evidence of degradation. The BioB control cRNA was
spiked in at the detection threshold of 1.5pM and
received a ‘present’ detection call. Housekeeping genes
had 3'-5' detection ratios of <4. Complementary DNA
synthesis, in vitro transcription to cRNA and hybridiza-
tion were performed as per http://www.healthsystem.
virgi.nia.edu/Intemet/biomulec/mimamy.cfm.

Raw data from the arrays was normalized at probe
level using gcRMA algorithm. The detection call (Pre-
sent, Marginal, Absent) for each probe set was obtained
using the GeneChip Operating Software system. CBA/J
vs B6 groups were compared using dChip software,
whereby ?ene expression was deemed significantly
different if the P-value was less than or equal to 0.05,
the fold change in signal intensity was >1.75 or <175,
and the absolute difference in signal intensity was >100.

RT-PCR

Quantitative RT-PCR was used to validate changes in a
subset of genes from microarray selection from each of
the three CBA and three B6 RNA samples. RT-PCR
primers were designed using Primer3 based on the
published 3' sequence as per Affymetrix. The primers
used were glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): forward, GCTAAGCAGTTGGTGGTGCA and
reverse, TCACCACCATGGAGAAGG; BCL2-like 11
apoptosis facilitator (Bel2l11): forward, TCCTATTTCC
TTCCAGTGTTGT and reverse, GGGAACACAATTGCA
CAGAG; lymphocyte anti 96 (Ly96): forward,
C'TI'I’I‘CGA)(’ST?SCTGCFFTCTgegnd reveLrysge, CCATGGC
ACAGAACTTCCTT; transformation related protein 53
binding (Trp53bpl): forward, AGTCCTGAGACAGA
GGCCAGT and reverse, GTGTGGGTGCCACAGAGGT:
transmembrane protein 87A (Tmem87a); forward, TGT
GGTGCACAC’RFCAAAA and reverse, TAAGCTCCCC
TICTGAAGCA; pallidin (Pldn): forward, GCAGCTCA
CAGCCATCTGTA and reverse, TTAGGGCTTCATCA
CCTATGG; carboxy-terminal domain, RNA polymerase
Il, polypeptide A (Ctdspl2): forward, GAGAGCCCAAT
GATTAGCAA and reverse, CAGCAACAAAATAATTA
TAAAGTCAGA; spermalogenesis associated 5-like 1
(Spata5il): forward, CGGCCTGGAAGATTAGATAAGA
and reverse, CACAGTCTTGAGTGCTTCTGTG. GAPDH
was used as the internal control. Real-time PCR was
conducted using iQ SYBR Green SuperMix (Bio-Rad,
Hercules, CA, USA) on an Bio-Rad iCycler. Target gene
amplification was quantified as the reciprocal log, of the
AC(f) between GAPDH and the target gene.

Statistics
Genetic markers were assigned to and mapped within
the chromasomes using multipoint linkage analysis with
Map Maker QTXb20. Genome-wide interval mapping for
amebic antigen load measured by ELISA and inflamma-
tion score was performed using QTX software to identify
QTLs. All QTL mapping methods offered by QTX
generate a LRS as a measure of the significance of a
ossible QTL.*' The LRS approaches a y2-statistic with
arge sample sizes. Single-locus associations were tested
by simple regression analysis between trait values and
genotypes and the significance of each potential associa-
tion was measured using the LRS. A total of 5000
permutations of the trait values were used to define the
genome-wide LRS threshold required to be significant or
suggestive for each specific trait. Loci exceeding the 95th
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percentile of the permutation distribution were defined
as significant (P<0.05) and those exceeding the 37th
percentile were suggestive (P <0.63).** Statistical signifi-
cance for infection rate was determined by Fisher's
exact test. Means were compared using I-test or Mann—
Whitney test if data were not gaussian. RT-PCR
differences were determined using unpaired Student’s
t-test. Fold changes between RT-PCR and microarray
were compared using linear regression analysis using
Pearson’s R correlation.
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Short Report: Concurrent Infection with Heligmosomoides polygyrus Modulates
Murine Host Response against Plasmodium berghei ANKA Infection
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Abstract.  We investigated whether concurrent infection with Heligmosomoides polygyrus, an intestinal nematode,
modulated anti-malaria parasite immunity and development of experimental cerebral malaria (ECM) in mice, The
CS7BLJ6 mice infected with Plasmodium berghei ANKA showed typical symptoms of ECM. Interestingly, preceding H.
polygyrus infection did not alter ECM development, despite accelerated P. berghei growth in vive. Our observation
provides a new insight that ECM can be induced in a fashion independent of the immune responses affected by
concurrent H. polygyrus. Differentiation between protective immunity and infection-associated host-damaging inflam-
matory response is urgently required for understanding the pathogenesis of cerebral malaria.

