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Modulation of Blood Fluke
Development in the Liver by
Hepatic CD4* Lymphocytes

Stephen J. Davies,” Jane L. Grogan,? Rebecca B. Blank,’
K. C. Lim," Richard M. Locksley,? James H. McKerrow'*

We have identified an alternate developmental pathway in the life cycle of the
trematode pathogen Schistosoma mansoni. This pathway is used in immuno-
deficient hosts in which the parasite fails to receive appropriate signals from
the host immune system. Helminth development is altered at an early stage
during infection, resulting in the appearance of attenuated forms that prolong
survival of host and parasite. Hepatic CD4* T lymphocyte populations are an
integral component of the immune signal recognized by the parasite.

The relationship between schistosome (blood
fluke) parasites and their human hosts is an-
cient and long-lived. Parasites can survive for
decades within infected hosts, and unlike
most bacteria, protists, and viruses, schisto-
somes and other helminths induce chronic
infections where host and parasite survive for
years, maximizing the parasite’s opportunity
for reproduction and transmission (/). For
some helminths, there is evidence that host
factors can trigger alternate developmental
pathways that facilitate survival in the face of
adverse conditions (2, 3). This phenomenon
may contribute to the aggregated distribution
of infection levels and morbidity observed in
infected host populations (7).

Previous studies (4, 5) have suggested that
a highly evolved relationship exists between
schistosomes and their hosts that may include
parasite exploitation of host endocrine and
immune signals. To investigate the latter pos-
sibility further, we examined S. mansoni par-
asites isolated from recombination activating
gene-1 deficient (RAG-17/7) C57BL/6 mice
(6) that lack B and T lymphocytes (7). At day
26 post infection (p.i.), parasites from the
livers of RAG-1"/~ mice were small, uni-
form in size, and undifferentiated (Fig. 1A),
indicating they had not initiated the period of
rapid growth characteristic of parasites iso-
lated from wild-type mice at this time point.
Schistosomes from RAG-1"/~ animals were
still significantly smaller than those from
wild-type mice at days 42 and 56 p.i. (Fig.
1A). A stunted developmental phenotype was
also evident in S. japonicum worms isolated
from RAG-27/~ BALB/c mice (Fig. 1B),
suggesting that this phenomenon is conserved
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amongst the Schistosomatidae (8). Similar
results were obtained with S. mansoni with
the use of mice homozygous for the Prkdcse™
allele (9), which also lack functional B and T
lymphocytes (10). Attenuated parasite devel-
opment resulted in delayed sexual matura-
tion, evidenced by reduced numbers of paired
worms at day 35 and 42 p.i. (Fig. 1C). Atten-
uated development was not a secondary ef-
fect of delayed migration, because parasites
arrived in the portal system of RAG-17/~
mice with the same kinetics as in wild-type
mice (9). Attenuated development during
prepatency was accompanied by dramatically
reduced accumulation of eggs in the liver
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(Fig. 1D), attributable both to a delay in the
onset of egg production and to reduced egg
production (//). Eggs recovered from the
livers of RAG-1~/~ mice were fully capable
of hatching, and the resulting miracidia were
infectious for Biomphalaria glabrata snails,
indicating that the eggs produced were viable
9).

Our previous work identified a role for
TNF in stimulating egg production by adult
schistosomes (5). However, absence of TNF
or TNF receptor (TNFR) signaling did not
result in early developmental or egg-laying
defects in S. mansoni (12), suggesting that
TNF effects are exerted only on adult para-
sites. Likewise, deficiencies in other cyto-
kines and key signaling molecules failed to
perturb schistosome development (73).

Previous work showed that S. mansoni
growth was impaired in IL-7~/~ mice and
suggested that this was due to a direct inter-
action between IL-7 and the parasite (/4).
However, our data provide an alternative ex-
planation for these results, considering the
lymphopenic phenotype of IL-77/~ mice
(15). We have observed attenuated develop-
ment in similarly lymphopenic IL-7R™/~
mice (9), which express IL-7 but do not
respond to it (16).

