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Abstract

Schistosoma blood flukes, which infect over 200 million people globally, co-opt CD4" T cell-dependent mechanisms to
facilitate parasite development and egg excretion. The latter requires Th2 responses, while the mechanism underpinning
the former has remained obscure. Using mice that are either defective in T cell receptor (TCR) signaling or that lack TCRs
that can respond to schistosomes, we show that naive CD4" T cells facilitate schistosome development in the absence of T
cell receptor signaling. Concurrently, the presence of naive CD4" T cells correlates with both steady-state changes in the
expression of genes that are critical for the development of monocytes and macrophages and with significant changes in
the composition of peripheral mononuclear phagocyte populations. Finally, we show that direct stimulation of the
mononuclear phagocyte system restores blood fluke development in the absence of CD4" T cells. Thus we conclude that
schistosomes co-opt innate immune signals to facilitate their development and that the role of CD4" T cells in this process
may be limited to the provision of non-cognate help for mononuclear phagocyte function. Our findings have significance
for understanding interactions between schistosomiasis and other co-infections, such as bacterial infections and human
immunodeficiency virus infection, which potently stimulate innate responses or interfere with T cell help, respectively. An
understanding of immunological factors that either promote or inhibit schistosome development may be valuable in
guiding the development of efficacious new therapies and vaccines for schistosomiasis.
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Introduction

Extensive co-evolution of parasitic organisms and their hosts has
given rise to complex host-parasite relationships in which exploita-
tion of host responses to infection by parasites is a recurring theme.
Nowhere is this complexity in host-parasite relationships better
exemplified than in the parasitic helminths, which infect a third of
the world’s human population [1] by establishing chronic infections
that persist for years, often in the face of vigorous immune responses
[2]. Schustosoma blood flukes account for a significant proportion of
these helminth infections, causing considerable morbidity and
mortality. After initiating infection by direct skin penetration,
schistosomes migrate in the bloodstream to hepatic pre-sinusoidal
venules, where rapid growth and development ensues, culminating
in mating of adult worms and the production of eggs.

It was previously shown that Schistosoma mansoni co-opts CD4* T
cell-dependent mechanisms to facilitate both parasite development
during pre-patent infection and the excretion of parasite eggs after
the onset of oviposition [3,4,5]. The latter requires formation of
Th2-dependent granulomas in the bowel wall to allow passage of
eggs from the portal vasculature into the intestinal lumen [3,4,6].
However, the mechanism by which CD4" T cells facilitate
development of schistosome worms has not been elucidated.
While homeostatic maintenance of peripheral CD4" T cells

@ PLoS Pathogens | www.plospathogens.org

through the action of 7y. cytokines is required to provide a
permissive environment for schistosome development [7], previous
studies did not identify a role for effector Th1/Th2 responses or
any single effector cytokine in parasite development [5,8,9].

In this study we tested whether activation of CD4" T cells
through the T cell receptor (TCR) by schistosome antigens is
required for schistosome development to proceed. Unexpectedly,
our data indicate that CD4" T cells that lack specificity for
schistosome antigens can facilitate schistosome development in the
absence of antigen-mediated T’ cell activation. Interestingly, the
presence of naive, resting CD4" T cells also correlates both with
steady-state transcriptional changes in the expression of genes that
are critical for development of monocytes and macrophages and
with changes in the composition of peripheral monocyte
populations. Further, direct stimulation of the mononuclear
phagocyte system bypasses the requirement for CD4" T cells in
schistosome development, suggesting that innate cells of the
mononuclear phagocyte system facilitate schistosome development
and that CD4" T cells influence the parasites indirectly by
modulating monocyte/macrophage function. Together, our re-
sults demonstrate that blood flukes exploit innate immune signals
to facilitate their development and suggest that the role of CD4* T
cells in this process may be limited to the provision of non-cognate
help for innate mononuclear cell function.
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Author Summary

Schistosomes, or blood flukes, cause a debilitating illness
in millions of people worldwide, which manifests when
inflammation develops in response to parasite eggs that
become trapped in the liver and other organs. Paradox-
ically, schistosomes require signals from the host’s immune
system in order to develop fully into egg-producing adults.
Previously, we showed that CD4" T cells facilitate
schistosome development. Here, we show that the mere
presence of CD4" T cells is sufficient for schistosome
development to proceed. There is no requirement for
these cells to respond to the parasite, or to exhibit any
typical “effector” response. Two pieces of data suggest this
effect on parasite development is mediated by antigen-
presenting cells of the innate immune system such as
monocytes and macrophages, which interact with CD4* T
cells by expressing MHC class Il molecules. First, the
presence of naive CD4" T cells correlates with baseline
changes in the development of monocyte/macrophage
populations. Second, direct stimulation of the monocyte-
macrophage system restores parasite development, by-
passing the requirement for CD4" T cells in schistosome
development. Understanding the mechanisms that pro-
mote or inhibit blood fluke infection may facilitate
the development of new treatments and vaccines for
schistosomiasis.

Results

TCR signaling blockade does not impair parasite

development

To evaluate the role of T cell activation in schistosome
development, we first examined schistosome development in
Bell0 (Unigene accession no. Mm.239141) -deficient and protein
kinase C 0 (PKCO; Mm.329993) —deficient mice, where impair-
ment of NF-xB activation in response to TCR ligation renders T
cells unresponsive to antigen [10,11]. Unexpectedly, S. mansoni
recovered from Bcl10™” and wild type mice were indistinguishable
in size (Figure 1A) and deposited comparable numbers of eggs
(Figure 1B), unlike schistosomes from recombination activating
gene 1 (RAG-1; Mm.828) -deficient mice that exhibit a severely
stunted phenotype and greatly reduced rates of egg production ([5]
and data not shown; see also Figure 1D and E). As expected, CD4*
T cell responses to S. manson: were impaired by BcllO deletion, as
measured by acquisition of an activated phenotype (Figures S1A
and B) and cytokine production (Figure S1C), suggesting that
activation of CD4" T cells through the TCR and subsequent
CD4" T cell responses are dispensable for normal schistosome
development. Identical results were obtained with PKCO™ mice
(data not shown). To directly test whether Bcll0”” CD4* T cells
can facilitate schistosome development, parasite development was
examined in RAG-17" mice that were reconstituted with Bcll10™~
CD4" T cells. Adoptive transfer of Bcl10”~ CD4* T cells prior to
infection partially restored worm growth (Figures 1C and D),
resulting in a phenotype that was intermediate between RAG-17"
recipients of wild type CD4" T cells and non-reconstituted RAG-
17~ mice. Likewise, adoptive transfer of Bcll0”" CD4" T cells
produced an intermediate egg production phenotype that was not
significantly different from RAG-1"" recipients of wild type CD4*
T cells or non-reconstituted RAG-1"" mice, even though egg
production in these latter two groups was significantly different
from each other (Figure 1E). Identical results were obtained when
adoptive transfers were performed with PKCO/™ CD4* T cells
(data not shown). Because TCR signals are required for T cell
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homeostasis [12], Bel10™~ CD4" T cells exhibited variable levels of
engraftment that were consistently lower than those of wild type
cells (Figure 1F). However, there was a significant positive
correlation between the number of Bcll0”~ CD4* T cells and
the mean length of the worms recovered from each recipient
(Figure 1G). These data suggest that CD4" T cells do not require
intact antigen receptor signaling to facilitate parasite development.
Further, our data suggest there is a simple requirement for
sufficient numbers of CD4" T cells to allow parasite development
to proceed and predict a minimum of approximately 2x10° CD4*
T cells as the number required to restore parasite growth to wild
type levels (Figure 1G).

