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To explore the roles of chemokines in type 1 and type 2 responses in vivo, we examined mRNA expression
for a panel of up to 17 chemokines in experimental mouse models using Schistosoma mansoni. These studies
revealed that Mig (monokine induced by gamma interferon), cytokine-responsive gene 2/10-kDa interferon-
inducible protein, RANTES, lymphotactin, macrophage inflammatory protein 13 (MIP-13), JE/monocyte che-
moattractant protein 1, and MIP-2 are associated with type 1 egg-induced responses and that thymus-derived
chemotactic agent 3 (TCA3), eotaxin, MIP-1a, and MIP-1+y are associated with type 2 egg-induced responses.
After cercarial infection, both type 1-associated and type 2-associated chemokines were elevated in the livers
of infected mice presensitized with eggs and recombinant interleukin-12 (rIL-12), a regimen that diminishes
pathology. Neutralization of IL-12 or gamma interferon during egg deposition reversed the effects of prior
treatment with rIL-12, leading to a return to larger granulomas; persistently elevated expression of TCA3,
eotaxin, and MIP-1a; and a marked reduction in the expression of type 1-associated chemokines despite the
maintenance of a dominant type 1 cytokine response in the draining lymph nodes. Our findings suggest that
there are patterns of coordinate chemokine expression characteristic of type 1 and type 2 responses in vivo; that
the cells recruited by a given pattern of chemokines may differ, depending on the composition of peripheral
populations; and that patterns of tissue expression of chemokines may determine the character of an inflam-
matory response independently of the dominant pattern of differentiation of antigen-specific T cells. Our data
reveal new relationships between chemokines and polarized immune responses and suggest that end organ
inflammation might be altered by chemokine blockade without necessitating reversal of the phenotype of the

majority of differentiated T cells.

Schistosomiasis is a parasitic disease affecting approximately
200 million people worldwide, constituting a significant prob-
lem in public health (4). Morbidity from infection with Schis-
tosoma mansoni is primarily the result of an inflammatory
reaction to eggs deposited in the liver, leading to fibrosis and
the sequelae of portal hypertension (7). Mouse models have
been used extensively to study the pathology of schistosomal
infection and the immunopathology of the granulomatous re-
sponse (48, 51), with the ultimate goal of being able to manip-
ulate the response to minimize inflammation and fibrosis for
clinical benefit (53). Pulmonary embolization of schistosomal
eggs has provided an experimental system of synchronous de-
velopment of granulomas. In naive animals, the granulomas
increase in size over 2 weeks and then begin to resolve (51).
For mice with prior sensitization, the pattern of inflammation
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is similar but accelerated, with peak granuloma size reached
within the first week (34, 51).

Besides contributing to an understanding of schistosomiasis,
these studies with mice have revealed general principles un-
derlying the control of granuloma formation and inflammatory
injury. To date, we have focused on the roles of pleiotropic
cytokines such as interleukin-12 (IL-12), gamma interferon
(IFN-v), tumor necrosis factor alpha (TNF-a), IL-4, IL-5, IL-
13, and IL-10 in determining the magnitude and character of
the inflammatory response. We have investigated these roles
by measuring cytokine expression in lymphoid and peripheral
tissues, by blocking or eliminating cytokines by using antibod-
ies or knockout mice, respectively, and by administering cyto-
kine along with sensitizing antigen as part of strategies for
immunization (8, 9, 14, 23, 55, 57). General conclusions from
these studies have been that Th2 cytokines are primarily re-
sponsible for the granulomatous response to S. mansoni eggs;
that in this context, Thl cytokines function as endogenous
down-regulators; and that unopposed activity at either polar
extreme can be detrimental (23, 54).

Within the last 15 years, a family of more than 40 chemo-
tactic factors has been described, now named chemokines, that
signal through seven transmembrane domain receptors and
that are critical for leukocyte trafficking, both as part of ho-
meostasis and in inflammation and infection (32). Chemokines
that are important in inflammatory reactions can be induced in
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TABLE 1. Chemokines analyzed in this study”

Chemokine Inducer(s) Receptor(s) Principal target(s)
CXC
KC (CXCL1-3)" LPS, IL-1, TNF-a, PDGF CXCR2 N
MIP-2 (CXCL1-3) LPS, IL-1, TNF-a CXCR2 N
LIX (CXCLS) LPS CXCR2 N
Mig (CXCL9) IFN-y CXCR3 T, NK, B
CRG-2/IP-10 (CXCL10) IFN-a, -B, -y, LPS, IL-1, TNF-« CXCR3 T, NK, B
SDF-1 (CXCL12) Constitutive CXCR4 T, B, D, M, Thy
CcC
TCA3/1-309 (CCL1) LPS, IL-1 CCR8 T, M, Thy
JE/MCP-1 (CCL2) LPS, IL-1, TNF-«, IL-4, thrombin, IFN-y, PDGF, CCR2 M, T, NK, Ba, B
GM-CSF, M-CSF
MIP-1a (CCL3) LPS, IL-1, TNF-qa, IFN-y, TCR, FCeR CCR1, CCR5 T, M, N, D, E, Ba, NK, B, Thy
MIP-18 (CCL4) LPS, IL-1, TNF-a, TCR, BCR CCRS5 T, M, D, Thy
RANTES (CCL5) LPS, IL-1, TNF-o, IFN-y CCR1, CCR3, CCRS T, M, E, Ba, D, NK, N, B, Thy
MCP-3/FIC (CCL7) LPS, IL-1, TNF-a, IFN-y, PDGF CCR1, CCR2, CCR3 M, T, E, Ba, D, NK, Thy
MIP-1vy (CCL9) Constitutive CCR1 N, T
Eotaxin (CCL11) IL-1, TNF-a, IL-4, IL-13, IFN-y CCR3 E, Ba, T
MCP-5 (CCL12) LPS, IFN-y CCR2 M, T, B
C, lymphotactin (XCL1) IL-4, TGF-B, TCR XCR1 T, NK

“ Abbreviations: N, neutrophil; B, B lymphocyte; Ba, basophil; D, dendritic cell; E, eosinophil; M, monocyte; NK, natural killer cell; T, T lymphocyte; Thy, thymocyte;
BCR, B-cell receptor; TCR, T-cell receptor; FCeR, immunoglobulin E Fc receptor; PDGF, platelet-derived growth factor; GM-CSF, granulocyte-macrophage

colony-stimulating factor.