Malaria parasites cause the worst parasitic disease, with
hundreds of millions of clinical cases annually worldwide. Se-
vere malarial anemia and cerebral malaria are of particular
importance clinically, both of which are responsible for mil-
lions of deaths. Cerebral malaria is considered to be a conse-
quence of mechanical occlusion of the small blood vessels in
the brain with parasitized red blood cells (RBCs), and/or of
immunologic pathology attributed to local inflammation.!
Several lines of evidence supporting these hypotheses have
been reported, yet the precise mechanisms underlying onset
of cerebral malaria remain unclear.

A good rodent model for cerebral malaria is the infection
of CS7TBL/6 mice with Plasmodium berghei ANKA, where the
degree of immune activation reflects the extent of neurologic
complications.* However, intestinal helminths cause the larg-
est number of parasitic infections among humans, but they
usually cause nil to mild symptoms during their chronic in-
fections. It has been reported that host immune responses are
modulated with intestinal helminthes. Infections with these
helminths increase susceptibility to viral, bacterial, or para-
sitic infections, and attenuate efficacy of several vaccines
against infectious diseases®; helminthic infections moderate
allergic reactions or autoimmune conditions, which result
from aberrant immune responses against foreign antigens or
self-constituents.?

In humans, the prevalence of malaria and infections with
intestinal helminths overlap geographically, and the popula-
tion in a given area suffers from both infections.** It is sup-
posed that infections with helminths affect the symptoms of
malaria: Thai patients who have intestinal nematode infec-
tions suffer from malaria episodes more frequently.® Con-
versely, symptoms of each episode are less severe and the
frequency of cerebral malaria, pulmonary edema, or renal
failure, all of which are associated with immunopathology, is
lower when patients have dense helminthic infections.”

It has been hypothesized that infections with intestinal hel-
minths weaken protective immunity against co-existing ma-
laria parasites, and simultaneously, the host-damaging inflam-
matory responses associated with malaria. To test this hy-

* Address correspondence to Kohhei Tetsutani, Department of Para-
sitology, Kyushu University Gradunte School of Medicine, 3-1-1,
Maidashi, Higashi-ku, Fukuoka, 812-0054, Japan. E-mail: tetztani@
parasite.med.kyushu-u.ac.jp

pothesis, we examined the effects of concurrent infection with
Heligmosomoides polygyrus on protective immunity and on
experimental cerebral malaria (ECM) using CS7BL/6 mice
infected with P. berghei. All experiments using mice were
conducted according to the guidelines for animal experimen-
tation of Kyushu University.

Heligmosomoides polygyrus is a mouse intestinal nema-
tode, which resides in the upper small intestine,® and it is
maintained through in vivo passage using male ICR mice. For
infection, feces containing eggs were incubated on wet filter
paper for a minimum of three days to allow eggs to develop
infective larvae, Male CS7BL/6 mice at the age of eight to ten
weeks were infected orally with 200 infective larvae by gastric
intubation. Production of eggs began to be detected as carly
as 10 days after infection and continued for longer than eight
weeks (data not shown). The mice did not show any central
nervous system (CNS) symptoms during infection with H. po-
lygyrus. After confirmation of H. polygyrus infection by feces
examination, 2.5 x 10* P. berghei-infected RBCs were injected
intraperitoneally (IP), at 14 days after H. polygyrus infection,
Co-infection with P. berghei increased egg production by H.
polygyrus slightly, without statistical significance (Figure 1).