Non-responsive CD4" T cells facilitate S. mansoni
development

To test whether TCR specificity for schistosome antigens is
necessary for CD4" T cells to facilitate schistosome development,
we examined S. mansoni development in TCR-transgenic RAG™”"
mice that transgenically express previously rearranged MHC class
IT-restricted TCRs specific for irrelevant antigens. In RAG™™ mice
possessing only chicken ovalbumin (OVA)-specific (OT-II/RAG-
177 C57BL/6, DO11.10/RAG-27" BALB/c) or pigeon cyto-
chrome C (PCC)-specific (Cyt5-CC7/RAG-27" B10.A) CD4" T
cells, schistosome development was enhanced relative to RAG™”"
controls that lack CD4" T cells, as determined by assessment of
parasite size (Figures 2A and B) and egg production (Figure 2C).
The extent to which parasite development was rescued varied
between the different strains, with DO11.10/RAG-27" mice
supporting parasite development that was comparable to wild
type mice and parasites from OT-II/RAG-17" and Cyt5-CC7/
RAG-27 exhibiting intermediate levels of development. As
expected, OVA- and PCC-specific CD4" T cells from . mansoni-
infected RAG™™ mice were completely unresponsive to schisto-
some antigens (Figures S2A and S2B), though these cells retained
the ability to respond to the appropriate antigen (Figure S2B).
These data demonstrate that CD4" T cells do not require
specificity for schistosome antigens and do not need antigen
stimulation in order to facilitate schistosome development.
Furthermore, the MHCII molecule by which the TCR is restricted
is also likely irrelevant, as the three transgenic TCRs used
recognize different murine MHCII molecules. Taken together, the
data in Figures 1 and 2 suggest that CD4" T cells influence the
outcome of schistosome infection by mechanisms that are
independent of antigen receptor specificity and signaling.

The presence of naive CD4" cells correlates with steady-

state changes in mononuclear phagocyte development
Regardless of antigen specificity, naive CD4" T cells are
maintained by active homeostatic processes [12], requiring 7.
cytokines and interactions with professional APCs that express
MHCII [13,14,15,16,17,18]. Because the effect of CD4" T cells on
schistosome development is independent of antigen receptor
specificity and antigen-mediated activation (Figures 1 and 2), we
hypothesized that steady-state homeostatic interactions between
naive CD4" T cells and MHCIT" APCs in host tissues may play a
role in promoting schistosome development. To identify tran-
scriptional changes induced by the steady-state homeostatic
interactions of naive CD4" T cells, we used a whole genome
microarray to compare transcript levels in liver tissue from non-
infected RAG-17" and OT-II/RAG-1"" mice (NCBI GEO scries
accession number GSE8340.) Using this approach, we identified
165 genes that were differentially expressed only in the presence of
naive CD4" T cells (Figure 3A and Table S1). None of these genes
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Figure 1. TCR signaling in CD4" T cells is dispensable for S. mansoni development. (A) Wild type and Bcl10”" mice were infected with S.
mansoni, parasites were recovered from the portal tract at 6 weeks post infection and male worms were measured from digital micrographs. Mean
values are represented by horizontal bars. (B) Egg production by schistosome pairs in wild type and Bcl10”" mice at 6 weeks post infection. Mean
values are represented by horizontal bars. (C) RAG-1"" mice reconstituted with wild type or Bcl10” CD4™ T cells mice were infected with S. mansoni
and parasites were recovered from the portal tract at 6 weeks post infection. Representative micrographs of parasites recovered from non-
reconstituted RAG-17" mice and RAG-1"" mice reconstituted with wild type or Bcl10”” CD4" T cells are shown. Bar=1 mm. (D) Lengths of male worms
recovered from reconstituted RAG-17" mice described in (C) were measured from digital micrographs. Mean values are represented by horizontal
bars. (E) Egg production by schistosome pairs in reconstituted RAG-17" mice described in (C) at 6 weeks post infection. Mean values are represented
by horizontal bars. (F) At necropsy, the numbers of CD4" T cells in the spleens of RAG-17" recipients were determined by flow cytometry. Data are
represented as mean +/— SEM. (G) Correlation of average male worm length and CD4" T cell numbers for each RAG-17" recipient of Bcl10”” CD4* T
cells. “WT Transfer” and “No Transfer” dashed lines represent the average length of parasites recovered from control mice that received wild type
CD4" T cells or PBS alone, respectively. Worm length data for each mouse are represented as mean +/— SEM. Groups of 4-5 mice were used for each
experimental condition. Data are representative of three independent experiments.

doi:10.1371/journal.ppat.1000892.g001

are specifically expressed by CD4" T cells, suggesting that OT-II
CD4" T cells contribute relatively little to the total hepatic RNA,
being relatively few in number and transcriptionally quiescent.
Supervised average-linkage hierarchical clustering of the expres-
sion data revealed that the transcriptional profile of hepatic tissue
from OT-II/RAG-1"" mice was more similar to that of wild type
mice than RAG-1"" mice, with the single largest grouping of genes
comprising those that were expressed at higher levels in wild type
and OT-II/RAG-1"" mice when compared to RAG-17" mice
(Figure 3A).

To identify biological functions associated with the differentially
expressed genes, we employed a structured, knowledge-based
approach to identify networks of differentially expressed genes
with related functions [19]. Ingenuity Pathways Analysis software
(Ingenuity Systems, www.ingenuity.com) was used to overlay
differentially expressed genes onto a global molecular network
developed from information contained in the Ingenuity Pathways
Knowledge Base. Networks of up to 35 differentially expressed
genes were then algorithmically generated based on the functional
connectivity between the genes. Numerical network scores were
calculated to rank networks according to their degree of relevance
to the molecules in the dataset. Using this approach, five high-
scoring networks (score>20) of differentially expressed genes were
identified, a representative of which (score =45) is illustrated in
Figure 3B. Biological functions significantly associated with the
networks, together with the genes associated with each function,
are displayed in Table S2. Biological functions with the most
significant  associations included Cell Morphology (P=
1.37x107*=4.80x10™%), Cellular Compromise (P=1.37x10""
—4.31x107%, Cell Cycle (P=2.28x10"*—4.58x1072), Cell
Death (P=6.30x10"*"=4.31x107?) and Cell-to-Cell Signaling
and Interaction (P=7.51x10"*=4.31x10~?), suggesting signifi-
cant changes in cellular development within the liver in the
presence of naive CD4" T cells. Interestingly, genes significantly
up-regulated in the presence of naive CD4" T cells included Csf1/
macrophage colony-stimulating factor (M-CSF) (UniGene acces-
sion no. Mm.795), which is an essential growth factor for
monocytes and monocyte-derived macrophages [20], and other
genes involved in myeloid cell development and function (Myd116
(Mm.4048) [21], Cd2 (Mm.22842) [22], Glil (Mm.391450) [23]
and Plld (Mm.29933) [24]; highlighted in Figure 3A), suggesting
specific alterations in mononuclear phagocyte development. Other
genes that were up-regulated in the presence of naive CD4" T cells
are associated with the cellular response to stress (highlighted in
Figure 3A), including genes involved in the response to mis-folded
proteins [25], e.g. several chaperones (Hsp90aal (UniGene
Accession No. Mm.341186) [26], Hsp90abl (Mm.2180) [26],
Hspl10 (Mm.270681) [27], p23 (Mm.305816) [28], Dnajb9
(Mm.27432) [29]), enzymes involved in protein folding (Sepld
(Mm.29812) [30], a disulfide isomerase (Mm.33692) [31], a
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peptidyl-prolyl cis-trans isomerase (Mm.32842)), enzymes involved
in protein degradation (Ubxd2 (Mm.29812) [32], the Syvnl
ubiquitin ligase (Mm.149870) [33], Usp43 (Mm.158885)), and
DNA-binding proteins involved in the transcriptional response to
stress (an XBP-1-like transcription factor (Mm.187453) [34], the
ER transmembrane transcription factor Creb312 (Mm.391651)
[35], H2afx (Mm.245931) [36], and Junb (Mm.1167) [37]). Junb
in particular is a central regulator of the cellular response to stress
and is targeted for phosphorylation by stress-activated protein
kinases [38]. Presumably because of the role of these cells in
phagocytosis and in antigen processing and presentation, stress
responses are constitutively active in immature APCs and are
required for APC development and survival [39], Indeed, the
stress response gene Junb is also a critical regulator of myeloid cell
differentiation and is classified as a myeloid differentiation primary
response (MyD) gene [40]. Also up-regulated in the presence of
naive CD4" T cells were genes involved in another critical aspect
of phagocyte and APC function, namely vesicle formation and
transport, e.g. Rabgap1l (Mm.25833) [41], Arhgap2]1 (Mm.28507)
[42], Arfip2 (Mm.41637) [43], Kifl3b (Mm.23611) [44], and
Diapl (Mm.195916), which is also implicated in receptor-
mediated phagocytosis in myeloid cells [45]. Thus, transcriptional
changes consistent with alterations in mononuclear phagocyte
and/or APC development and function correlate with the
presence of naive CD4* T cells in OT-II/RAG-1"" mice.