b Systematic names are in parentheses beside common names. There are occasional ambiguities in applying the systematic names for human chemokines to their

presumed mouse orthologues.

many types of cells by an array of exogenous or endogenous
factors, with pleiotropic cytokines being the primary endoge-
nous regulators (2). Studies have been done to investigate the
role of the chemokine system in the granulomatous inflamma-
tion associated with eggs from S. mansoni. These studies have
analyzed the expression and activities of a limited number of
chemokines and their receptors and have shown, for example,
that the chemokines macrophage inflammatory protein la
(MIP-1a) (29) and JE/monocyte chemoattractant protein 1
(MCP-1) (13) and chemokine receptor 1 (CCR1) (18) contrib-
ute to the size of the egg-induced granuloma, although the
effects of individual elements on lesion size or cellular compo-
sition have not been found to be dramatic. Additional studies
have used soluble egg antigen (SEA)-coated beads to model
granulomatous inflammation, revealing the expression of mul-
tiple chemokines, some of which have been shown to influence
granuloma size (12, 40).

In the present study, we addressed two general aspects of the
relationship between the chemokine system and schistosomal
inflammation. Firstly, we sought to examine the patterns of
expression for as many as 17 chemokines in the lung and liver
in response to egg embolization in the former and egg depo-
sition following natural infection in the latter in order to create
a more complete picture of the role of the chemokine system
in these responses. We hypothesized that specific chemokines
would be associated with the recruitment of leukocyte subsets
into granulomas. Secondly, we sought to take advantage of
protocols that we have developed to produce polarized type 1
or type 2 responses to schistosomal eggs in order to examine
more generally the relationship between patterns of cytokine
and chemokine expression. Experiments using these protocols
had revealed previously that in mice lacking IFN-v, the pri-
mary granulomas around eggs embolized to the lungs were
increased in size compared with those in wild-type mice (58);
that sensitization with eggs plus recombinant IL-12 (rIL-12)

led to a type l-deviated response to subsequent challenge
either by pulmonary embolization of eggs (57) or by cercarial
infection and egg deposition in the liver (55), resulting in
smaller granulomas and diminished fibrosis; and that type 1
cytokines are required not only at the time of sensitization but
also during the “effector” phase at the time of egg deposition
in order to maintain the type 1 cytokine profile in tissue along
with the associated attenuation of egg-induced pathology (22).
We hypothesized that there would be patterns of chemokine
expression characteristic of type 1 versus type 2 responses.

To facilitate the interpretation of our data, Table 1 lists the
chemokines that we analyzed, along with their systematic
names, inducers, and receptors and the cells that are their
principal targets. In addition to validating our hypotheses de-
scribed above, our results suggest both that the functions of
chemokines in recruiting cells to tissue sites are influenced by
(and need to be understood within) the context of the systemic
immune response and that chemokines may themselves in-
fluence the character of tissue inflammation through selective
recruitment from the pool of available cells. Importantly, these
data suggest that end organ inflammation might be affected by
inhibiting one component of the overall response—namely,
chemokines and/or their receptors—and thereby changing the
composition of recruited populations without reversing the
dominant pattern of effector T-cell differentiation.

MATERIALS AND METHODS

Mice and parasites. Approximately 6-week-old female C57BL/6 mice were
obtained from the Division of Cancer Treatment, National Cancer Institute
(Frederick, Md.). IFN-y~/~ mice were obtained from Genentech Inc. (San
Francisco, Calif.) and maintained in the C57BL/6 background. Experiments were
done at the National Institutes of Health under approved animal study protocols.
S. mansoni eggs were isolated from the livers of infected mice and enriched for
mature eggs (Biomedical Research Institute, Rockville, Md.). For infection stud-
ies, cercariae of a Puerto Rican strain of S. mansoni were obtained from infected
Biomphalaria glabrata snails (Biomedical Research Institute).
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FIG. 1. Schematic of models of S. mansoni used in this study. In the
primary-challenge model, C57BL/6 mice were sacrificed at days 5 and
15 after i.v. injection of 5,000 eggs. In the secondary-challenge model,
mice were sensitized i.p. with 5,000 eggs. Mice cosensitized with rIL-12
received four daily injections i.p.(0.25 wg/dose) during egg sensitiza-
tion. Four weeks later, mice received 5,000 eggs i.v. without exogenous
cytokines. Mice were sacrificed at days 0, 3, 6, 10, and 14 after i.v.
challenge. In the infection studies, mice were sensitized with 5,000 eggs
i.p. three times, with 2 weeks between sensitizations, and treated with
or without rIL-12 (0.25 pg/dose) on days 0, 1, 2, 3, and 5 after each egg
exposure. Four weeks after administration of the last dose of rIL-12,
mice were infected with cercariae by percutaneous challenge of the tail
skin. Five weeks after infection (coinciding with egg deposition), mice
received neutralizing antibodies against IFN-v, IL-12, or, as a control,
B-Gal at 1 mg/dose i.p. twice weekly until they were sacrificed 8 weeks
after infection.

Immunizations and infections. In primary egg challenge experiments, mice
received 5,000 S. mansoni eggs intravenously (i.v.) and lungs were harvested on
days 5 and 15 (Fig. 1). In sensitization and challenge experiments, mice were
sensitized with 5,000 eggs intraperitoneally (i.p.) with or without rIL-12 (0.25
png/dose given i.p. daily for 4 days). rIL-12 was obtained from the Genetics
Institute, Cambridge, Mass., and was a kind gift from Joe Sypek. Four weeks
later, mice received 5,000 eggs i.v. without exogenous cytokines. Mice were
sacrificed at days 0, 3, 6, 10, and 14 after i.v. challenge with eggs. In the infection
studies, mice were sensitized with 5,000 eggs i.p. three times, with 2 weeks
between sensitizations, and treated with or without rIL-12 (0.25 pg/dose) on days
0,1, 2, 3, and 5 after each egg exposure. Four weeks after receiving the last dose
of rIL-12, mice were infected by percutaneous challenge of tail skin in water
containing 20 to 25 cercariae for 40 min. Five weeks after infection (coinciding
with egg deposition), mice received neutralizing antibodies against IFN-y
(XMG1.6), IL-12 (C17.8.20), or B-galactosidase (B-Gal) (GL113) at 1 mg/dose
i.p. twice weekly until they were sacrificed 8 weeks after infection. XMG1.6 was
kindly provided by DNAX, Palo Alto, Calif., and C17.8.20 was kindly provided by
Georgio Trinchieri, Wistar Institute, Philadelphia, Pa.

