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The Debate over the Effector Function of Eosinophils in
Helminth Infection: New Evidence from Studies on the
Regulation of Vaccine Immunity by IL-12
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The production of Thl-type cytokines is associated with strong cell-mediated immunity while Th2-
type cytokines are typically involved in the generation of humoral immune responses. In mice vacci-
nated a single time (1X) with attenuated cercariaeSwfhistosoma mansgrthe immunity induced is
highly dependent on CD4T cells and IFNy. In contrast, mice vaccinated multiple times (3X) have
decreased IFN¢expression, develop a more dominant Th2-type cytokine response as well as protec-
tive antibodies which can passively transfer immunity to naive recipients. Previously, we demon-
strated the ability of IL-12, a potent IFMinducing cytokine to enhance (1X) schistosome cell-medi-
ated immunity when administered during the period of immunization. More recently, we asked what
effects IL-12 would have on the development humoral-based immunity. While multiply-immunized/
saline-treated mice demonstrated a 70-80% reduction in parasite burden, 3X/IL-12-vaccinated ani-
mals displayed an even more striking >90% reduction in challenge infection, with many mice in the
later group demonstrating complete protection. Analysis of pulmonary cytokine mRNA responses dem-
onstrated that control challenged mice elicited a dominant Th2-type response, 3X/saline-vaccinated
produced a mixed Th1l/Th2-type cytokine response, while 3X/IL-12-immunized animals displayed a
dominant Thl-type response. The IL-12-treated group also showed a marked reduction in total se-
rum IgE and tissue eosinophilia while SWAP-specific IgG2a and 1gG2b Abs were elevated. Interest-
ingly, animals vaccinated with IL-12 also showed a highly significant increase in total Ig titers spe-
cific for IrV-5, a known protective antigen. More importantly, 3X/IL-12 serum alone, when transferred
to naive mice reduced worm burdens by over 60% while 3X/saline serum transferred significantly
less protection. Nevertheless, animals vaccinated in the presence of IL-12 also develop macrophage:
with enhanced nitric oxide dependent killing activity against the parasites. Together, these observa-
tions suggest that IL-12, initially described as an adjuvant for cell-mediated immunity, may also be
used as an adjuvant for promoting both humoral and cell-mediated protective responses.
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CYTOKINE RESPONSES INDUCED BY THE IRRA-  sensitivity (DTH), macrophage activation, synthe-
DIATED CERCARIAE VACCINE sis of complement-fixing antibody (IgG2a), and anti-
) ) ) ) body-dependent cell cytotoxicity (ADCC). In con-