To explore the possibility that mononuclear phagocyte
development was altered by the presence of CD4" T cells,
leukocytes from the spleen and liver of non-infected RAG-1"" and
OT-II/RAG-1"" mice were compared by flow cytometry. After
gating to exclude granulocytes and OT-II T cells, mononuclear
phagocytes were identified by expression of the myeloid marker
CD11b (Mm.262106) [46]. In both mouse strains, CD11b" cells
segregated into two populations based on relative CDI11b
expression levels and forward scattering (FSC) properties —
CD11b™ FSC" and CD11b™ FSC" (Figure 3C). However, the
relative proportions of the two populations differed markedly in
the two strains, with RAG-17" mice possessing relatively more
CD11b" cells than OT-II/RAG-1"" mice (Figure 3C). Further
analysis revealed that the two CD11b* populations also differed
significantly in expression of CD115 (Mm.22574, the receptor for
M-CSF), with CD11™ cells exhibiting higher CD115 expression
than CDI11" cells (Figure 3D; P=0.0016). Both CDI1b*
populations also expressed Ly6C (Mm.1583, a monocyte marker),
although again, CD11b™ cells exhibited higher levels than
CD11b* cells (Figure 3D). Together, the greater forward scatter
and elevated expression of CDI115 by CDI11b™ cells strongly
suggest these are functionally more mature mononuclear phago-
cytes than CDI11b" cells, as increased size and expression of
CD11b and CD115 are all implicated in monocyte activation and
maturation [47,48,49]. Finally, systematic analysis of CD11b" and
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Figure 2. Recognition of schistosome antigens by CD4* T cells is dispensable for S. mansoni development. (A) Wild type, OT-II/RAG-17"
and RAG-17" mice were infected with S. mansoni and parasites were recovered from the portal tract at 6 weeks post infection. Representative
micrographs of parasites recovered from wild type, OT-II/RAG-1"" and RAG-17" mice are shown. Bar=1 mm. (B) Length of male worms and (C) egg
production by schistosome pairs from OT-II/RAG-17" (top), DO11.10/RAG-2"" (center) and Cyt/RAG-17" (bottom) mice and their appropriate wild type
and RAG”” controls at 6 weeks post infection. Mean values are represented by horizontal bars. Groups of 4-5 mice were used for each experimental
condition. Data are representative of at least two independent experiments.

doi:10.1371/journal.ppat.1000892.9002

CD11b" populations in age-matched groups of non-infected OT-
I/RAG-1"" and RAG-17" mice revealed that cells of the
functionally more mature CD11b™ phenotype were significantly
more abundant in OT-II/RAG-1"" mice than RAG-17" mice
(Figure 3E). Thus, our data suggest that, compared to OT-II/
RAG-17~ mice, RAG-1"" mice exhibit a defect in mononuclear
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phagocyte development, with accumulation of cells that possess an
immature CD11b™ phenotype. Furthermore, this alteration in
myeloid cell development correlates with reduced expression of
genes that are required for mononuclear phagocyte development
and function (Figure 3A, Figure 3B, Tables S1 and S2). As the only
difference between RAG-17" and OT-II/RAG-1"" mice is that, in
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Figure 3. Modulation of gene expression in the liver by naive CD4* T cells. (A) Microarray analysis revealed 165 genes that are expressed at
statistically different (P<<0.05) levels in liver tissue of both OT-II/RAG-17" and wild type mice compared to RAG-17" mice. Supervised hierarchical
clusters of all 165 differentially expressed genes are shown. Red corresponds to overexpression and green to underexpression, compared to the
pooled reference sample. Genes upregulated in OT-II/RAG-17" and wild type mice relative to RAG-1"" mice are indicated by a bracket. Asterisks
denote functional annotation as follows: red, myeloid cell development; blue, stress response; green, vesicle formation and transport. For a full list of
differentially expressed genes, fold change in expression and statistical significance, see Table S1. Three animals of each genotype were used as a
source of RNA for each array. Hybridizations were performed three times (i.e. nine arrays in total). (B) A representative network of functionally related
genes from Figure 3A, algorithmically generated based on significant functional gene connectivity in the Ingenuity Pathways Knowledge Base.
Network score =45. Annotations in red denote genes associated with the five most significant biological functions listed in Table S2, as follows: m,
Cell Morphology; ¢, Cellular Compromise; y, Cell Cycle; d, Cell Death; s, Cell-to-Cell Signaling and Interaction. (C) Flow cytometric analysis of peripheral
CD11b* mononuclear cells from representative RAG-17" (upper panels) and OT-I/RAG-1"" (lower panels) mice. After excluding dead cells and
granulocytes, mononuclear cells were selected based on CD11b positivity and forward scatter (gate, left panels). Cells in this gate resolved into two
populations (hi and lo) based on CD11b expression levels (right panels). (D) Analysis of CD115 (left panels) and Ly6C (right panels) expression by
CD11b" (upper panels) and CD11b" (lower panels) cells defined by the gates in C, right panels. Gates indicate the percentage of gated cells
expressing each marker. P values were calculated from analysis of 5 mice per group. (E) Relative abundance of CD11 b" and CD11b" cells in OT-II/

RAG-1"" and RAG-1"" mice.
doi:10.1371/journal.ppat.1000892.g003

the latter, transgenic expression of a previously rearranged MHC
II-restricted TCR allows for development of a monospecific
population of CD4* T cells with specificity for chicken ovalbumin,
our data suggest that steady-state MHCII-TCR-mediated inter-
actions between mononuclear cells and naive CD4" T cells
enhances developmental progression of mononuclear phagocytes
to a functionally more mature state.

Direct activation of mononuclear phagocytes rescues
schistosome development in the absence of CD4* T cells

Since enhanced parasite development and egg production in
OT-II/RAG-1"" mice correlated with enhanced stcady-statc
maturation of monocytes in these animals, we hypothesized that
non-responsive  OT-Il CD4" T cells facilitate schistosome
development indirectly, through steady-state interactions with
mononuclear cells that promote monocyte maturation. To test this
hypothesis, we tested whether direct stimulation of mononuclear
phagocyte maturation, in the absence of any CD4* T cells, could
substitute for GD4" T cells in restoring parasite development in
RAG™" mice. As the Toll-like receptor (TLR) -4 (Mm.38049)
ligand lipopolysaccharide (LPS) has previously been shown to
stimulate the i wviwo maturation of monocytes [50,51], we
administered ultrapure LPS to schistosome-infected RAG™ mice
during pre-patent infection and assessed the effect on parasite
growth and egg production at 6 weeks post infection. Consistent
with other reports [50], we found that LPS administration caused
a significant decrease in the relative numbers of CDI11b*
monocytes (Figure 4A), indicative of the terminal maturation
and subsequent apoptosis of these cells in response to TLR-4
ligation. Treatment of both BALB/c RAG-27" (Figures 4B-D) and
C57BL/6 RAG-17" (Figures 4E and 4F) mice with LPS led to
significant increases in both parasite length (Figures 4B, 4C and
4FE) and egg production (Figure 4D and 4F). Indeed, parasite
growth (Figure 4E) and egg production (Figure 4F) were responsive
to increasing doses of LPS. Together these data indicate that
innate immune signals alone are sufficient to support schistosome
development and suggest that blood flukes exploit the role of
CD4" T cells in providing help for mononuclear phagocyte
maturation and function.