To determine whether absence of a spe-
cific B or T lymphocyte population was re-
sponsible for modulating schistosome devel-
opment, we examined S. mansoni infections
in immunoglobulin heavy chain (Igh)6~'~
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Fig. 1. Schistosome development in B cell- and T cell-deficient hosts. (A) Schistosoma mansoni
isolated from RAG-17/~ and wild-type C57BL/6 mice at the time points indicated p.i. (25X
magnification). (B) Schistosoma japonicum isolated from RAG-2~/~ and wild-type BALB/c mice at
day 28 p.i. (25X magnification). (C) Pairing of S. mansoni in RAG-1~/~ (black bars; value = 0) and
wild-type mice (white bars) at days 35 and 42 p.i. were quantified as the percentage of total
parasites participating in pairing. All values presented are averages + SD, determined from groups
of three to five animals. Results are representative of at least two individual experiments. (D) Egg
production by S. mansoni in RAG-17/~ (black bars) and wild-type C57BL/6 mice (white bars) at

days 42 and 56 p.i.
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mice that lack B cells (/7), T cell receptor
B/~ (TCRB™7) mice that lack af T cells
(18), TCR3 ™/~ mice that lack v T cells (19),
and mice that are deficient in both TCRf and
TCR® (TCRB™/~/TCR3™/~ mice) (20). As
previously reported (21), parasite develop-
ment was normal in Igh-6~/~ mice. Howev-
er, in contrast to previous findings (22), we
observed that S. mansoni development was
impaired in TCRB ™/~ mice. Although there
were no obvious differences in parasite size
or pairing, early egg accumulation in the
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liver—the most sensitive indicator of devel-
opment during prepatency—was significantly
lower in TCRB ™/~ mice, but not in TCR3 ™/~
mice (Fig. 2A). Therefore, a8 T cells but not
vd T cells appear to modulate early schisto-
some development.

To further characterize the lymphocytes
responsible for modulating parasite develop-
ment, we reconstituted RAG-17/~ mice with
CD4™* or CD8* T cells, or with CD19* B
cells, purified from wild-type C57BL/6 mice
(23). Reconstitution with CD4* cells rescued
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Fig. 2. The cells required for normal S. mansoni development are TCRap* and CD4*. (A) Egg
production by S. mansoni in TCRB~/~ (left), TCRS~/~ (center), and TCRB~/~/TCRS~/~ (right)
C57BL/6 mice at day 42 p.i. All probability values (P) were calculated using t tests. (B) Relation
between egg production and numbers of donor CD4*, CD8*, or CD19* cells in RAG-17/~ mice
reconstituted with wild-type C57BL/6 lymphocytes. For each reconstituted animal, parasite egg
production was plotted against the number of CD4™* (black squares), CD8™ (white diamonds), and
CD19* (white circles) cells present in the spleen. An estimate of absolute cell numbers (in arbitrary
units) for each animal was calculated by multiplying the percentage of CD4*, CD8*, or CD19* cells
by the splenic mass. Correlation coefficients (Pearson r) between numbers of eggs and each cell
type were calculated for each animal using Prism 3.02 software (GraphPad Software Inc., San Diego,
California). Results are representative of three independent experiments. (C) Effect of in vivo
depletion of CD4* (black bar) or CD8™ (white bar) cells on S. mansoni egg production in wild-type
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schistosome development during prepatency,
resulting in larger parasites, higher levels of
pairing, and dramatically increased levels of
egg production (Fig. 2B). Occasional increas-
es in egg production were observed in CD8*-
and CD19*-reconstituted RAG-1"'" mice,
but analysis of peripheral lymphocyte popu-
lations at necropsy revealed that all these
animals contained significant numbers of
CD4* cells, expanded from contaminating
CD4™ precursors (<1%). A positive correla-
tion was observed between parasite egg pro-
duction and numbers of reconstituting CD4*
lymphocytes (Fig. 2B) but not between egg
production and CD8* or CD19* lympho-
cytes (Fig. 2B). To confirm the role of CD4*
lymphocytes in parasite development, we de-
pleted CD4™" cells from wild-type mice in
vivo by administering antibodies to CD4
(24). CD4* lymphocyte depletion reduced
egg production (Fig. 2C) to levels observed
in TCRB™/~ and TCRB~/~/TCR3™/~ mice
(Fig. 2A). Depletion of CD8* cells (Fig. 2C)
or ¥8 T cells did not affect egg production
(9). Therefore, CD4™ T lymphocytes were
responsible for promoting early schistosome
development.