Infection of C57BLJ6 mice with F. berghei caused high le-
thality with CNS symptoms, which usually developed within

@ S -
Day 12 Day 15 Day 20
days aftar H. polygyrus Infection

FiGUre 1. Epg prod of Helig ides polygyrus. The
C57BL/6 mice were orally infected with infective larvae of H. polygy-
rus. Fecal egg ber was d at the indicated days after infec-
tion with H. polygyrus. Data show means + SE of four to six mice.
Experiments were repeated three times with similar results.
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FiGuRE 2. Course of infection with Plasmodium berghei in mice co-infected with Helig noide polygyrus. The‘GTBU‘S mice were

infected with P. berghei 14 days after H. polygyrus infection and were analyzed for p age par
of thin blood films stained with Giemsa solution (A), and for experimental cerebral malzrie (ECM) incidence (B). Five to six animals were used
in each group. Experiments were repeated three times with similar results and two of them are shown. (A) Each line represents data from an
individua! mouse, and the numbers indicate day of mouse death. An asterisk indicates statistical significance between mice infected with H.
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neurologic signs, described in the text, appeared. Statistical significance was not found between mice infected with H. polygyrus!P. berghei and
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10 days, despite a small parasite load in the circulation (Figure
2). Heligmosomoides polygyrus-infected mice showed signifi-
cantly higher malaria parasitemia at the sixth to eighth day
after infection (Figure 2A), which suggested that anti-malaria
immunity might be suppressed, compared with the control
mice infected only with P. berghei. But co-infected mice with
H. polygyrus and P. berghei developed ECM similar to that in
the control group, as evaluated by: 1) decrease in spontaneous
activity; 2) loss of escape from handling; and 3) abnormal,
non-abdominal body position (Figure 2B). Consequently, all
mice died at around the tenth day, similar to the control mice
(Figure 2A).

We observed here the rapid growth of P. berghei in mice
co-infected with H. polygyrus, suggesting that concurrent H.
polygyrus infection might have reduced anti-malaria immu-
nity. Although we did not evaluate malaria-specific immune
responses in these animals, our observations can be compat-
ible with previous studies showing that H. polygyrus-
harboring mice have suppressed both cellular and humoral
immune responses against another rodent malaria, Plasmo-
dium chaboudi®

Although we have not addressed how H. polygyrus sup-
presses immunity, it has been postulated that protective Thl
responses are attenuated in the Th2-biased environment in-
duced by concurrently infected H. polygyrus.® In addition to
the classic Th1/2 balance, immunosuppressive mechanisms in-
duced by H. polygyrus can explain the reduced protective
immunity. Heligmosomoides polygyrus is now known to in-
duce alternatively activated macrophages,'® regulatory T
cells,'! interleukin-10, and indoleamine-2,3-dioxygenase (our
unpublished observations). No matter what the mechanisms
are, anti-malaria immunity is thought to be suppressed by H.
polygyrus infection, which suggests that pathogenic processes
formed by immune responses in ECM development are also
atlenuated.

There are some responses reported to participate in both
protection and immunopathology: Interferon (IFN)-y con-
tributes not only to elimination of malaria parasites,'? but
also to the pathology of ECM." Our preliminary results
showed that H. polygyrus suppressed IFN-y production from
antigen-specific splenic T cells in mice after immunization
with the corresponding antigen (unpublished observations),
However unexpectedly, concurrent infection with H. polygy-
rus did not alter ECM development. This might be explained
by the fact that immune suppression/modulation induced by
concurrent . polygyrus infection is not probably spread into
CNS: H. polygyrus infection is reported to suppress experi-
mental airway hypersensitivity,'® although there have been
no studies showing that nematodes whose life-cycle in their
host are limited in alimentary tract to prevent experimental
autoimmune/allergic encephalomyelitis (EAE) in CNS, al-
though Schistosoma mansoni'® and Trichinella spiralis,'®
which are thought to have easier access to the host blood
stream, are reported to modulate EAE pathology, An alter-
native explanation is that protective immunity against malaria
parasites is simply different from the pathogenic responses.
For instance, although CD8" T cells are responsible for ECM
development,'” these cells are not supposed Lo contribute to
protective immunity against blood-stage malaria parasites,
mainly because of absence of MHC class I molecules on the
surface of RBCs.'® Finally, we cannot strictly exclude the
probability that ECM pathology develops so quickly that
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modulations by concurrent H. polygyrus infection, if any,
might not be obvious in our experiments. More sensitive
methods of ECM diagnosis and definition are required for
further research.