Discussion

Parasites of the genus Schistosoma likely arose over 70 million
years ago [52] and have undergone complex co-evolution with
their definitive hosts, resulting in parasite adaptations that both
evade and exploit host immune functions. Previous studies showed
that schistosomes require host CD4" T cells for normal
development [5,53,54] and to mediate egress of eggs from the
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body across the bowel wall [3,55]. While egg excretion requires
induction of an effector Th2 response to egg antigens [6], the
CD4" T cell effector functions that facilitate blood fluke
development have not been elucidated. Because previous studies
failed to identify a specific role for either Thl or Th2 responses in
schistosome development [5,8], the question of whether any CD4*
T effector functions are required to promote schistosome
development remained unresolved. Therefore, the purpose of this
study was to test whether antigen receptor signaling and
subsequent activation of CD4" T cells are necessary for normal
parasite development to proceed. Our results show that, in
contrast to the requirement for effector T cell responses to
facilitate egg excretion, neither recognition of schistosome antigens
nor TCR-mediated activation of GD4" T cells are required for
normal parasite development. Our findings suggest that none of
the effector functions typically associated with CD4" T cell
responses are directly implicated in facilitating schistosome
development, and may explain why previous attempts to identify
a single T cell factor that modulates schistosome development,
using knockout mice deficient in individual cytokines or their
receptors [8], have been unsuccesstul.

The schistosome requirement for CD4" T cells, but the lack of
necessity for traditional T cell effector functions, suggests that the
steady-state homeostatic activities of naive CD4" T cells make the
host environment more conducive to schistosome development.
While the role of homeostatic interactions with MHCII* cells in
maintaining the peripheral CD4" T cell pool is well established,
the necessity of these same interactions for efficient APC
maturation is being increasingly recognized [18,56,57]. In T
cell-deficient mice, APC development and function are compro-
mised but can be restored by reconstitution of peripheral T cell
populations [18]. Furthermore, it was recently demonstrated that
T cell conditioning of APCs for efficient maturation occurs under
steady-state conditions before the initiation of T' cell responses, in
the absence of cognate antigen, and is mediated, at least in part, by
the co-stimulatory molecule B7-H1 expressed by naive T cells
[57]. We propose that similar steady-state interactions between
naive OT-II T cells and MHCIT" cells in OT-II/RAG-1"" mice
account for the baseline increases in APC-related gene expression
and the alterations in mononuclear cell maturation we observed in
these mice.

Given the ability of naive T cells to prime for efficient APC
maturation, we hypothesized that exploitation of APC function by
schistosomes, rather than of CD4" T cells directly, accounts for the
enhanced parasite development we observed in TCR-transgenic
RAG™" mice. While we cannot exclude the possibility that
unknown factors elaborated by resting, naive T cells directly
influence schistosome development, our hypothesis provides a
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Figure 4. TLR ligand-induced maturation of mononuclear cells facilitates S. mansoni development. (A) Relative numbers of monocytes in
the spleens of LPS-treated and control (PBS-treated) RAG-17" mice. (B) Representative micrographs of parasites isolated from RAG-27" mice at six
weeks post infection after weekly treatment with 2 ug or LPS. Control animals received carrier (PBS) alone. (C) Length of male worms and (D) egg
production by schistosome pairs from RAG-27" BALB/c mice at six weeks post infection after weekly treatment with 2 pug or LPS. Control animals
received carrier (PBS) alone. Mean values are represented by horizontal bars. (E) Length of male worms and (F) egg production by schistosome pairs
from RAG-17" C57BL/6 mice at six weeks post infection after weekly treatment with 2 ug or 20 ug LPS. Control animals received carrier (PBS) alone.

Mean values are represented by horizontal bars. Groups of 4-5 mice were used for each experimental condition. Data are representative of at least
five independent experiments.

doi:10.1371/journal.ppat.1000892.9004
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parsimonious explanation for why naive CD4" T cells that do not
respond to schistosome infection can still influence parasite
development. That schistosome development can be restored in
the complete absence of CD4" T cells, through direct maturation
of APCs, supports this hypothesis by demonstrating that CD4" T
cells are not directly required for parasite development.

As the sentinels of the immune system, circulating monocytes
and tissue macrophages and dendritic cells, also known as the
mononuclear phagocyte system, specifically express pattern
recognition receptors (PRRs), including TLRs, which allow for
the detection of invading pathogens [58]. Indeed, monocytes
express high levels of TLRs and are the predominant producers of
proinflammatory cytokines during endotoxic shock [59]. Thus
while other cells in RAG™" mice express PRRs, the monocytes,
macrophages and dendritic cells are the predominant responders
to pathogen-associated molecular patterns (PAMPs) such as LPS
and are the likely mediators of the effect of LPS on schistosome
development. Monocytes, macrophages and dendritic cells are
ontologically related, as monocytes are the macrophage and
dendritic cell precursors that migrate into the tissues, both during
steady-state conditions and during infection. In response to
infection, PRR ligation stimulates increased monocyte flux to
meet the elevated demand for antigen-presenting and effector cells
to combat infection [60]. Our demonstration that LPS adminis-
tration restores schistosome development is therefore further
evidence in support of the hypothesis we propose above, that
schistosome development is influenced by innate mononuclear cell
function. Indeed, our data point to mononuclear cell function as
the common mechanism underpinning the enhancement of
schistosome development by both naive CD4" T cells and LPS.
This hypothesis is under further investigation.

Several hypotheses can be proposed to explain how mononuclear
phagocytes might influence shistosome development. Recruited to
sites of infection and tissue damage, mononuclear cells produce
cytokines and chemokines in response to activation that could act as
cues for developing schistosomes [51]. Alternatively, the localized
release of proinflammatory cytokines by mononuclear cells would be
predicted to increase blood flow and vascular permeability, perhaps
increasing the supply of host factors required for normal parasite
development. At sites of inflammation, monocyte-derived cells also
contribute to blood vessel remodeling and angiogenesis, by secreting
angiogenic factors and trans-differentiating into endothelial cells [61].
As schistosomes are intravascular parasites and ecarly parasite
development occurs within portal venules, vessel remodeling may
be required to allow for parasite growth. Yet another possibility is that
mononuclear phagocytes may directly damage schistosomes, there-
fore requiring their local depletion for schistosome development to
proceed normally. Activated macrophages and dendritic cells can
produce nitric oxide [62], a molecule that is toxic to developing
schistosomes [63] and mediates immunity to schistosome infection in
animals vaccinated with irradiated cercariae [64]. Priming of APC
maturation by CD4" T cells or TLR ligands might allow for more
rapid progression of these cells to apoptosis in response to activation.
In RAG™" mice, developmental impairment of APCs might allow for
their persistence, constituting a persistent source of nitric oxide and/
or other molecules that impair schistosome development. If this is the
case, analysis of innate responses to developing schistosomes in
RAG™" mice may identify innate effector mechanisms that can be
harnessed to enhance immunity to schistosome infection. These
hypotheses are currently being tested.