Preparation of mRNA from tissues. Depending on the experimental model,
the right lung or two 25-mg portions of the liver were placed in either 1 ml of
Trizol (Life Technologies, Gaithersburg, Md.) or RNA STAT-60 (Tel-Test, Inc.,
Friendswood, Tex.) and immediately placed on dry ice. Tissues were disrupted by
using a tissue homogenizer (Omni International, Waterbury, Conn.), and RNA
was isolated in accordance with the manufacturers’ protocols.

RT-PCR detection of chemokine mRNAs. Reverse transcription (RT) of 1 pg
of total RNA was performed by using the Superscript Preamplification System
(Life Technologies), and the final cDNA preparation was diluted eightfold for
use in a PCR. The oligonucleotide primers for the chemokines were selected
such that the amplicon would span an intron (Table 2). The PCR conditions were
strictly defined for each chemokine pair such that the relationship between the
input RNA and the amplicon was linear. Threefold serial dilutions were made
from the cDNA from each sample to verify the linearity of the assay. Twenty
microliters of PCR product was analyzed by using a 1.5% agarose gel run in
Tris-acetate-EDTA. Gels were washed in water, and the DNA was denatured
with 1.5 M NaCl-0.4 N NaOH for 20 min. DNA was transferred onto Zeta-probe
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GT nylon membranes (Bio-Rad, Hercules, Calif.) in denaturing solution. After
overnight transfer, blots were washed twice with 0.5 M Tris (pH 7.0) and then
twice with 2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) be-
fore baking under vacuum for 2 h at 80°C. Antisense oligonucleotide probes
(5 pmol/reaction mixture) were end labeled by using 30 wCi of [y-**P]ATP (NEN
Life Sciences, Boston, Mass.) and T4 polynucleotide kinase (New England Bio-
labs, Beverly, Mass.), and probes were separated from unincorporated isotope by
using NUCTRAP push columns (Stratagene, La Jolla, Calif.) in accordance with
the suppliers’ protocols. Blots were incubated for greater than 1 h at 50°C in
prehybrization solution containing 10X Denhardt’s solution, 6X SSC, 1% so-
dium dodecyl sulfate (SDS), 20 pg of yeast tRNA/ml, and 50 pg of salmon sperm
DNA/ml before being placed in 6xX SSC-1% SDS containing 5 X 10° to 10 X 10°
cpm of probe/ml. Hybridization was done overnight at 50°C, and blots were
washed three times (5 min each) with 6X SSC-1%SDS at 55°C, followed by a
final 3-min wash in 1X SSC-1% SDS. Bands were quantified by using a Phos-
phorImager and ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.)
after overnight exposure. All chemokine expression was normalized to hypoxan-
thine phosphoribosyltransferase (HPRT) and expressed as the fold increase over
levels in unsensitized, unchallenged mice.

RNase protection assay of ch kine and ch kine receptor mRNAs. Five
micrograms of total mRNA was used per hybridization reaction using the Ribo-
Quant Multi-Probe RNase protection assay system (Pharmingen, San Diego,
Calif.). Signals were quantified after overnight exposure by using a Phosphor-
Imager as described above. Chemokine and chemokine receptor expression
was normalized to the signals for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and then expressed as fold increases over the levels in unsensitized,
unchallenged, or uninfected control mice.

Statistical analysis. Values for mRNA expression were expressed as the
mean * the standard error of the mean. Differences between groups were
evaluated by a two-tailed Student ¢ test. P < 0.05 was considered significant.

RESULTS

Embolization of S. mansoni eggs to the lungs of wild-type
and IFN-y~/~ mice reveals type 1 and type 2 response-asso-
ciated chemokines. We evaluated chemokine expression in
mice following pulmonary embolization with eggs of S. man-
soni or infection with cercariae in accordance with the proto-
cols diagrammed in Fig. 1. The simplest of these was the
primary-challenge model, in which lung tissue was harvested 5
or 15 days after injection of eggs and samples were analyzed
for levels of chemokine and cytokine mRNAs, as well as for the
size and composition of egg-induced granulomas. The evolu-
tion of pulmonary granulomas after embolization of eggs of
S. mansoni in naive mice has been well characterized, showing
maximal size and cellular infiltration between 1 and 4 weeks
after injection, with the response decreasing by week 4 (31, 51).
The infiltrating cells consist initially of lymphocytes, primarily
CD4" T cells and NK cells, and macrophages, which then
diminish in favor of eosinophils (31, 39). The pattern of cyto-
kine production by lymphocytes in the lymph nodes of egg-
injected mice shows induction of IFN-y within 1 day and sub-
sequent loss of IFN-y production by day 7, associated with
large increases in the expression of IL-4 and IL-5 (47). The
pattern in the lung is similar, although it is distinguished by the
presence of a more mixed response at later times with lower
but detectable expression of IFN-y at up to 2 weeks, when
IL-4, IL-5, and IL-13 are highly expressed (56, 57).