_ Itis now well known that with many infectious rast, Th2 cells produce IL-4, IL-5, and IL-10 amongst
diseases, protection or progression of disease oﬁgfher cytokines, and are proficient in providing B
depends on which Th cell subtype, Th1 or Th2 igg|| help. Th2 cytokines stimulate the production of
preferentially induced. The cytokine micro-environjge  non-complement-fixing antibodies (IgG1 and
ment which is present during the initiation of an iMy3G4), and stimulate mast cell and eosinophil differ-
mune response has a major influence on'CDekll  gntiation (Mosmann et al. 1986).
subset selection. IFNand IL-12 are the primary | schistosomiasis, there has been a major effort
cytokines for the Q|ﬁerent|§1t|on of Thl cells whileg identify vaccines capable of inducing high levels
IL-4 and IL-10 are involved in Th2 cell developmentof resistance against infection with the parasite.
Th1 cells produce IFN; IL-2, and TNFB, and are - cyrrent experimental vaccines however, provide at
important for the induction of cell-mediated immu-pest only 30-80% protection from parasite challenge
nity. They are associated with delayed-type hypeygergquist et al. 1994). The reasons for the failure to
achieve complete immunity remain unclear. More-
over, there is considerable debate concerning the
immunologic effector mechanisms responsible for
Fax: +1-301-402-0890. E-mail: twynn@nih.gov the rejection of challenge parasites in resistant ani-
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ings indicating a role for humoral, Th2 based relenge (Wynn et al. 1994), both Th1 and Th2-associ-
sponses. A strategy which we have employed tated cytokine mRNAs were induced following expo-
begin to improve vaccine efficacy has been to desure to irradiated cercariae and with similar kinetics
fine a mechanism(s) of immunity operating in a giveifWWynn et al. 1995). In contrast, unattenuated cer-
vaccination protocol and to attempt to enhance thaariae failed to trigger significant increases in N*N-
response by immunomodulation. MRNA expression until 8 to 10 days after Th2 re-
A frequently used model in the study of schissponses were first detected. Irradiated parasites
tosome immunity is the induction of resistance intherefore appear to induce a mixed Th1/Th2 response
mice by immunization with radiation-attenuatedn vivothat fails to polarize during the initial vacci-
cercariae. After a single exposure to this vaccin@ation period into a dominant Thl or Th2 mRNA
animals eliminate 60-70% of the worms ordinarilyphenotype. Interestingly however, infection with
developing from a challenge infection (James et alinattenuated parasites is associated with a more
1984). The resistance is dependent onCDim-  rapid progression towards a Th2-dominated re-
phocytes (Vignali et al. 1989) and appears to b&ponse, although IFMMRNA was detected at later
associated with the function of Th1 rather than Th@tmes (Wynn et al. 1995). The observed variation in
type cytokines (Pearce et al. 1991). Thus treatmeeytokine induction profile may reflect differences in
of vaccinated mice with antibodies to IRNauses migration, survival, or antigen expression by irradi-
a reduction in immunity, while antibodies againsated versus normal cercariae. Whether this dispar-
IL-4 and IL-5 are without effect (Sher et al. 1990). ate cytokine induction pattern explains the induc-
Cell-mediated immunity involving IFN-acti-  tion of protective immunity by attenuated as op-
vated effector cells is the major mechanism of prgaosed to live infection however, still remains un-
tective immunity in this model. The schistosomulalear.
may either become trapped in (Smythies et al. 1992)
or deflected out of the lung (Dean & Mangold 1992@;36:;'22 CECJ(L:JIVNAE'\'T FOR THE IRRADIATED
Kassim et al. 1992) due to vigorous inflammatory
foci that form around them as they migrate through In an attempt to increase the efficacy of the
the lungs. There is also strong evidence that théyadiated cercariae vaccine, we have used IL-12, a
may be directly killed in the lungs by toxic factorspotent inducer of IFN+production, as an adju-
produced by macrophages or endothelial cells thgant to drive Thl-responses and simultaneously
have been activated with combinations of severauppress Th2 cell differentiation. Related studies
cytokines including IFNg TNF-a, IL-1, and IL-2 have shown that administration of IL-12 either just
(Oswald et al. 1994a). This response requires tefore infection or shortly after exposure to a vari-
arginine-dependent production of nitrogen oxidesty of infectious organisms has proven highly ef-
(Oswald et al. 1994b). Our studies have demonstratisttive at eliminating or decreasing infection inten-
that a similar cytokine micro-environment conducivesity. Animals infected witH_eishmania major
to the activation of effector cells is present in th¢Sypek et al. 1993, Heinzel et al. 199@)xoplasma
lungs of vaccinated mice (Wynn et al. 1994, 1995j0ondii (Gazzinelli et al. 1993, Hunter et al. 1995),
the proposed site of parasite elimination (Wilson & isteria monocytogendgvagner et al. 19945 ryp-
Coulson 1989). Indeed high levels of NO synthasgcoccus neoformar{€lemons et al. 1995plas-
(the enzyme which drives NO production) were demmodiumyoelii (Sedegah et al. 1994)lycobacte-
onstrated in the inflammatory foci surrounding thejum tuberculosigCooper et al. 1995), artisto-
challenge parasites in vaccinated mice (Wynn et gllasma capsulaturfZhou et al. 1995), have all ben-
1994). Nevertheless, the significant expression withigfitted from treatment with IL-12 if administered
the same tissues of IL-4, IL-10, and IL-13, cytokinegjuring the initial exposure to the pathogen. In our
known to inhibit macrophage/endothelial cell actiexperiments however, IL-12 had little or no effect
vation suggested that these effector mechanisrgg immunity when administered alone. Neverthe-
may not be operating optimally vivo(Wynn etal.  |ess, when combined with irradiated cercariae, IL-
1994, 1995). Therefore we hypothesized that the c@2 enhanced the subsequent protection from a chal-
expression of macrophage de-activating Th2-asspspge infection (Wynn et al. 1995). This enhanced
ciated cytokines may explain the inability of the atjymynity was associated with a significant increase
tenuated cercariae vaccine to provide complete prgs Th1-associated cytokines at both the mRNA and

tection. . ; . ; o
. . rotein level during the period of immunization. In
We have also analyzed cytokine production du'gontrast IL-4 and IL-5 production were markedly

ing the period of vaccination and compared the reg,nressed, an observation which was reflected in
sponse in the lungs to irradiated with normal cet;

cariae in order to begin to understand why atten the significant reduction in serum IgE levels and
ated but not normal larvae stimulate protective i ssue eosinophilia observed during the vaccina-

munity. As was also observed at the time of Ch';}lon period. These results thus confirmed a lack of
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a requirement for eosinophils and IgE in anti-schigaining a highly polarized Thl-type cytokine re-
tosome immunity in mice (Sher et al. 1990). sponse (Wynn et al. 1996). Moreover, passive trans-