In conclusion, our results showed that infection with an
intestinal nematode increased malaria parasite growth in vivo
but did not alter immunopathology in ECM development.
Differentiation between pathogen-killing immunity and self-
damaging inflammatory responses is essential for a complete
understanding of the pathology of cerebral malaria, and for
designing effective vaccine strategies.
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with parasites in a TLR9-dependent manner. Furthermore, TLR9 ™'~ mice are partially resistant to lethal infection, and this is asso-
ciated with impaired activation of Tregs and subsequent development of effector T cells. Thus, malaria parasites require TLRY to
activate Tregs for immune escape. The Journal of Immunology, 2008, 180: 2496-2503.

alaria caused by protozoan parasites of the genus Plas-

modium is still one of the most life-threatening infec-

tious diseases. Approximately 40% of people world-
wide reside in areas at risk of malaria. Three hundred million
people are infected every year and 2 million die. Generation of
effector T cells is crucial for the development of protective immu-
nity against malaria. Ingenious strategies for immune escape by
malaria parasites, including antigenic diversity (1), clonal anti-
genic variation (2), and impairment of dendritic cell (DC)* matu-
ration (3), prevent the development of sterile immunity, resulting
in repeated symptomatic infections throughout the life of the host.
Therefore, an understanding of this evasion mechanism is impor-
tant for the effective control of malaria.
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CD4*CD25™ regulatory T cells (Tregs) contribute to the main-
tenance of self-tolerance by suppressing autoreactive T cells in the
periphery (4, 5). Recently, Tregs were reported to play pivotal
roles in infectious diseases as well as in the suppression of auto-
immunity. For instance, Tregs suppress harmful immune patho-
genesis caused by infection (6), and they contribute to the estab-
lishment of chronic infection instead of the elimination of
pathogens, thus maintaining exposure of memory T cells to mi-
crobial Ags (7). With use of a murine model, we and others have
demonstrated that the immune escape of malaria parasites requires
activation of Tregs (8, 9). Furthermore, Walther and colleagues
found that up-regulation of Tregs correlates with rapid parasite
growth during human malaria infection (10). These results suggest
that activation of Tregs is a central mechanism by which malaria
parasites subvert host immune systems. However, it remains to be
elucidated how malaria parasites activate Tregs.

Several lines of evidence for the functional regulation of Tregs
have been accumulated. [L-2 is crucial for maintaining Tregs in the
peripheral pool of T cells (11). TGF-B maintains the suppressive
functions of Tregs (12). DCs also contribute to controlling Treg
cell functions by supporting the expansion of functional Tregs in
an Ag-specific manner (13), and immature DCs selectively induce
Tregs (14). TLR signaling in DCs blocks Treg-mediated suppres-
sion by affecting effector T cells (15) and reverses suppression of
Tregs (16). Some TLRs are expressed on Tregs themselves, and
these receptors are also involved in both positive and negative
regulation of Treg functions (17-20). Thus, the involvement of
TLRs expressed on DCs or Tregs in the regulation of Treg function
appears 1o be controversial,

We herein show that the interaction of malaria parasites with
DCs through TLRY is required for the activation of Tregs in vitro.
Additionally, infection of TLR9 ™'~ mice with malaria parasites
failed to activate Tregs, resulting in the activation of effector T
cells. These mice showed partial resistance to infection. Our re-
sults suggest a novel mechanism for immune evasion by malaria
parasites; that is, Treg activation by DCs stimulated via TLR9.
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FIGURE 1. Activation of Tregs during P. yoelii infection. A, Flow cy ic analysis of Foxp3d expression in CD4*CD25" T cells. Splenocytes
obtained from uninfected (left panels) and PyL-infected (right panels) mice were stained with fluorescence-conjugated anti-CD4, anti-CD25, and anti-
Foxp3 mAbs, Gated CD4" cells were separated on the basis of Foxp3 and CD2S expression (bottom panels). The L the p ges of
all cells in each of the quadrants. The results are representative of five repeated experi B, The percentages of Foxp3* CDB cells among CD4™ T

cells (upper panel) and the absolute number of CD4*CD25 Foxp3™ cells (bottom panel) in the lpbms of uninfected (open bars) and PyL-infected (filled
bars) mice were quantified. Values are means = SD of six mice. Asterisks indicate statistical significance at p < 0.05 with the Student ! test. C, Suppressive
function of Tregs in mice infected with PyL. CD4*CD25™ T cells (1 % 10%) purified from uninfected mice were stimulated with anti-CD3 mAb in the
presence of T cell-depleted spleen cells as APCs, and they were mixed with splenic Tregs (upper panel) or Tregs from lymph nodes (bottom panel) obtained
from uninfected (open symbols) or PyL-infected (filled symbols) mice at the indicated ratio. The proliferation of CD47CD25™ T cells was measured by

[*H]thymidine incorporation. Values are means of triplicate cultures, and SD was <10% of the mean value. Each symbol represents results from an
individual mouse. Splenic Tregs from infected mice :uppmscd significantly more than did those from uninfected mice (p < 0.01 with the unpaired Student