Our data demonstrate that blood flukes do not respond to CD4"
T cells directly, but rather respond to signals that originate from
the mnnate immune system. These findings corroborate previous
studies where tumor necrosis factor (TNF; Mm.1293), an innate
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proinflammatory cytokine, was shown to stimulate parasite egg
laying in CD4" T cell-deficient Prkdc* mice [65]. While TNF
does not appear to stimulate parasite development directly [5,8],
the overlap between the TNF receptor and TLR signaling
pathways could account for the ability of both ligands to enhance
schistosome development [66,67]. Our findings also have
implications for understanding epidemiological associations be-
tween schistosomiasis and other infections [68], such as salmonel-
losis. While schistosome infection has been implicated in
persistence of Salmonella infection [69], our data also suggest that
proinflammatory stimuli produced in response to bacterial LPS
could play a role in exacerbating schistosome infection by
supporting parasite development in co-infected individuals. These
putative immunological and epidemiological associations are
currently under investigation. The possible requirement of
schistosomes for proinflammatory signals to support normal
development is intriguing, as schistosomes, and helminths in
general, are largely unable to stimulate such responses themselves
due to a lack of potent TLR ligands [70]. It is therefore tempting
to speculate that, under evolutionary pressure to avoid immune
detection, schistosomes have lost the ability to stimulate the
inflammatory feedback required for their successful development
and now rely on other mechanisms to generate these essential
inflammatory signals.

In summary, our investigation of the mechanism by which CD4*
T cells facilitate schistosome development has revealed that blood
flukes require neither CD4" T cell responses nor associated effector
functions. Furthermore, our data show that schistosomes do not
respond directly to CD4" T cells, as their requirement for these cells
can be bypassed completely by direct stimulation of innate immune
responses. Indeed, our data suggest that the role of CD4" T cells in
facilitating schistosome development may be limited to the provision
of non-cognate T cell help for the maturation of MHCIT" APCs. We
provide two lines of evidence in support of this hypothesis. First,
non-responsive, naive CD4" T cells, which also condition immature
APCs to undergo maturation, support improved parasite develop-
ment. Second, direct stimulation of APC maturation in the absence
of CD4" T cells restores schistosome development. These data,
together with previous findings that macrophages mediate vaccine-
induced immunity to schistosome infection [64], implicate mono-
nuclear cells as central host determinants of the outcome of
schistosome infection in the definitive host. A detailed understand-
ing of the interactions between blood flukes and the mononuclear
phagocyte system could therefore identify opportunities to modulate
mononuclear cell function in ways that impair or prevent the
establishment of schistosome infections.

Materials and Methods

Ethics statement
All animal studies were performed in accordance with protocols
approved by the USUHS Institutional Animal Care and Use

Committee.

Experimental mice

RAG-17" mice were purchased from Jackson Laboratory (Bar
Harbor, ME) and bred in-house to generate sufficient numbers for
experiments. Bel10”™ mice [11] were kindly provided by Dr. Tak
Mak. OT-II mice [71] were the kind gift of Dr. Francis Carbone.
Bcll0”" and OT-II mice, originally with a mixed 129/C57BL/6
background, were backcrossed to the C57BL/6 background. OT-
II mice were then bred with RAG-17" in house, to generate
OTI/RAG-17" mice. C57BL/6 (National Cancer Institute,
Frederick, MD) and 129x C57BL/6 F1 hybrid wild type mice

April 2010 | Volume 6 | Issue 4 | 1000892



(Taconic) were used as positive controls, although no differences in
parasitological parameters were found in parasites recovered from
either wild type strain (data not shown). BALB/cTac-
TgN(DO11.10)-Rag2™' (DO 1.10/RAG-2"7) mice [72] and
B10.A/AiTac-[Tg] TCRCyt5CC7-I-[KO]-Rag2™'  (Cyt/RAG-
277 mice [73] were kindly provided by Dr. Dragana Jankovic.
RAG-27" and wild type mice on the BALB/c and B10.A2
backgrounds (Taconic) were used as controls, respectively.

Mice were infected percutaneously via the tail skin with 150 S.
mansont cercariae (Puerto Rican strain) shed from infected
Biomphalaria glabrata snails [74]. All animal studies were performed
in accordance with protocols approved by the USUHS Institu-
tional Animal Care and Use Committee.

Parasite recovery and measurement of parasitological
parameters

Parasites were recovered from the portal system by perfusion
[74] 42 days post-infection, immediately fixed in 4% neutral-
buffered formaldehyde and photographed using a Nikon Coolpix
4500 4.0 megapixel digital camera connected to a Vistavision
trinocular dissecting microscope at 20 X magnification. Length of
male parasites was determined from digital images using Image]
software (http://rsh.info.nih.gov/ij). Quantitative analysis of
parasite length was performed on male worms as male
schistosomes always outnumber females in experimental infections
and female growth is significantly influenced by pairing with males
[75]. Liver tissue was digested in 0.7% trypsin (50 ml) in
phosphate-buffered saline (PBS) for 2—-3 hours at 37°C, and eggs
were counted under a dissecting microscope. Egg production per
schistosome pair was determined by dividing the total number of
eggs calculated for each mouse liver by the number of parasite
pairs recovered.

Cell isolation and adoptive transfer

Lymph nodes and spleens from wild type C57BL/6 mice or
Bcll0”" mice were dispersed through a 70-um nylon strainer.
Single cell suspensions were washed and red blood cells were lysed
using ACK lysing buffer (Quality Biological, Inc.) Cells were
incubated with anti-CD4 (Mm.2209) coated microbeads (Miltenyi
Biosciences) and separated using Midi-Macs magnetic columns
(Miltenyi Biosciences). Flow cytometric analysis of isolated CD4"
T cells routinely demonstrated a purity of ~99%. 3x10° cells
suspended in PBS were transferred into RAG-17" mice by
Intravenous Injection into a lateral tail vein. Control recipients
received PBS alone. All tissue culture reagents used were free of
endotoxin as determined by routine testing. Recipient animals
were then infected with cercariae 24 hours post transfer, as
described above. To verify the efficacy of adoptive transfers at
necropsy, splenocytes from reconstituted RAG-17" mice were
surface labeled with APC-Cy7-conjugated antibodies to CD4,
FITC-conjugated antibodies to CD8 (Mm.1858), APC-conjugated
antibodies to TCRP (Mm.333026), PE-conjugated antibodies to
NKI1.1 (Mm.6180) and PerCp-Cy5.5-conjugated antibodies to
CD19 (Mm.4360) (BD Biosciences) and analyzed using a LSR 11
Optical Bench flow cytometer with FACSDiva and Winlist
software, version 5.0 (Verity Software House). The total number
of T cells in each recipient after adoptive transfer was estimated by
multiplying the percent of CD4"TCRp" cells by the total number
of splenocytes for each mouse.

Analysis of cytokine production

CDl11c" cells were isolated from wild type spleens through
incubation of cells suspensions with anti-CDI1lc (Mm.22378)
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coated microbeads (Miltenyi Biosciences and separated using
Midi-Macs magnetic columns (Miltenyi Biosciences). CGD4" cells
were isolated from spleens and livers of wild type, Bcll0”™ and
OTII/RAG-1"" mice as described above. CD4* T cells and
CD11c" cells, pulsed with 50 pg/ml schistosome worm antigen
preparation (SWAP)[76,77], 5 ug/ml OVA or 1 pug/ul anti-CD3
(Mm.210361) (BD Bioscience), were co-cultured for 72 hours in 96
well plates at a ratio of 5x10°> CD4" cells to 5x10* CD11c* cells.
Clulture supernatants were assessed for IFNy (Mm.240327) and
IL-10 (Mm.874) by ELISA using BD Opt EIA Mouse IFNy and
IL-10 antibody pairs and ELISA reagents (BD Bioscience) and
analyzed using a Spectramax M2 Plate reader (Molecular
Devices).