In agreement with previous studies on postfer experiments demonstrated that the antibodies
challenge responses (Wynn et al. 1994), vaccinatétluced were protective. Studies examining the type
mice demonstrated elevated expression of Thl-asfantibody response stimulated by 3X/IL-12 immu-
sociated cytokines (IFN; TNF-a, and IL-12 p40) nization suggested that the enhanced protective re-
with respect to challenged controls, while expressponse was associated with increases in IgG1, 1gG2a,
sion of the Th2 cytokines IL-4, IL-5, and IL-13 wasand most strikingly in IgG2b antibody isotypes. IgE
unchanged or suppressed. Surprisingly, while IFNantibodies and tissue eosinophil levels were mark-
y, IL-12 and TNFe were increased during vaccina-edly suppressed in all IL-12-treated animals whether
tion, no significant increase in these cytokinégmmunized a single or multiple times with the irradi-
mMRNAs was observed at challenge, when compareded parasites, again providing little evidence for a
with the already high levels observed in the vacciole of this effector mechanism in resistance in mice.
nated saline-treated controls except when IL-12 was addition, to enhancing the humoral immune re-
administered both at the time of vaccination andponse against the parasite, IL-12 also enhanced
again during the challenge infection (Wynn et althe ability of Ag-elicited macrophages from the 3X-
1995). Nevertheless, IFfMproduction was rou- immunized mice to kill schistosomula in vitro (Wynn
tinely elevated in lung-associated lymph node cukt al. 1996). Thus, the combined results from these
tures upon re-stimulation in vitro with a solublestudies suggest that IL-12, when incorporated as an
worm extract and IL-5 secretion decreased in botidjuvant, may be useful for enhancing protective
groups of IL-12 treated animals suggesting a réAb responses while at the same time boosting Th1-
duction in overall Th2 activity and an increase iffype CMI.
Thi. Again, the marked decrease in tissue eosino- These findings hold particular importance for
philia in the same animals was consistent with thischistosomiasis, since existing vaccines provide
hypothesis. Thus the enhancement of vaccinenly 30-80% protection from infection in the mouse
induced resistance by IL-12 appears to correlat@ergquist et al 1994). Therefore, animmunologi-
closely with a reduction in Th2-related activity, sug<ally-based strategy which enhances both arms of
gesting that the major effect of IL-12 may be itdhe immune response may be a highly desirable
inhibition of the production of these potent macirait for a vaccine aimed at preventing infection with
rophage deactivating cytokines (Wynn et al. 1995) parasite which has evolved numerous mechanisms
leading to enhanced Thl-associated anti-parasi® subvert the host immune response. Regardless
effector mechanisms. of the precise mechanism involved in parasite attri-

While the above studies demonstrated that ILtion, the data presented here clearly demonstrate
12 can be used as an adjuvant for the developmeéhat IL-12 can up-regulate protective immunity
of a strong cell-mediated immune response to thagainst schistosomes, at least in the attenuated
parasite, relatively little was known about its efvaccine model. Whether the cytokine will have
fects on the development of a protective humoraimilar effects on immunization with defined anti-
immune response. Cellular immune responses agens has yet to be established and obviously will
often associated with low Ab production (Paristdepend on the particular effector mechanism which
1972). Thus, IL-12 administration might be expectedach vaccine employs. Clearly, based on its dra-
to reduce this arm of the immune response. Imatic effects as an adjuvant in vaccination against
agreement with these observations, IL-12 wak. major (Afonso et al. 1994).. monocytogenes
shown to suppress antibody synthesis in a mod@¥iller et al. 1995) ands. manson{Wynn et al.
where B cells are activated polyclonally with a sheep995, 1996), IL-12 has enormous potential as an
anti-mouse IgD antiserum (Morris et al. 1994). Inagent for modulating the outcome of immunization
terestingly, mice which have been immunized witand may have broad application in the prevention
irradiated cercariae two or more times in the atoef a variety of different infectious diseases.
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