In order to characterize patterns of chemokine expression
after primary challenge of mice that differed in the Thl com-
ponent of the inflammatory response, we challenged wild-type
mice, as well as mice with targeted deletion of the gene for
IFN-y. We have demonstrated previously that blocking of
IFN-vy leads to increased granuloma size, increased granuloma
eosinophils, and increased expression of Th2 cytokines IL-5
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TABLE 2. Oligonucleotide primers and probes used for PCR-Southern blot analysis of murine chemokines”

Target, cycle no. 5" and 3’ oligonucleotides

Antisense probe Product

size (bp)©

CRG-2/IP-10 (CXCL10), 24 TGAGCAGAGATGICTGAATC ATTAGGACTAGCCATCCACTGGGTAAAGGEG 399
TCGCACCTCCACATAGCTTACAG

Eotaxin (CCL11), 24 TAGGTAAGCAGTAACTTCCATCTGICTC GATGCACCCTGAAAGCCATAGTCTTCAAGAC 380
TGACTAAATCAAGCAGT TCTTAGGCTCTG

JE/MCP-1 (CCL2), 26 CACTCACCTGCTGCTACTCATTCAC TCACTGTCACACTGGTCACTCCTACAGAAG 505
GGATTCACAGAGAGGGAAAAATGG

KC (CXCL1-3), 28 TTGACCCTGAAGCTCCCTTGGITC CTCTCTGCACTTCTTTTCGCACAACACCCT 521
CGTGCGTGTTGACCATACAATATG

LIX (CXCLS5), 30 GGGATCTTGTCCACAATGAG ACGGAGCTGCGT TGTGTTTGCTTAACCGTA 547
AGGGACAATGGTTTCCCTT

Lymphotactin (XCL1), 24 TGCAATGGGTTTGGGAACTG AACTTACAAACCCAGCGGCTGCCAGT TCAA 439
CAAGACCTCAGCCATGAGAC

MCP-3 (CCL7), 24 GCCAGCTCTCTCACTCTCTTT AGCTACAGAAGGATCACCAGTAGTCGGTGT 430
CAACACATTTCATCAACAG

MCP-5 (CCL12), 25 GITCCTGACTCCTCTAGCTTTC GTTAAGCAGAAGATTCACGTGCGGAAGCTG 397
ACGTAAGAGTTTTTGGAACTC

Mig (CXCL9), 29 GATCAAACCTGCCTAGATCC CTCTTATGTAGTCTTCCTTGAACGACGACG 399
GGCTGTGTAGAACACAGAGT

MIP-2 (CXCL1-3), 29 CCTGGTTCAGAAAATCATCC AGACAGCGAGGCACATCAGGTACGATCCAG 468
TCCCCAGTCTCTTTCACTGT

MIP-1a (CCL3), 25 CGGAAGATTCCACGCCAATTC AGGAGAT GGAGCTATGCAGGT GGCAGGAAT 448
GGTTGAGGAACGTGTCCTGAAG

MIP-1B (CCL4), 23 CCCACTTCCTGCTGTITTCTCTTAC AATCTGAACGT GAGGAGCAAGGACGCTTCT 444
AGCAGAGAAACAGCAATGGTGG

MIP-1y (CCL9), 28 GCCCACTAAGAAGATGAAGCCT TGCTGCCTGTCCTATAACTCACGGATTCAG 416
CCTTCTCTAAAGCAAATGTTA

RANTES (CCLYS), 23 CCACGTCAAGGAGTATTTCTACACC GCTAGGACTAGAGCAAGCAATGACAGGGAA 326
CTGGTITTCTTGGGTTTCCTGTG

SDF-la (CXCL12), 24 CTCCAAACTGTGCCCTTCAG TGGCAAACCTTAGCATGACCCCAGT CAGTG 348
AAAGCTCCATTGT GCACGEG

SDF-1B (CXCL12), 26 CTCCAAACTGTGCCCTTCAG CAGCAAAACTGTGCAAAGCAAGTCCCTTGC 368
GCCTGTCACCAATGACGT TG

HPRT,” 22 GITGGATACAGGCCAGACTTTGITG GITGTTGGATATGCCCTTGAC 162

GATTCAACTTGCGCTCATCTTAGGC

“ RT-PCR and Southern hybridization conditions are described in Materials and Methods.

® Housekeeping gene used for normalization.
¢ bp, base pairs.

and IL-13 at 2 weeks after embolization (57). As shown in
Fig. 2A, the early induction of six chemokine genes, those for
cytokine-responsive gene 2/10-kDa IFN-inducible protein (CRG-
2/1P-10), RANTES, lymphotactin, JE/MCP-1, MIP-18, and
MIP-2, was diminished significantly in the IFN-y/~ mice and
in some cases in the IFN-y*/~ mice, while the later induction
of three genes, those for thymus-derived chemotactic agent 3
(TCA3), eotaxin, and MIP-1a, was enhanced in the IFN-y~/~
mice compared with the wild-type mice. For the wild-type mice,
consistent with the mixed pattern of expression of type 1 and
type 2 cytokines at 5 and 15 days in naive mice, the differences
in fold induction between the type 1- and type 2-associated
chemokines at 5 compared with 15 days were not dramatic.
However, the chemokines whose levels were most affected by
IFN-y—CRG-2/IP-10, RANTES, and TCA3—showed a pat-

tern consistent with the known pattern of cytokine expression,
with IFN-vy induced to the highest levels early and type 2 cy-
tokines higher at 2 weeks.

Polarization of the response to embolized eggs of S. mansoni
by pretreatment with rIL-12 is associated with dramatic changes
in chemokine gene expression in the lung. The experiment
described above analyzed the effect of diminishing the type 1
component of the granulomatous response to eggs in naive
mice. As a next step in associating patterns of chemokine ex-
pression with type 1- versus type 2-skewed responses to S. man-
soni, we used a protocol in which, in contrast, we created highly
and oppositely polarized responses in mice during sensitization
to eggs. Early work on the murine models of schistosomiasis
had shown that previously sensitized mice have exaggerated
responses to embolized eggs, with large granulomas that peak
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FIG. 2. Dual effects of IFN-y on chemokine gene expression in the lungs of C57BL/6 mice after a primary challenge with S. mansoni.
Chemokine gene expression was measured by RNase protection assays using RNA from homogenized lung tissue. Chemokine gene expression in
the challenged animals was normalized to GAPDH and then divided by the GAPDH-normalized expression for the specific chemokine in the lungs
of unmanipulated control mice. Values are the means of samples from four or five mice. (A) Chemokine genes showing diminished expression in
IFN-y*/~ (hatched bars) and IFN-y~/~ (open bars) mice compared with that in IFN-y*/* (solid bars) mice. (B) Chemokine genes showing
enhanced expression in IFN-y*/~ and IFN-y~/~ mice compared with that in IFN-y™* mice. *, P < 0.05 by two-tailed Student ¢ test for IFN-y*/~

or IFN-y ™/~ mice compared with IFN-y

*/* mice. Some error bars are too small to be seen.
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in size at 1 week (34, 51). In these granulomas, in a pattern
similar to but speeded up compared with that of naive mice,
lymphocytes and macrophages infiltrated to the highest levels
in the first few days, with their numbers falling thereafter along
with an increase in the numbers of eosinophils (31, 34). We
created highly polarized responses by injecting mice with eggs
with or without rIL-12 i.p. 1 month before a challenge with
eggs embolized to the lungs (Fig. 1). Whereas sensitization
with eggs alone creates a type 2-polarized response upon chal-
lenge, we have shown that sensitization with eggs plus rIL-12
dramatically suppresses secondary granuloma formation and
the production of Th2 cytokines (57).