T

1 test). The results are rep ive of six rep P

Materials and Methods cell separation kit. Then, CD4* cells were stained with PE-anti-CD25 and

" : labeled with anti-PE microbeads. Positively selected cells were used as
Mica'and parastes Tregs, and others were used as CD4 “CD25 cells. For purification of DCs,
CS57BLJ6 mice were purchased from Kyudo; RAG2™'~ mice were from the splenic single-cell i d using collag and DNase [

Central Laboratory of Experimental Animals (Kawasaki, Japan); were incubated with anl:—CDIﬁBZ and then stained with FITC-anti-
Ly5.1C57BL/6 mice were from the Sankyo Lab Service under permission CDlle, followed by staining with anti-FITC microbeads, pDCs were pu-
of Dr. H. Nakauchi (Tokyo University), OT-II mice were provided by Dr. rified using a pDC isolation kit with slight modifications, After negative
K. Yui (Nagasaki University); and TRIF-, MyDB8-, TLR7-, and TLR9- isolation of DCs (whole), pDCs were purified using anti-PDCA1 mi-
deficient mice on CSTBLJ6 background were generated as previously de- crobeads instead of PE-B220 Ab. The purity of the separated cell subset
scribed (21-24), TLR9-deficient mice had been backcrossed for nt least 15 usually exceeded 92%. T n:!bdzp!ewi spleen cells of uninfected mice after
generations. Age- and sex-matched groups of wild-type and mutant mice removal of CD4" and CD8" cells were used as APCs.

were used for experiments. All experiments using mice were reviewed by For activation of Tregs, typically 1.5 X 10° purified Tregs were culured
the Committee for the Ethics on Animal Experiment in the Faculty of with 1.5 % 10" DCs and 2 % 10° pRBCs for 60 h. Then, Tregs were
Medicine, and conducted under the control of the Guidelines for Animal isolated as live cells. To analyze Treg function, purified CD4"CD25™ cells
Experiment in the Faculty of Medicine, Kyushu University, and the Law from uninfected mice stimulated with soluble anti-CD3 Ab or ConA (both
(no. 105) and Notification (no. 6) of the government of Japan. Blood-stage 2.5 pg/ml), in the presence of APCs, were cultured with a variety of freshly
parasites of PyL were obtained after fresh passage through a donor mouse isolated or cultured Tregs in 200 u! of media (for 72 h) md incubated \mh
2-3 days after inoculation with a frozen stock. Parasitized RBCs (pRBCs) 1 uCifwell ["Hlthymidine for the last 68 h. Radioactivity was

were prepared as previously described (3) and used as a stimulant. Mice using a liquid scintillation counter.

infected with 10,000 to 15,000 pRBCs ip.
- " 3 2 In vivo depletion of CD4™ T cells and neutralization of IFN-y

e To deplete CD4* T cells in vivo, mice were injected i.p. with 250 ug of
PE-anti-CD25 (PC61.5), allophycocyanin-anti-CD4 (RM4.4), and FITC- anti-CD4 Ab 3 days and | day before infection. Depletion of CD4" T cells
anti-Foxp3 (FIK-16s) staining kits, and FITC-anti-CD1 Ic (N418), PE-anti- was evaluated using peripheral blood, from which >95% of CD4™ T cells
B220 (RA3-6B2), allophycocyanin-anti-CD86, PE-Cy5.5-anti-CD40, were depleted. To neutralize IFN-y, mice were infected with 200 pg of
FITC-anti-CD69, FITC-anti-CD62L, PE-anti-IFN-y, purified anti-CD3 anti-IFN-y Ab | day before and | day after infection.

(2C11), purified anti-CD16/32 (2.4G2), and purified anti-MHC class I1 (M5/

114.15.2) Abs were obtained from eBioscience, The CD4™ T cell separation

kit, plasmacytoid DC (pDC) isolation kit, and anti-plasmacytoid DC Ag-1

(PDCAL1), anti-PE, and anti-FITC microbeads (Miltenyi Biotec) were used for

cell purification. mAbs to CD4 (GK1,5) of to [FN-y (R4—6A2), purified from ﬁ bk | Bl o

the ascites of hybndoma-injected athymic nude mice, were used for in vivo § o
treatments. =
Fl § 2 10
low cytometry 10
For Treg cell analyses, cells in o single suspension were stained with . o1 .Ha.l-!:: ,.5’ i l‘:“‘,_,;ts‘
allophycocyanin-anti-CD4 and PE-anti-CD25 followed by intracellular Treg : responder