Analysis of cell surface molecule expression

For analysis of T cell activation in cells recovered from spleen
and liver, expression of CD44 (Mm.423621), CD62L (Mm.1461),
CD69 (Mm.74745), and CD25 (Mm.915) was examined by flow
cytometry, after gating on CD4"TCRB'NKI.1" cells. Cells
1solated from spleens and livers were surface labeled with FITC-
conjugated antibodies to CD44 or CD69, PE-conjugated anti-
bodies to TCR or NK1.1, PerCp-Cy5.5-conjugated antibodies to
NKI1.1 or CD4, APC-conjugated antibodies to CD62L, and APC-
Cy7-conjugated antibodies to CD4 or CD25, (BD Biosciences).
For analysis of mononuclear populations, cells were stained with
PE-conjugated anti-CD11b (Mm.262106), PerCP-Cy5.5-conju-
gated anti-Ly6C (Mm.1583) and APC-conjugated anti-CD115
(Mm.22574). Aqua dead cell stain (Invitrogen) was used to
discriminate live and dead cells and granulocytes were excluded
based on their high side scatter. All samples were analyzed using a
LSR II Optical Bench flow cytometer with FACSDiva (BD
Biosciences) and Winlist software, version 5.0 (Verity Software
House).

Microarray

Livers from naive female wild type C57BL/6, RAG-I'/', and
OT-II/RAG-1"" (N=9 for each genotype) mice were pooled into
groups of three and prepared for cDNA microarray analysis.
Briefly, RNA was isolated via RNAzol (Tel-Test, Friendswood,
TX) and the RNeasy protocol (Qiagen) and analyzed for purity
and concentration on a NanoDrop® ND-1000 Spectrophotometer
(Wilmington, DE). cDNA was prepared from two 30 ug aliquots of
cach pooled sample and labeled with either Cy3 or Cyd
fluorescent probes. One 30 ug aliquot from each pool was used
to create a background control pool, while the second aliquot was
used as the comparative sample. For further isolation and labeling
protocol details please refer to http://www.niaid.nih.gov/dir/
services/rtb/microarray/protocols.asp. Samples were hybridized
as described by Schaupp [78] to Mmbe custom arrays manufac-
tured by the NIAID Microarray Facility. Further information
about these arrays can be found at http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgiacc = GPL1057. Hybridizations were per-
formed in triplicate. Images were scanned by GenePix4000B
Scanner (Axon Instruments/Molecular Devices, Sunnyvale, CA)
and analyzed using the mAdb program (http://madb.niaid.nih.
gov/). Signals were calculated as mean intensity — median
background. Data were analyzed using Significance Analysis of
Microarrays (SAM), version 2.11 (Stanford University) and
student’s T tests (EXCEL, with P values <0.05 considered
significant) to identify only those genes that exhibited differential
expression in RAG-17" liver tissue compared to both OT-II/
RAG-17" and wild type liver tissue (ie. genes differentially
expressed in RAG-17" liver tissue compared to either OT-I1/
RAG-17" or wild type alone were not considered specific to the

April 2010 | Volume 6 | Issue 4 | 1000892



presence of naive CD4" T cells). We applied supervised average-
linkage hierarchical clustering on differentially regulated genes, as
implemented in the program Cluster version 2.11 (M. Eisen;
http://www.microarrays.org/software), separately to both the
genes and arrays. The results were analyzed, and figures generated,
using TreeView version 1.60 (http://www.microarrays.org/
software). Initial gene annotation was performed through GoMiner
(http://discover.nci.nih.gov/gominer/). Functional analyses and
networks of differentially expressed genes were then generated
through the use of Ingenuity Pathways Analysis (Ingenuity®
Systems, www.ingenuity.com). To identify networks of differentially
expressed genes that were functionally related, Ingenuity Pathways
Analysis software was used to overlay differentially expressed genes
onto a global molecular network developed from information
contained in the Ingenuity Pathways Knowledge Base. To facilitate
analysis, networks were limited to a size of up to 35 differentially
expressed genes. A numerical network score was then calculated for
each network, as described under Statistical Analysis below, to
determine the probability of obtaining the same network by random
chance.

LPS treatment

In RAG”" mice, APC maturation was induced by biweekly
intraperitoneal injection of low doses of ultrapure LPS, E. coli
0111:B4 (InvivoGen, San Diego), at doses of 2 pg or 20 pg LPS/
mouse. Monocyte numbers were monitored by flow cytometry, as
described above.

Statistical analysis

Because unequal variances were observed among some of the
groups analyzed in this study, stringent non-parametric tests were
used throughout to test the significance of differences between
experimental groups. For two groups, significance of differences
between experimental groups was tested using Mann-Whitney
tests, and for three groups the significance of differences was tested
using Kruskal-Wallis tests followed by Dunns’ multiple compar-
ison tests. Statistical analyses were performed with GraphPad
Prism Version 4.0 software (GraphPad Software, Inc., San Diego,
CA). P values of less than 0.05 were considered significant.
Experiments were repeated at least twice, with 4-5 animals per
group. For microarray data, Functional Analysis of differentially
expressed genes was performed using Ingenuity Pathways Analysis
(Ingenuity® Systems, www.ingenuity.com) to identify networks of
differentially expressed genes that were functionally related. For
putative networks, a numerical score was calculated from the
hypergeometric distribution of the network using the right-tailed
Fisher’s Exact Test. The network score is the negative log of the
Fisher’s Exact Test P value. The probability that each biological
function assigned to the network is due to chance alone was also
tested using Fischer’s Exact Test. P values of less than 0.05 were
considered significant.

Accession numbers

The gene expression data discussed in this manuscript have
been deposited in the NCBI’'s GEO database and are available
under GEO series accession number GSE8340.
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cells from non-infected wild type mice pulsed with schistosome
worm antigen (SWAP) or OVA peptide. After 72 hours, culture
supernatants were collected and IFNy and IL-10 were measured
by ELISA. Data are represented as mean +/— SEM.

Found at: doi:10.1371/journal.ppat.1000892.s004 (1.06 MB EPS)

Acknowledgments

We thank T. Mak for Bel10”” mice; D. Jankovic for TCR-transgenic mice;
F. Lewis for invaluable advice and reagents; D. Merrell for assistance with
microarray analysis; and D. Fitzhugh, J. Sheets, L. Shelton and the
USUHS Dept. of Laboratory Animal Medicine staff for their assistance.
Parasite materials were supplied through NIH/NIAID Contract NO1
AI30026.

Author Contributions

Conceived and designed the experiments: EWL SJD. Performed the
experiments: EWL CDW JTP DKR SKM ETC. Analyzed the data: EWL
CDW DKR SJD. Contributed reagents/materials/analysis tools: TAW
BCS. Wrote the paper: EWL SJD.

3. Doenhoff M, Musallam R, Bain J, McGregor A (1978) Studies on the host-
parasite relationship in Schistosoma mansoni- infected mice: the immunological
dependence of parasite egg excretion. Immunology 35: 771-778.

4. Doenhoff MJ (1997) A role for granulomatous inflammation in the transmission of
infectious disease: schistosomiasis and tuberculosis. Parasitology 115: S113-125.

April 2010 | Volume 6 | Issue 4 | 1000892



22.

23.

24.

29.

30.

31.

. Davies §J, Grogan JL, Blank RB, Lim KC, Locksley RM, et al. (2001)

Modulation of Blood Fluke Development in the Liver by Hepatic CD4+
Lymphocytes. Science 294: 1358-1361.

. Herbert DR, Holscher C, Mohrs M, Arendse B, Schwegmann A, et al. (2004)

Alternative macrophage activation is essential for survival during schistosomiasis
and downmodulates T helper 1 responses and immunopathology. Immunity 20:
623-635.

. Blank RB, Lamb EW, Tocheva AS, Crow ET, Lim KC, et al. (2006) The

Common gamma Chain Cytokines Interleukin (IL)-2 and IL-7 Indirectly
Modulate Blood Fluke Development via Effects on CD4+ T Cells. J Infect Dis
194: 1609-1616.