In analyzing this model, we expanded the number of che-
mokine mRNAs that we evaluated by using a semiquantitative
RT-PCR. As shown in Fig. 3, a challenge after sensitization
without rIL-12 led to induction of multiple chemokines, most
dramatically, TCA3, eotaxin, MCP-3, MIP-1vy, and Mig (mono-
kine induced by IFN-vy). In rIL-12-sensitized mice, as shown
in Fig. 3A, expression of the IFN-y-inducible chemokines Mig
and CRG-2/IP-10 was dramatically enhanced. RANTES and
lymphotactin were also significantly induced in rIL-12-treated
mice. In contrast, as shown in Fig. 3B, rIL-12 treatment during
sensitization reduced the induction of TCA3 and eotaxin from
approximately 60-fold to 15-fold and from 35-fold to 6-fold,
respectively, and also significantly diminished the induction of
MIP-1y and MIP-1a. As shown in Fig. 3C, the expression of
MCP-3, KC, MIP-1B, JE/MCP-1, and MCP-5, while signifi-
cantly induced after egg embolization, was not dramatically
altered by pretreatment with rIL-12. MIP-2, stromal cell-de-
rived factor la (SDF-1a), SDF-1B, and lipopolysaccharide
(LPS)-inducible CXC chemokine (LIX) were not induced sig-
nificantly in the lung by a challenge with eggs (data not shown).
The general pattern of chemokine induction with a fall in
expression levels during week 2 is consistent with the decrease
in granuloma size and numbers of infiltrating cells during that
time, as noted above. The resolution of the granulomas is due
to a number of factors, including loss of egg viability and arrest
of egg maturation (19).

To complement the analysis of chemokines, we evaluated
the expression of mRNAs for chemokine receptors by an RNase
protection assay. As shown in Fig. 4, mRNAs for chemokine
receptors expressed on monocytes/macrophages, CCR1, CCR2,
and CCRS, all increased after egg embolization, although with
different patterns. CCR1 mRNA levels did not change after an
initial rise, CCR2 mRNA levels peaked on day 3 and then de-
clined, and CCRS levels continued to rise with time. Pretreat-
ment with rIL-12 did not appreciably affect the levels of any of
these mRNAs. In contrast, the mRNA of CCR3 demonstrated
a clear difference between the two groups, increasing steadily
after a challenge under type 2 conditions but without a signif-
icant or sustained increase in the mice treated with rIL-12.

Pretreatment with rIL-12 enhances expression of type 1-as-
sociated chemokines in the liver after egg deposition, but in
contrast with the pulmonary embolization model, expression
of type 2-associated chemokines remains elevated. Beyond the
models using egg embolization, we were interested in analyzing
the patterns of chemokine expression after egg deposition in
the liver in more complex and clinically relevant models of
S. mansoni infection. Again, we compared chemokine gene
expression in mice in which we had manipulated the polariza-
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tion of the response by prior treatment with eggs plus rIL-12
(Fig. 1). This protocol provides a mouse model for vaccination
targeted at reduction of hepatic pathology and is able to re-
duce granulomatous inflammation and collagen deposition
(55). In addition, we analyzed how the expression of chemo-
kine genes in rIL-12-treated mice was affected by blocking of
IFN-y or IL-12 during the response to egg deposition in the
liver. We have shown previously that treatment of these mice
with antibodies to IFN-y or IL-12 leads to an increase in
hepatic IL-4 and IL-5 back to levels seen in mice not pre-
treated with rIL-12 and that cytokine blockade partially or
completely reverses the effects of rIL-12 pretreatment on gran-
uloma size, granuloma eosinophil content, and hepatic fibrosis
(22). In spite of these effects in the liver, blocking of IFN-y or
IL-12 during the effector phase of the response did not signif-
icantly restore the type 2 response in lymph node cells from the
infected mice, which were characterized by stimulation in vitro
with SEA or soluble worm antigen (22). We chose to analyze
the livers at 8 weeks after infection because this is when the
hepatic granulomas are fully developed, Th2 responses are
well established, and cytokine mRNAs are maximally ex-
pressed (9, 55).

Figure 5 shows the results of RNase protection assays done
on RNAs from livers harvested from these infected mice. Sim-
ilar to the findings on the primary response to egg emboliza-
tion to the lung in wild-type versus IFN-y~/~ mice (Fig. 2), as
well as in the pulmonary response to eggs after pretreatment
with rIL-12 (Fig. 3), CRG-2/IP-10, RANTES, and lymphotac-
tin showed a type 1 bias, since they were increased in the livers
of mice pretreated with rIL-12 compared to those sensitized
with eggs alone. Consistent with the findings in the primary-
response model (Fig. 2), JE/MCP-1 and MIP-1p also showed a
modest type 1 bias in the liver, in that their expression was
enhanced in the rIL-12-treated mice. Unlike the findings in the
lung models, egg deposition in the liver led to a significant
increase in MIP-2 gene expression, which was enhanced in
mice pretreated with rIL-12. In contrast to the generally sim-
ilar results obtained with the models for the type 1-biased
chemokines, the chemokines whose gene expression showed a
clear type 2 bias in the pulmonary responses failed to be in-
hibited after egg deposition in the livers of infected mice pre-
treated with rIL-12. Nonetheless, as in the lung models, TCA3,
eotaxin, and MIP-1a behaved similarly to each other and were
distinguished from the type 1-biased chemokines by not show-
ing any noteworthy rIL-12-induced enhancement.