staining with FITC-anti-Foxp3 according to the manufacturer’s protocol. )
Stained cells were analyzed by FACSCalibur (BD Biosciences) and the list: ~ FIGURE 2. No lymphocytes other than Tregs are required for the acti-

data were analyzed using CellQuest Pro software (BD Biosciences), vation of Tregs. CD4" cells purified 5 days after infection with PyL (@)

i L from RAG2™" mice that had received | X 10® Tregs a day before infec-
Cell purification and cultures tion were enalyzed for suppressive function s described in Fig. 1€. Those
Single-cell suspensions were prepared from spl or lymph nodes, To from uninfected recipients were also analyzed (C), The results of two sep-

urify Tregs, CD4* T cells were first negatively isolated using a CD4" T arate expenments are shown.
P 88 pen
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FIGURE 3. Requirement of an interaction between pRBC and DCs to activate Tregs. Suppressive functions of CD4*CD25* cells from uninfected mice
cultured with DCs were mlymd as in Fig. 1A, using ConA instead of anti-CD3. A, Tregs cultured with (@) or without (O) pRBC in the presence of DCs

were analyzed for their
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ve function. Freshly isolated Tregs (A) were also used. B, Tregs cultured with (circles) or without (triangles) DCs in the

absence (open symbaols) u;prueme (filled symbols) of pRBCs were analyzed for their suppressive activity. €. Tregs cultured with DCs from uninfected
(circles) or PyL-infected (triangles) mice in the absence (open symbols} or prmn:e (ﬁlled symbols) of pRBCs were analyzed. DCs were collected 5 days

after infection. Values are means = SD of triplicate cultures. A
expenments were repeated at least four times.

Statistical analyses

Differsnces between groups were analyzed for stalistical significance using
Excel software with two-tailed the unpaired Student r tests, For survival
curves, Kaplan-Meier plots and y* tests were performed. Probability below
0.05 was idered to be statistically significant,

Results
Infection with malaria parasites activates Tregs

Plasmodium yoelii |TXL strain (PyL), a rodent malaria parasite, is
highly virulent in mice and causes lethal infection. We previously
reported that high susceptibility to this parasite correlates with se-
vere immune suppression induced by activation of Tregs, and that
depletion of Tregs before infection made mice resistant to the oth-
erwise lethal infection; this resistance was associated with a re-
versal of T cell unresponsiveness against the parasite (8). As early
as 5 days after infection with PyL, when parasites began to be
detected in the circulation, the proportion of CD4 *CD25" T cells
increased in the spleen (Fig. 14). Because CD25 is not a specific
marker for Tregs and is expressed in activated non-Treg T cells,
we analyzed the expression of Foxp3. Foxp3 is a forkhead/winged-
helix transcription factor specifically expressed in Tregs, and its
expression is associated with the development and function of
Tregs (25, 26). At this time point, most CD4*CD25* T cells in the
spleens of both PyL-infected and uninfected mice were Foxp3™*
(Fig. 1A). The percentage of CD25* Foxp3* cells among CD4" T
cells and the total number of splenic Foxp3*CD4*CD25* cells in
PyL-infected mice were significantly increased after infection (Fig.
1B). We next evaluated the suppressive function of Tregs by de-
termining the degree of suppression of TCR-triggered T cell pro-
liferation. Purified CD4*CD25" T cells obtained from PyL-in-
fected mice were mixed with CD4* CD25 T cells obtained from
uninfected mice stimulated by TCR engagement in the presence of
APCs. CD4"CD25" T cells from infected mice showed remark-
able suppressive activity compared with those from uninfected
mice (Fig. 1C). Such alterations in suppressive function were not
observed in Tregs from mesenteric lymph nodes, in which no par-
asite was detected during infection (Fig. 1C), suggesting that Treg
activation occurs after intimate contact with parasites.

Malaria parasites interact with DCs to activate Tregs

We next analyzed how Tregs are activated during malaria infec-
tion. Some cytokines secreted by lymphocytes are reported to be
important for Treg activities. To determine the cellular require-
ments for Treg activation, RAG2™'" mice received | X 10° Tregs
from syngeneic mice, and they were then infected with PyL. Be-
cause CD25 expressed by Tregs disappears in the inflammatory

| significance at p < 0.05 with the Student r test. These in vitro

environment in lymphopenic hosts (7), CD4™ cells were purified.
Approximately 1 % 10° and 1.4 % 10° cells were recovered from
uninfected and PyL-infected mice, respectively (not significant).
Tregs recovered from uninfected mice still suppressed TCR-triggered
T cell proliferation in a dose-dependent manner. Infection of recipient
mice with PyL significantly enhanced this suppressive function, as
observed in immunocompetent mice (Fig. 2), indicating that no
lymphocytes other than Tregs are required for the activation of this
function of Tregs. These results suggest that the interactions between
Tregs, APCs, and pRBCs are sufficient for Treg activation.