In mammalian hosts, schistosome growth
and development is initiated when parasites
reach the liver, between 1 and 2 weeks p.i.
(25). At 3 weeks p.i., developing parasites in
the liver can be found in close association
with perivascular accumulations of lymphoid
cells that include CD4™ cells (26). We rea-
soned that CD4* lymphocytes that populate
the liver were the most likely candidates for
the observed effects on schistosome develop-
ment. In contrast to the spleen, where over
90% of CD4* lymphocytes are major histo-
compatibility complex II (MHC II)-restricted
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Fig. 3. Schistosome development in $2-m
and MHC 1"/~ mice. (A and B) Flow cytometric
analysis of hepatic (A) and splenic (B) lympho-
cyte populations in 2-m /" and MHC II™/
mice. (C) Schistosoma mansoni egg production
at day 42 p.. in MHC |-deficient (B2-m /",
black bar), MHC class Il-deficient (gray bar), or
wild-type (white bar) C57BL/6 mice.
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T helper (T,,) cells (Fig. 3B), the hepatic
CD4™* compartment contains two major sub-
populations (Fig. 3A) [(27), and references
therein)]: CD4*NK1.1~ T, cells and CD1d-
restricted CD4*NK1.1* natural killer T
(NKT) cells. To determine which population
was involved in schistosome development,
we infected [B2-microglobulin (B2-m)~/~
mice that fail to express CD1d and therefore
lack CD4* NKT cells (Fig. 3A) (28), and
MHC II™/~ mice that lack CD4* T, cells
(Fig. 3, A and B) (29, 30). No schistosome
developmental defects were observed in ei-
ther B2-m~’~ or MHC II™/~ animals (Fig.
3C), indicating that either functional redun-
dancy exists between CD4* T, and NKT
cells with respect to parasite development or
another population of CD4* cells is involved
which is neither f2-m— nor MHC II-depen-
dent. In support of the latter possibility, we
found that a sizable number of CD4*NK1.1~

Fig. 4. Normal schisto- A
some development in
B2-m~/~/MHC 1=/~
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cells remained in the livers of MHC 117/~

mice (Fig. 3A). These cells were absent from
the spleens of MHC class II™/~ mice (Fig.
3B) and therefore appeared to be specific to
the liver.

To discriminate between the two possibil-
ities, we infected mice that are deficient in
both B2-m and MHC II (2-m™/~/MHC II™/~
mice) and therefore lack both CD4* T, and
NKT populations. Normal parasite develop-
ment was observed in $2-m~/~/MHC I/~
mice (Fig. 4A), eliminating the possibility
that functional redundancy occurs between
hepatic CD4* T,; and NKT cells, and indi-
cating that a third population of CD4* cells,
one which is neither 2-m— nor MHC II-
dependent, is involved in signaling normal
parasite development. Examination of hepat-
ic lymphocytes from B2-m~/~/MHC 117/~
mice revealed a population of T lymphocytes
with the predicted properties.of both CD4 and

mice reveals the pres-
ence of an unusual
CD4* TCRB™ lympho-
cyte population in the
liver. (A) Liver egg bur-
dens at day 42 p.i. in
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TCRp expression (Fig. 4B). These cells were
not detected in the spleens of f2-m~/~/MHC
11/~ mice, but comprised over 10% of the
lymphocyte gate in the liver (Fig. 4B). The
lymphoid morphology of these cells was con-
firmed by microscopic analysis (26). This
population uniformly expressed molecules
typically found on T lymphocyte populations,
such as CD3, CDS5, and Thy-1 (Fig. 4C), but
the majority did not express the NK/NKT cell
markers NK1.1, DXS5, and Ly-49A/C/D (Fig.
4C) (31). To further examine the similarity
between this CD4* TCRB* T lymphocyte
population and NKT cells, we analyzed their
TCR Vg repertoire (32), because NKT cells
are distinctive in their expression of predom-
inantly V2, -7, and -8. Unlike NKT cells, we
found that CD4* TCRB* T lymphocytes
from the livers of B2-m~/~/MHC II™/~ mice
express a diverse Vj; repertoire (Fig. 4D); all
Vg chains analyzed were detectable at signif-
icant levels except for V17a, which is not
expressed by mice with the C57BL genetic
background. In most respects, the Vi, reper-
toire closely resembles that of peripheral
CD4* TCRB* T cells from wild-type
CS57BL/6 mice (Fig. 4D), with the exception
of a sixfold increase in V5.1 or -5.2 expres-
sion in hepatic CD4* TCRB* T lymphocytes
from B2-m~/~/MHC II™/~ mice (Fig. 4D).
We conclude that this previously unrecog-
nized population of CD4* TCRB™ T cells,
that is liver-specific in distribution and inde-
pendent of both 32-m and MHC II, partici-
pates in signaling for normal schistosome
development in the livers of 32-m~/~/MHC
11/~ mice.