Not surprisingly for the type 1-biased chemokines, and sim-
ilar to what we have reported for liver pathology, as well as
liver cytokines (22), treatment of the mice with antibodies
against IFN-y or IL-12 during the time of egg deposition
largely reversed the effects of prior treatment with rIL-12. Just
as pretreatment with rIL-12 did not alter the expression of
mRNAs for TCA3, eotaxin, and MIP-1«, the antibodies to
IFN-y or IL-12 had no effect on the expression of these che-
mokines in the infected livers.

DISCUSSION

Our study represents the most comprehensive analysis yet
done on chemokine expression in mouse models of schistoso-
miasis. For some of the genes we evaluated, such as Mig,
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CRG-2/IP-10, MIP-1B, and KC, our data are the first descrip-
tion of expression in these models. For other genes, such as
lymphotactin, MIP-1v, and TCA3, our data are also among the
first descriptions of their expression as part of an immune
response in vivo. Overall, our expression data, together with
the well-established information on cellular recruitment into
schistosomal granulomas (31, 34, 39), support the association
of specific chemokines with recruitment of defined leukocyte
subsets. More importantly, the breadth of our data allows us to
place the expression of multiple chemokine-encoding genes in
a broader biological context in the production of the schisto-
somal granulomatous response and the Th1-Th2 paradigm
generally, using immunologically complex challenges that
mimic natural infection. Exposure of mice to schistosomal eggs
elicits a mixed Th1-Th2 response with the predominance of
IFN-y early and IL-4, IL-5, and IL-13 later (21, 35, 47, 56).
Perhaps not surprisingly, a mixed and moderated Th1-Th2
response forms the basis of a chronic and relatively benign
parasitism (23). By using IFN-y knockout mice and adminis-
tering rIL-12, we created polarized responses to reveal and
clarify relationships between patterns of cytokine and chemo-
kine production. Overall, our data support the hypothesis that
there are patterns of chemokine expression characteristic of
type 1 versus type 2 responses. We have summarized these re-
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sults in Table 3, and we will discuss the roles of the chemokines
in schistosomal inflammation within this context. Nonetheless,
it is evident that in the unmanipulated reactions to the para-
site, the pattern of chemokine production is more balanced,
faithfully reflecting the mixed and adaptive effects of opposing
cytokines.

In our sensitization-pulmonary embolization model, MCP-3,
MCP-5, and KC showed significant induction whether or not
the mice had been pretreated with rIL-12. MCP-3 showed the
most dramatic induction, to a peak of up to 30-fold over the
control level at 3 days after challenge. MCP-3 is a highly
promiscuous chemokine (Table 1) that has been associated
with both type 1 (6) and type 2 (45) responses. MCP-5 and KC
were induced to levels between 5- and 10-fold over the control
level following egg embolization. The major cell targeted in
common by MCP-3 and MCP-5 is the monocyte. And KC,
although considered primarily a neutrophil chemotactic factor,
might also recruit monocytes since, at least in humans, CXC
chemokine receptor 2 (CXCR2) is well expressed on these
cells (15). In the sensitization-pulmonary embolization proto-
col, MCP-3, together with JE/MCP-1 and, to a lesser extent,
KC and MCP-5, peak within the first few days. Together, the
data suggest that these chemokines may be important for the
recruitment of monocytes/macrophages that occurs early after
embolization in sensitized mice (34) and that would be ex-
pected to occur as part of both type 1 and type 2 responses.

Enhanced expression of CRG-2/IP-10, Mig, RANTES, and
lymphotactin was consistently associated with manipulations
in our models that favored type 1 responses and that reduced
S. mansoni-induced granulomatous inflammation. As shown
in Fig. 3A, inductions of Mig and CRG-2/IP-10 under type 1
conditions were more than 80- and 20-fold greater than the
control levels, respectively. CRG-2/IP-10 and Mig, chemokines
that share the receptor CXCR3, are the best-documented type
1-associated chemokines, being recognized since their discov-
ery as IFN-vy-activated genes (16, 17, 30, 46). CRG-2/IP-10
and/or Mig have been shown to be expressed in multiple tissues
in a variety of experimental infections (1) dominated by type 1
responses. In line with the induction of CRG-2/IP-10 and Mig
by IFN-y, their receptor, CXCR3, has been shown to be pref-
erentially expressed on Th1 CD4™" (5, 41), as well as on CD8™,
T cells and NK cells (27, 37). Both Mig and CRG-2/IP-10
tended to peak early (Fig. 2 and 3), which is consistent with the
time courses that have been demonstrated for recruitment of T
cells and NK cells into egg-induced granulomas (34, 39). The
fall in expression of Mig and CRG-2/IP-10 over the 2-week
time course shown in Fig. 2 and 3 is similar to what is seen for
a number of other chemokines, such as MCP-3, and is, as
noted in Results, also consistent with the general pattern of
expansion and reduction in granuloma size during this time
(34, 51). For RANTES, published data have also associated
induction with type 1 responses (3, 24, 26, 42). For lymphotac-
tin, there is little information on its expression in models of
disease. Consistent with our findings, however, lymphotactin
has been reported to be expressed selectively by activated Thl
CD4" versus Th2 CD4" T cells (6, 59).

In two of the models we evaluated, the primary response to
egg embolization and the infection model, we found a modest
association between MIP-1p expression and a type 1 response,
consistent with a number of reports in the literature (25, 36, 42,
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49) and with the preferential association of CCR5 with Thl
cells (37; P. Loetscher, M. Uguccioni, L. Bordoli, M. Baggio-
lini, B. Moser, C. Chizzolini, and J. M. Dayer, Letter, Nature
391:344-345, 1998). In the sensitization-pulmonary emboliza-

tion model, levels of MIP-18 mRNA rose early and stayed
elevated through the 2 weeks that we analyzed, similar to the
pattern for another CCRS5 ligand, MIP-1a. The pattern sug-
gests that CCRS and its ligands may be involved in maintaining
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TABLE 3. Association of chemokines with type 1 and type 2
responses in murine models using S. mansoni®