To evaluate this possibility, we tried to reproduce Treg activa-
tion in vitro. Tregs from uninfected mice cultured with pRBCs and
CDl1lc* splenic DCs, as APCs, were analyzed for a suppressive
function, There was no evidence for Treg proliferation, even in the
presence of pRBCs, as determined by the incorporation of [*H]thy-
midine or CFSE dilution (data not shown). Recovered Tregs main-
tained their suppressive function at a comparable level to freshly
isolated Tregs. The addition of pRBCs promoted the suppressive
activity of Tregs (Fig. 3A). This enhancement was associated with
parasites, because the addition of normal RBCs did not enhance
Treg activities (data not shown). Thus, an in vitro system can
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FIGURE 4. Activation status of DCs that had interacted with malaria
parasites. A, DCs cultured with pRBCs (left panels) and splenic DCs from
PyL-infected mice (right panels) were analyzed for the expression of CD40
and CD86. The expression profiles of DCs cultured with pRBCs or DCs
from infected mice (solid lines) were plotted against that of DCs cultured
without pRBCs or that of DCs from uninfected mice (shaded areas), re-
spectively. B, CD4*CD25" cells from OT-Il mice were stimulated with
the indicated amount of OVA in the presence of splenic DCs from mice
infected with PyL (@) or with DCs from uninfected mice {O} The prolif-
eration of OT-II T cells was 1 by [*H]thymidine incor P . The
results represent the means of triplicate cultures, SDs were <5% of the
mean.

= 07 =



The Journal of Immunology 2499

A B Cc
3 1 pREC (-)
12(q NHCIE) 5, NHCI(+) 80 N D 2 PP e )
g9 9 £ 60 60 g 40 o control Ig
=] s A £75[ ™ anti-class ||
g 6 8 g 40 40 g 20
CFR @ 20 g4
O pRBC (- 5 20 FOpREC () 20 O uninfected
3 . U .;:.H.‘BC.L’} ®GRABC (+) ® intectad ¢ 10 5:::
a : ol—— s g R P— o -
01 910135 146 115 16 01 11138 1:45 1015 15 0:1 1138 145 1:156 18 0:11:54 1:18 1:6 mr!trullg anti-class Il owlz[ume
Treg : responder Treg : raspondar

FIGURE 5. Phago-endocytic pathway-dependent, Ag-nonspecific activation of Tregs by malaria parasites. A, Blocking endosomal maturation
inhibits Treg activation. Tregs and DCs obtained from fected mice were cultured in the absence (left panel) or presence (right panel) of NH,CI
(250 pg/ml) and analyzed as in Fig. 3A. B, CD47CD25" cells from OT-II mice cultured with DCs and pRBCs (left panel) or those from OT-II mice
infected with PyL (right panel) were analyzed for suppressive activity as in Fig. 3A. C, Treg activation with pRBCs was performed in the presence
of anti-class IT Ab (1 pg/ml). Suppressive activity was evaluated as the ratio of Tregs to CD4*CD25™ cells (1:5). Percentage suppression was
caleulated as (1 — experimental cpm/base cpm (cpm without Tregs)) % 100, Open and filled columns represent suppressive activity in the absence
or presence of pRBCs, respectively. CD4"CD25” cells from OT-II mice were cultured with OVA at the indicated concentration in the presence of

anti-class IT Ab (inser).

reproduce Treg activation during infection in vivo. Using this sys-
tem, further analyses were performed. First, to pinpoint the cellular
interactions of pRBCs with Tregs and DCs, Tregs were stimulated
with pRBCs in the absence of DCs. The addition of pRBCs did not
augment Treg function in this setting (Fig. 3B). Furthermore, DCs
from PyL-infected mice activated Tregs, even in the absence of
pRBCs (Fig. 3C). These results demonstrate that malaria parasites
interact with DCs to activate Tregs. Malaria parasites have been
reported to inhibit the maturation of DCs (3), and immature DCs
preferentially activate Tregs (13), suggesting that PyL suppresses
DC maturation. Thus, we checked the status of pRBC-interacting
DCs capable of activating Tregs. The exposure of DCs to malaria
parasites slightly enhanced the expression of CD40 and CDS6,
both in vitro and in vivo (Fig. 44). Moreover, the Ag processing/
presenting capacity of these DCs to activate OV A-specific OT-11
CD4™ T cells was identical with that of untreated DCs (Fig. 48).
These results exclude the possibility that malana parasites down-
regulate DC activities.