. Davies SJ, Lim KC, Blank RB, Kim JH, Lucas KD, et al. (2004) Involvement of

TNF in limiting liver pathology and promoting parasite survival during
schistosome infection. Int J Parasitol 34: 27-36.

. Davies SJ, McKerrow JH (2003) Developmental plasticity in schistosomes and

other helminths. Int J Parasitol 33: 1277-1284.

Sun Z, Arendt CW, Ellmeier W, Schaeffer EM, Sunshine MJ, et al. (2000) PKC-
theta is required for TCR-induced NF-kappaB activation in mature but not
immature T' lymphocytes. Nature 404: 402-407.

. Ruland J, Duncan GS, Elia A, del Barco Barrantes I, Nguyen L, et al. (2001)

Bcll0 is a positive regulator of antigen receptor-induced activation of NF-
kappaB and neural tube closure. Cell 104: 33-42.

. Ernst B, Lee DS, Chang JM, Sprent J, Surh CD (1999) The peptide ligands

mediating positive selection in the thymus control T cell survival and
homeostatic proliferation in the periphery. Immunity 11: 173-181.

. Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY (2005) A function for

interleukin 2 in Foxp3-expressing regulatory T cells. Nat Immunol 6:
1142-1151.

. Van Parijs L, Refaeli Y, Lord JD, Nelson BH, Abbas AK, et al. (1999)

Uncoupling IL-2 signals that regulate T cell proliferation, survival, and Fas-
mediated activation-induced cell death. Immunity 11: 281-288.

. Ellery JM, Nicholls PJ (2002) Possible mechanism for the alpha subunit of the

interleukin-2 receptor (CD25) to influence interleukin-2 receptor signal
transduction. Immunol Cell Biol 80: 351-357.

. Peschon JJ, Morrissey PJ, Grabstein KH, Ramsdell FJ, Maraskovsky E, et al.

(1994) Early lymphocyte expansion is severely impaired in interleukin 7
receptor-deficient mice. ] Exp Med 180: 1955-1960.

. von Freeden-Jefiry U, Vieira P, Lucian LA, McNeil T, Burdach SE, et al. (1995)

Lymphopenia in interleukin (IL)-7 gene-deleted mice identifies IL-7 as a
nonredundant cytokine. J Exp Med 181: 1519-1526.

Shreedhar V, Moodycliffe AM, Ullrich SE, Bucana C, Kripke ML, et al. (1999)
Dendritic cells require T cells for functional maturation in vivo. Immunity 11:
625-636.

. Calvano SE, Xiao W, Richards DR, Felciano RM, Baker HV, et al. (2005) A

network-based analysis of systemic inflammation in humans. Nature 437:

1032-1037.

. Auffray C, Sieweke MH, Geissmann F (2009) Blood monocytes: development,

heterogeneity, and relationship with dendritic cells. Annu Rev Immunol 27:
669-692.

. Liebermann DA, Hoffman B (2002) Myeloid differentiation (MyD) primary

response genes in hematopoiesis. Oncogene 21: 3391-3402.

Crawford K, Stark A, Kitchens B, Sternheim K, Pantazopoulos V, et al. (2003)
CD2 engagement induces dendritic cell activation: implications for immune
surveillance and T-cell activation. Blood 102: 1745-1752.

Zhao C, Chen A, Jamieson CH, Fereshteh M, Abrahamsson A, ct al. (2009)
Hedgehog signalling is essential for maintenance of cancer stem cells in myeloid
leukaemia. Nature 458: 776-779.

Liu XS, Li XH, Wang Y, Shu RZ, Wang L, et al. (2007) Disruption of palladin
leads to defects in definitive erythropoiesis by interfering with erythroblastic
island formation in mouse fetal liver. Blood 110: 870-876.

. Todd DJ, Lee AH, Glimcher LH (2008) The endoplasmic reticulum stress

response in immunity and autoimmunity. Nat Rev Immunol 8: 663-674.

5. Davenport EL, Morgan GJ, Davies FE (2008) Untangling the unfolded protein

response. Cell Cycle 7: 865-869.

. Easton DP, Kaneko Y, Subjeck JR (2000) The hsp110 and Grpl 70 stress

proteins: newly recognized relatives of the Hsp70s. Cell Stress Chaperones 5:
276-290.

. Rao RV, Niazi K, Mollahan P, Mao X, Crippen D, et al. (2006) Coupling

endoplasmic reticulum stress to the cell-death program: a novel HSP90-
independent role for the small chaperone protein p23. Cell Death Differ 13:
415-425.

Lee AH, Iwakoshi NN, Glimcher LH (2003) XBP-1 regulates a subset of

endoplasmic reticulum resident chaperone genes in the unfolded protein
response. Mol Cell Biol 23: 7448-7459.

Labunskyy VM, Yoo MH, Hatfield DL, Gladyshev VN (2009) Sepl5, a
thioredoxin-like selenoprotein, is involved in the unfolded protein response and
differentially regulated by adaptive and acute ER stresses. Biochemistry 48:
8458-8465.

Alanen HI, Williamson RA, Howard MJ, Hatahet IS, Salo KE, et al. (2006)
ERp27, a new non-catalytic endoplasmic reticulum-located human protein
disulfide isomerase family member, interacts with ERp57. J Biol Chem 281:
33727-33738.

@ PLoS Pathogens | www.plospathogens.org

12

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

59.

60.

61.

62.

Blood Flukes Exploit Non-Cognate T Cell Help

. Liang J, Yin C, Doong H, Fang S, Peterhoff C, et al. (2006) Characterization of

crasin (UBXD2): a new ER protein that promotes ER-associated protein
degradation. J Cell Sci 119: 4011-4024.

Yamasaki S, Yagishita N, Nishioka K, Nakajima T (2007) The roles of
synoviolin in crosstalk between endoplasmic reticulum stress-induced apoptosis
and p53 pathway. Cell Cycle 6: 1319-1323.

. Koong AC, Chauhan V, Romero-Ramirez L (2006) Targeting XBP-1 as a novel

anti-cancer strategy. Cancer Biol Ther 5: 756-759.

. Kondo S, Saito A, Hino S, Murakami T, Ogata M, et al. (2007) BBF2H7, a

novel transmembrane bZIP transcription factor, is a new type of endoplasmic
reticulum stress transducer. Mol Cell Biol 27: 1716-1729.

Kaneko H, Igarashi K, Kataoka K, Miura M (2005) Heat shock induces
phosphorylation of histone H2AX in mammalian cells. Biochem Biophys Res
Commun 328: 1101-1106.

Cunha DA, Ladriere L, Ortis F, Igoillo-Esteve M, Gurzov EN, et al. (2009)
GLP-1 agonists protect pancreatic {beta}-cells from lipotoxic endoplasmic
reticulum stress through upregulation of BiP and JunB. Diabetes.

Rincon M, Davis R]J (2009) Regulation of the immune response by stress-
activated protein kinases. Immunol Rev 228: 212-224.

Iwakoshi NN, Pypaert M, Glimcher LH (2007) The transcription factor XBP-1
is essential for the development and survival of dendritic cells. J Exp Med 204:
2267-2275.

Sjin RM, Krishnaraju K, Hoffman B, Liebermann DA (2002) Transcriptional
regulation of myeloid differentiation primary response (MyD) genes during
myeloid differentiation is mediated by nuclear factor Y. Blood 100: 80-88.
Itoh T, Satoh M, Kanno E, Fukuda M (2006) Screening for target Rabs of TBC
(Tre-2/Bub2/Cdc16) domain-containing proteins based on their Rab-binding
activity. Genes Cells 11: 1023-1037.

Menetrey J, Perderiset M, Cicolari J, Dubois T, Elkhatib N, et al. (2007)
Structural basis for ARFl-mediated recruitment of ARHGAP21 to Golgi
membranes. Embo J 26: 1953-1962.

Habermann B (2004) The BAR-domain family of proteins: a case of bending
and binding? EMBO Rep 5: 250-255.