Primary Secondary

Chemokine embolization ~ embolization II:IleCC:gn
model model

CXC
KC (CXCL 1-3) ND” Type l/type 2 ND
MIP-2 (CXCL 1-3) Type 1 NI Type 1
LIX (CXCLS) ND NI ND
Mig (CXCL9) ND Type 1 ND
CRG-2/1P-10 (CXCL10) Type 1 Type 1 Type 1
SDF-1 (CXCL12) ND NI ND

cC
TCA3/1-309 (CCL1) Type 2 Type 2 Type 1/type 2
JE/MCP-1 (CCL2) Type 1 Type l/type 2 Type 1
MIP-1a (CCL3) Type 2 Type 2 Type 1/type 2
MIP-1B (CCLA4) Type 1 Type 1/type 2 Type 1
RANTES (CCLS) Type 1 Type 1 Type 1
MCP (CCL7) ND Type l/type 2 ND
MIP-1y (CCL9) ND Type 2 ND
Eotaxin (CCL11) Type 2 Type 2 Type 1/type 2
MCP-5 (CCL12) ND Type l/type 2 ND

C, lymphotactin (XCL1) Type 1 Type 1 Type 1

“ Responses are type 1 or type 2 as labeled. Type 1/type 2, induced but not
polarized.

> ND, not determined.

¢ NI, not induced.

lymphocytes in the granulomas throughout this time (34).
MIP-2, a CXC chemokine that signals through CXCR2, was
highly induced in the liver after egg deposition but only mod-
erately expressed in the lung after egg embolization. In both
tissues, there was an association with the type 1 response. Our
data on MIP-2 in the liver are consistent with the increased
numbers of neutrophils found in S. mansoni-induced hepatic
granulomas of rIL-12-treated mice (21a; K.F.H. and T.A.-W.,
unpublished data).

A noteworthy conclusion from the expression patterns of the
type 1l-associated chemokines is that expression of these
“proinflammatory” proteins was enhanced under circum-
stances in which the net effect was to diminish the inflamma-
tory response to eggs. These type 1 response-associated che-
mokines target primarily Th 1 cells and CD8" T cells and are
potent chemotactic factors for NK cells. Recruitment of all of
these cell types through mutually reinforcing pathways pre-
sumably contributes to the production of IFN-y and to the
reduction of S. mansoni-induced inflammation. A potential
role for NK cells, in particular, in the suppression of S. man-
soni-induced inflammation, has been demonstrated in egg em-
bolizations in mice following NK cell depletion (57).

In contrast to that of the chemokines described above, we
found that expression of TCA3, eotaxin, and MIP-1a was as-
sociated with a type 2 response and an exacerbated granulo-
matous reaction. The induction of TCA3 in the type 2 envi-
ronment was dramatic, up to 60-fold over control levels. Our
results are consistent with published data that show a prefer-
ential expression of TCA3 in Th2 versus Thl cells (59). The
rIL-12-mediated inhibition of TCA3 was associated with di-
minished pathology, and we presume that TCA3 may be in-
volved in recruitment of Th2 cells into the granulomatous
reaction, since mouse CCRS8 and human CCRS8 were shown to
be expressed preferentially on Th2 versus Th1l CD4™ T cells
(60).
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The preferential expression of eotaxin during the type 2-
dominated responses associated with the prominent accumu-
lation of eosinophils was not surprising. A number of experi-
ments have indicated a role for eotaxin in the accumulation of
eosinophils in allergic reactions in the lung and skin (20, 44).
Just as for TCA3 expression, our experiments are the first to
demonstrate that sensitization together with rIL-12 can almost
completely suppress eotaxin expression after a subsequent pul-
monary challenge with an agent that otherwise elicits a potent
type 2 response. The time courses for expression of TCA3 and
eotaxin in the sensitization-pulmonary embolization model
were similar. Both showed sustained high levels, which is con-
sistent with a role in the recruitment of eosinophils, whose
numbers continue to increase during the first 2 weeks (31). An
indirect role for TCA3 in eosinophil recruitment has been sug-
gested by very recent data that CCRS8 knockout mice showed
decreased levels of IL-5 and IL-13 and diminished numbers of
eosinophils in lungs challenged with SEA-coated beads (10).

The expression of MIP-1a showed a pattern similar to that
of TCA3 and eotaxin in the three models tested, but the levels
of induction and the differences between the type 1 and type 2
responses were less dramatic for MIP-1a, particularly in the
pulmonary sensitization-challenge model. The relationship of
MIP-1a to the typel-type2 paradigm is not clear-cut from the
published data, and the role of MIP-1a in vivo is likely to be
more model dependent than type 1 versus type 2 dependent.
The last chemokine that was highly induced with a type 2 bias
was MIP-1v, which we evaluated in the pulmonary sensitiza-
tion-challenge model. As far as we are aware, our data are the
first to show induction of MIP-1y in an in vivo model of
inflammation. The time course of MIP-1vy expression shown in
Fig. 3 and its receptor specificity suggest a role in the recruit-
ment of lymphocytes and monocytes.

Despite the type 2-response bias shown for TCA3, eotaxin,
and MIP-1a in the pulmonary embolization models, neither
pretreatment with rIL-12 nor cytokine blockade affected their
expression in the livers of infected mice. The differences be-
tween the findings in the liver model and those in the lung
model could be the result of a number of factors. Our past
work has demonstrated that it is much more difficult to redirect
the immune response in hepatic infection, where three sensi-
tizations with rIL-12 are required (55), compared with the
pulmonary embolization model, where a single sensitization
with rIL-12 suffices (57) (Fig. 1). This could be due to the
chronic nature of the hepatic infection compared with the
pulmonary embolization model and differences in the quality
of the eggs deposited by the worms versus those that are
injected. There could also be tissue-specific differences in the
regulation of chemokine gene expression.

