics, making abundant IL-4, IL-5 and
IL-10. As with IFNy neutralisation, histo-
pathological observations reveal a very loose
and generalised infiltrate, compared to the
tightly circumscribed foci found around chal-
lenge parasites in intact vaccinated C57BL/6
mice.

A potential explanation for the lack of
cohesion in the foci from IFNyR”- mice is
that one function of IFNY is to upregulate
adhesion molecules, such as LFA-1 and
ICAM-1, necessary for homotypic and het-
erotypic adhesion. To investigate this possi-
bility, we recovered CD4" T cells from the
pulmonary parenchyma 14 days after percu-
taneous challenge, when foci are maximal in
size, and phenotyped them for expression of
the ligand-receptor pair. In C57BL/6 mice
70% of the cells were positive for ICAM-1
with only 26% in IFNyR”" mice (Coulson
PS, unpublished data). There was a similar
but less dramatic pattern for LFA-1 staining
with a 40% reduction in the mean intensity
of expression in the latter group, compared
to the former. It thus seemed likely that
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reduced ICAM-1/LFA-1 interactions were
responsible for the loss of cohesiveness in
foci, and hence reduced resistance. We there-
fore investigated the protective ability of the
attenuated vaccine in C57BL/6 mice with a
disrupted ICAM-1 gene. In three separate
experiments, we found that protection was
reduced by a mean of 15%, compared to the
level in intact wild-type mice (Coulson PS,
unpublished data). Furthermore histopatho-
logical examination of the lungs from the
gene-disrupted mice revealed no loss of fo-
cal integrity. We therefore concluded that
the absence of ICAM-1 on leucocytes within
foci had little effect on protective immunity.

CD2 and CD48 (the murine equivalent of
LFA-3) are a second ligand-receptor pair
involved in intercellular adhesion. We there-
fore undertook a phenotypic analysis of CD2
and CD48 expression on the CD4* T cells
recovered from the pulmonary interstitial
compartment of vaccinated mice at 14 days
postchallenge, in comparison with cells from
the lymph nodes (Coulson PS, unpublished
data). Both ligands were expressed at a higher
level in the pulmonary than the lymph node
T cell populations in wild-type mice. How-
ever, there was no reduction in expression
on the T cells from the lungs of IFNyR"
mice. Indeed, there appeared to be an in-
crease in CD48 expression compared to wild-
type animals. [t therefore seems unlikely that
CD2/CDA48 interactions are a key element
regulated by IFNyto control focus integrity.

Our data have highlighted the central role
of IFNy production by CD4" T cells as the
likely primary regulator of effector focus
formation. However, in spite of promising
leads, we have yet to define the subsequent
cascade of events in this model of acquired
immunity to schistosomes. What options re-
main to be explored in the quest to under-
stand the formation of the pulmonary effec-
tor focus? There are other known ligand-
receptor pairs such as CD40/gp39 which
could play arole. It also seems plausible that
chemokines would be involved in the pro-
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cess of cell accumulation, and the induction
of such molecules by IFNy has been docu-
mented (15). Finally, IFNy is a potent stimu-
lator of TNFa production by macrophages,
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