Bolis A, Coviello S, Visigalli I, Taveggia C, Bachi A, et al. (2009) Dlgl, Sec8,
and Mtmr2 regulate membrane homeostasis in Schwann cell myelination.

J Neurosci 29: 8858-8870.

. Colucci-Guyon E, Niedergang F, Wallar BJ, Peng J, Alberts AS, et al. (2005) A

role for mammalian diaphanous-related formins in complement receptor (CR3)-
mediated phagocytosis in macrophages. Curr Biol 15: 2007-2012.
Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M, et al. (2004)
Subpopulations of mouse blood monocytes differ in maturation stage and
inflammatory response. J Immunol 172: 4410-4417.

Chitu V, Stanley ER (2006) Colony-stimulating factor-1 in immunity and
inflammation. Curr Opin Immunol 18: 39-48.

Shi C, Simon DI (2006) Integrin signals, transcription factors, and monocyte
differentiation. Trends Cardiovasc Med 16: 146-152.

Tieu BC, Lee C, Sun H, Lejeune W, Recinos A, 3rd, et al. (2009) An adventitial
IL-6/MCP1 amplification loop accelerates macrophage-mediated vascular
inflammation leading to aortic dissection in mice. J Clin Invest 119: 3637-3651.
Zanoni I, Ostuni R, Capuano G, Collini M, Caccia M, et al. (2009) CD14
regulates the dendritic cell life cycle after LPS exposure through NFAT
activation. Nature 460: 264-268.

Guha M, Mackman N (2001) LPS induction of gene expression in human
monocytes. Cell Signal 13: 85-94.

Lockyer AE, Olson PD, Ostergaard P, Rollinson D, Johnston DA, et al. (2003)
The phylogeny of the Schistosomatidae based on three genes with emphasis on
the interrelationships of Schistosoma Weinland, 1858. Parasitology 126: 203-224.

. Harrison RA, Doenhoff MJ (1983) Retarded development of Schistosoma mansoni

in immunosuppressed mice. Parasitology 86: 429-438.

. Lamb EW, Crow ET, Lim KC, Liang YS, Lewis F'A, et al. (2007) Conservation

of CD4+ T cell-dependent developmental mechanisms in the blood fluke
pathogens of humans. Int J Parasitol 37: 405-415.

. Doenhoff MJ, Sabah AA, Fletcher C, Webbe G, Bain J (1987) Evidence for an

immune-dependent action of praziquantel on Schistosoma mansoni in mice.
Trans R Soc Trop Med Hyg 81: 947-951.

Muraille E, De Trez C, Pajak B, Brait M, Urbain J, et al. (2002) T cell-
dependent maturation of dendritic cells in response to bacterial superantigens.
J Immunol 168: 4352-4360.

Talay O, Shen CH, Chen L, Chen J (2009) B7-H1 (PD-L1I) on T cells is required
for T-cell-mediated conditioning of dendritic cell maturation. Proc Natl Acad
Sci U S A 106: 2741-2746.

Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate
immunity. Cell 124: 783-801.

Tsujimoto H, Ono S, Efron PA, Scumpia PO, Moldawer LL, et al. (2008) Role
of Toll-like receptors in the development of sepsis. Shock 29: 315-321.
Serbina NV, Jia T, Hohl TM, Pamer EG (2008) Monocyte-mediated defense
against microbial pathogens. Annu Rev Immunol 26: 421-452.

David Dong ZM, Aplin AC, Nicosia RF (2009) Regulation of angiogenesis by
macrophages, dendritic cells, and circulating myelomonocytic cells. Curr Pharm
Des 15: 365-379.

Serbina NV, Salazar-Mather TP, Biron CA, Kuziel WA, Pamer EG (2003)
TNF/iNOS-producing dendritic cells mediate innate immune defense against
bacterial infection. Immunity 19: 59-70.

April 2010 | Volume 6 | Issue 4 | 1000892



63.

64.

66.

67.

68.

69.

70.

71.

Ahmed SF, Oswald IP, Caspar P, Hieny S, Keefer L, et al. (1997)
Developmental differences determine larval susceptibility to nitric oxide-
mediated killing in a murine model of vaccination against Schistosoma mansont.
Infect Immun 65: 219-226.

Wynn TA, Oswald IP, Eltoum IA, Caspar P, Lowenstein CJ, et al. (1994)
Elevated expression of Thl cytokines and nitric oxide synthase in the lungs of
vaccinated mice after challenge infection with Schistosoma mansoni. J Immunol

153: 5200-5209.

. Amiri P, Locksley RM, Parslow TG, Sadick M, Rector E, et al. (1992) Tumour

necrosis factor alpha restores granulomas and induces parasite egg-laying in
schistosome-infected SCID mice [see comments]. Nature 356: 604-607.

Papa S, Bubici C, Zazzeroni F, Franzoso G (2009) Mechanisms of liver disease:
cross-talk between the NF-kappaB and JNK pathways. Biol Chem 390:
965-976.

Seki E, Brenner DA (2008) Toll-like receptors and adaptor molecules in liver
disease: update. Hepatology 48: 322-335.

Lambertucci JR, Rayes AA, Serufo JC, Gerspacher-Lara R, Brasileiro Filho G,
et al. (1998) Schistosomiasis and associated infections. Mem Inst Oswaldo Cruz
93 Suppl 1: 135-139.

Rocha H, Kirk JW, Hearey CD, Jr. (1971) Prolonged Salmonella bacteremia in
patients with Schistosoma mansoni infection. Arch Intern Med 128: 254-257.

van Riet E, Hartgers FC, Yazdanbakhsh M (2007) Chronic helminth infections
induce immunomodulation: consequences and mechanisms. Immunobiology
212: 475-490.

Barnden MJ, Allison J, Heath WR, Carbone FR (1998) Defective TCR
expression in transgenic mice constructed using cDNA-based alpha- and beta-

@ PLoS Pathogens | www.plospathogens.org

13

72.

73.

74.

76.

77.

Blood Flukes Exploit Non-Cognate T Cell Help

chain genes under the control of heterologous regulatory elements. Immunol
Cell Biol 76: 34-40.

Murphy KM, Heimberger AB, Loh DY (1990) Induction by antigen of
intrathymic apoptosis of CD4+CD8+TCRlo thymocytes in vivo. Science 250:
1720-1723.

Seder RA, Paul WE, Davis MM, Fazekas de St Groth B (1992) The presence of
interleukin 4 during in vitro priming determines the lymphokine-producing
potential of CD4+ T cells from T cell receptor transgenic mice. J Exp Med 176:
1091-1098.

Smithers SR, Terry RJ (1965) The infection of laboratory hosts with cercariae of
Schistosoma mansoni and the recovery of the adult worms. Parasitology 55:

695-700.

. Hernandez DC, Lim KC, McKerrow JH, Davies SJ (2004) Schistosoma mansoni:

sex-specific modulation of parasite growth by host immune signals. Exp Parasitol
106: 59-61.

Colley DG, Cook JA, Freeman GL, Jr., Bartholomew RK, Jordan P (1977)
Immune responses during human schistosomiasis mansoni. I. In vitro
lymphocyte blastogenic responses to heterogeneous antigenic preparations from
schistosome eggs, worms and cercariae. Int Arch Allergy Appl Immunol 53:
420-433.

Gazzinelli G, Katz N, Rocha RS, Colley DG (1983) Immune responses during
human schistosomiasis mansoni. X. Production and standardization of an
antigen-induced mitogenic activity by peripheral blood mononuclear cells from
treated, but not active cases of schistosomiasis. J Immunol 130: 2891-2895.
Schaupp CJ, Jiang G, Myers TG, Wilson MA (2005) Active mixing during
hybridization improves the accuracy and reproducibility of microarray results.
Biotechniques 38: 117-119.

April 2010 | Volume 6 | Issue 4 | 1000892