Our liver data, as interpreted in Fig. 6, suggest that the
consequences of expression of a particular chemokine will dif-
fer depending on the context as part of an interactive relation-
ship with cytokines, other chemokines, and the overall immune
response, just as the pattern of chemokine expression will itself
contribute to the outcome of the response. In the sensitized
and infected but otherwise unmanipulated mice, chemokines
that target Th2 cells and eosinophils act on a peripheral pool
of T cells dominated by effector-memory Th2 cells and a pool
of eosinophils expanded and mobilized through the actions of
IL-5 (43). Together, these elements create large, eosinophil-
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FIG. 6. Inflammatory response to eggs in the livers of S. mansoni-infected mice depends on both the peripheral T-cell pool and the tissue
pattern of chemokine expression. Th1 and Th2 cells are represented by the numbered circles. In infected mice that have not been pretreated with
rIL-12 (top panel), Th2 cells predominate within the population of reactive effector-memory CD4" T cells, and type 2 response-associated
chemokines, which target these cells, are induced in the liver, together leading to the efficient recruitment of Th2 cells and characteristic hepatic
granulomas and pathology. In mice sensitized along with rIL-12 (middle panel), Thl cells predominate within the population of reactive
effector-memory CD4" T cells, and type 1 response-associated chemokines, which target these cells, are highly induced in the liver, together
leading to the efficient recruitment of Thl cells and decreased Th2 cells with diminished granulomas and pathology. In mice sensitized along with
rIL-12 and treated with anti-cytokine antibodies during the time that eggs are deposited (bottom panel), although Th1 cells still predominate, some
Th2 cells emerge within the population of reactive effector-memory CD4" T cells and the cytokine blockade results in a reversal of the chemokine
pattern in the liver with decreased type 1 response-associated chemokines. Together, these changes lead to the return of Th2 cells to the liver with

granuloma size, composition, and pathology being restored.

rich granulomas expressing IL-4, IL-5, and IL-13 (57). Al-
though type 1-associated chemokines are induced in these
mice, the peripheral pool is poor in Thl cells (55). In the mice
treated with rIL-12 during sensitization, the type 1-associated
chemokines are up-regulated. In the face of a peripheral pool
that is now dominated by Th1 cells, the result is efficient re-
cruitment of Th1 cells into the granulomas (55). The persistent
expression of type 2-associated chemokines in the livers of
these mice is inadequate, given the composition of the periph-
eral T-cell population, to recruit sufficient numbers of Th2 cells

into the lesions to produce local type 2 cytokines and granu-
lomas of the usual size and character (22). Blocking of IFN-y
or IL-12 in the rIL-12-treated mice during the time of egg
deposition leads to down-regulation of the type 1-associated
chemokines and restoration of the chemokine pattern to that
seen in mice not treated with rIL-12. With this chemokine
pattern and conditions that allowed the emergence of a small
but increased number of Th2 cells in the peripheral pool, the
type 2-associated chemokines are able to recruit selectively the
minority Th2 population to produce Th2-dominated granulo-
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mas, leading to the restoration of pathology (22). These pat-
terns suggest that by blocking the actions of one set of chemo-
kines, such as those associated with the type 1 response, and
allowing other chemokines to select out a subset of peripheral
cells, it may be possible to alter the character of the tissue
response without shifting the overall pattern of differentiation
of effector-memory T cells.

As noted in the introduction, studies published to date on
chemokine expression using experimental models with S. man-
soni have focused on a few chemokines in responses to embo-
lized eggs. A number of studies have also evaluated responses
to SEA-coated beads embolized to the lungs, which may par-
tially mimic the responses to eggs. These studies have shown
that eotaxin increases (40) and RANTES diminishes (12) le-
sion size. While this report was under review, Qiu et al. pub-
lished an extensive analysis of chemokine gene expression in
the lungs of sensitized mice injected with beads coated with
purified protein derivative or SEA in order to characterize
patterns of chemokine expression in type 1 versus type 2 re-
sponses (38). In many respects, the type 1-type 2 associations
they observed were similar to ours, with Mig, CRG-2/IP-10,
lymphotactin, and MIP-13 showing a type 1 association and
eotaxin and TCA3 showing a type 2 association. Nonetheless,
there are a number of differences between the studies, such as
their finding of type 1 associations for MIP-1a and LIX and
their failing to find any induction of MIP-1v. These differences
are likely due, at least in part, to the significant differences
between the models used in the two studies. Instead of using
antigen-coated beads, we challenged mice with viable schisto-
somal eggs; instead of using different antigens, we analyzed
type 1 versus type 2 responses in the lung using an identical
challenge; and in addition to the pulmonary embolization ex-
periments, we analyzed a model of natural cercarial infection
and egg deposition in the liver.

Besides our analyses of chemokine expression, we deter-
mined levels of chemokine receptor mRNAs in the lungs of
sensitized mice after egg embolization. Given the cellular com-
position of the granulomas, the early increases in CCRI,
CCR2, and CCRS probably reflected the initial recruitment of
monocytes, which express these receptors, from the peripheral
blood to the granulomas. The subsequent down-regulation of
CCR2 and the up-regulation of CCRS were likely due to the
differentiation of the monocytes to macrophages, since this
switch in receptor expression has been shown to occur dur-
ing maturation of human monocytes to macrophages in vitro
(33), and an analogous difference in receptor expression has
been found on peripheral blood monocytes that are CD14"*
(immature, CCR2"#" and CCR5'") versus CD14" CD16™"
(macrophage like, CCR2'°%, and CCR5"M#"), although both
populations express equivalent levels of CCR1 (52). To our
knowledge, these are the first data to suggest that this switch in
monocyte/macrophage receptor expression occurs in vivo dur-
ing the evolution of an inflammatory reaction. The levels of
mRNA for CCR3 rose dramatically in the mice not pretreated
with rIL-12 but showed a much smaller rise in the rIL-12-
treated mice, likely reflecting the significant difference that we
have documented in the numbers of eosinophils recruited to
the lungs in the two treatment groups (57).

A major impetus for studying the chemokine system is the
possibility of using a chemokine-receptor blockade to treat
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inflammatory diseases. A complicating factor, however, is the
expression of multiple chemokines, some with overlapping
activities, as part of a given response. Of the 17 chemokine
mRNAs that we evaluated, 11 showed significant induction in
the pulmonary embolization models. This may be why blocking
of individual chemokines (11-13, 28, 29, 40) or chemokine
receptors (10, 18, 50) has had only modest effects on the size
and/or composition of the granulomatous lesions. Together,
our data suggest that an effective approach to manipulating the
chemokine system in vivo requires both global analyses and a
systematic approach, based on an understanding of the overall
context of the response and likely on inhibition of chemokine
activities not only singly but also in combination. Additional
experiments will exploit the expression data presented above
and use models such as those we have developed with S. man-
soni in order to test the effects of such interventions.
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