We have identified an alternative devel-
opmental program in the life cycle of a trem-
atode pathogen that allows the parasite to
modulate development in response to a host
immune signal. In the absence of this signal,
this developmental pathway is initiated, pos-
sibly to allow worm development to “arrest,”
and the host to survive, until optimal condi-
tions for growth and transmission return. A
mechanism that permits the parasite to adjust
to differences in host immunocompetence has
obvious selective advantages, particularly in
heterogeneous host populations that exhibit
great variation in immunocompetence and in
the presence of concomitant infections that
may compromise the host’s ability to sustain
a helminth infection. Our findings may partly
explain the observations of Karanja et al. (33)
who reported decreased fecal egg outputs in
patients with both S. mansoni and human
immunodeficiency virus (HIV) infections.
Our data show that an unusual population of
lymphocytes with tissue specificity similar to
that of the developing helminth can influence
parasite development. Our results challenge
current understanding of immune system or-
ganization and function within the liver, and
they have important implications for under-
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standing modulation of helminth develop-
ment in other host-parasite systems.
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Defective Antigen Processing in
GILT-Free Mice

Maja Maric," Balasubramanian Arunachalam,’* Uyen T. Phan,’
Chen Dong,"t Wendy S. Garrett," Kurt S. Cannon,’
Christopher Alfonso,?} Lars Karlsson,2 Richard A. Flavell,’
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Processing of proteins for major histocompatibility complex (MHC) class 1-
restricted presentation to CD4-positive T lymphocytes occurs after they are in-
ternalized by antigen-presenting cells (APCs). Antigenic proteins frequently contain
disulfide bonds, and their reduction in the endocytic pathway facilitates processing.
In humans, a gamma interferon—inducible lysosomal thiol reductase (GILT) is
constitutively present in late endocytic compartments of APCs. Here, we identified
the mouse homolog of GILT and generated a GILT knockout mouse. GILT facilitated
the processing and presentation to antigen-specific T cells of protein antigens
containing disulfide bonds. The response to hen egg lysozyme, a model antigen with
a compact structure containing four disulfide bonds, was examined in detail.

Exposure of proteins internalized by APCs to
the increasingly acidic and proteolytic envi-
ronment of the endocytic pathway generates
peptides that bind to MHC class II af3 dimers.
The reduction of inter- or intrachain disulfide
bonds, which facilitates this process, occurs
within the endocytic pathway (/-5). To de-
termine whether GILT, defined in humans
(6), is involved in these reduction events, we
elected to generate a knockout mouse. A
search of the dbEST database from GenBank
uncovered partial cDNAs encoding mouse
GILT. By means of a 5' end RACE (rapid
amplification of cDNA ends) polymerase
chain reaction, we confirmed the sequence

and cloned the complete cDNA (GenBank
accession number AF309649). Mouse GILT
has about 70% amino acid sequence identity
to human GILT, and the cysteine residues,
including those in the active site (6), are
highly conserved (Fig. 1A). A rabbit antiser-
um to mouse GILT was used to determine the
intracellular localization of mouse GILT by
immunofluorescence microscopy (7). GILT
was colocalized with MHC class II and the
lysosomal marker Lamp-2 in mouse dendritic
cells (Fig. 2A); this pattern is similar to the
distribution of GILT in human APCs.
Human GILT has both NH,- and COOH-
terminal peptides, which are removed in the
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