TLR9 signaling in DCs is required for Treg activation

Parasite-derived molecules usually contact DCs after being pro-
cessed in phago-endosomes (27). In contrast, pRBCs express some
molecules derived from the parasites on their surfaces, and this
enables parasites (o interact with the surfaces of DCs without

A
100 I’Eﬂ‘m 117948
FIGURE 6. Essential role of TLRY sig- BOt 3
naling in DCs for the activalion of Tregs.
CD4™CD257 cells from uninfected WT 2
mice were cultured with pRBCs in the pres- 40
ence of DCs from the indicated mutant 5 20
mice (A and B) or with the indicated DCs 2
from WT mice (C). These cells were then g 0 -
evaluated a5 in Fig. SC. Values are 100 Bie com: 51743
means * SD of triplicate cultures. Aster- £ 80
isks indicate statistical significance at p < -
0.05 with the Student ¢ test. The results of 60
Iwo separale experiments of four experi- 40
ments are shown.
20
0

WT MyDB88+ TRIF+

phagocytosis (3). We next examined whether endocytic pathways
are required to make DCs competent for Treg activation. Inhibition
of endosomal maturation with ammonium chloride, a reagent that
blocks endosomal acidification, precluded enhancement of the sup-
pressive function of Tregs (Fig. 54).

Foreign Ags phagocytosed by DCs are proteolytically processed
and undergo Ag presentation to MHC class I1 molecules (28). The
necessity for engulfment of pRBCs by DCs for Treg activation
might be explained by the ability of DCs to activate Ag-specific
Tregs. To address this issue, we used Tregs isolated from OVA-
specific TCR-transgenic OT-II mice (29). Stimulation of these
Tregs with pRBCs resulted in an enhancement of their suppressive
function. Additionally, infection of OT-II mice with PyL also ac-
tivated Tregs (Fig. 58). We could not exclude the possibility of an
involvement of remnant Tregs with non-OT-1I TCR in the en-
hancement of Treg function, because RAG-deficient OT-1I mice
could not be used owing to requirement of TCR rearrangement for
the development of Tregs (30). To further confirm Ag-nonspecific
Treg activation, we used an anti-MHC class I Ab in Treg cultures
with pRBCs. The enhancement of the suppressive function of
Tregs by adding pRBCs was not altered, even in the presence of
the anti-class II Ab, which completely blocked the OV A-spe-
cific proliferation of CD47CD25~ cells isolated from OT-II

mice (Fig. 5C).
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20
FIGURE 7. Resistance of TLR9™/~ mice 10 PyL in-

fection. A, The kinctics of parasitemia in WT or L
TLR9™" mice infected with PyL (wpper panels) ar with

PYNL (a nonlethal variant of PyL: lower panels) was %

4 by microscopic evaluation of Giemsa-stained

thin blood films. Each symbol represents a value from an ]

a

#

individual mouse. The numbers represent days of mouse
death and “s™ shows mice that survived. Similar results
were obtained from at least three experiments. 8. The
cumulative mortality rate of infection with PyL in WT
(O) or TLR9™~ mice (A) is shown. P < 0.001 for the
percentage survival of WT vs TLR9 ™'~ mice by »* test.

To activate Tregs, phagocytosed PRBCs might not be displayed
as Ags, but they were thought to provide signals to DCs. We hy-
pothesized that TLRs are involved in this interaction. To investi-
gate the possible roles of TLRs, we used DCs obtained from mice
lacking MyD88 or TRIF, both of which are essential adaptor mol-
ecules for TLR signaling (21, 22). As shown in Fig. 64, DCs from
TRIF™"" mice were capable of activating Tregs as well as those
from wild-type (WT) mice. By contrast, Tregs were not activated
when cultured with DCs from MyD88 ™'~ mice. The dependency
of Treg activation on MyD88 and the endosomal localization al-
lowed us to deduce that the TLRs likely to be involved are TLR7
and TLR9. TLR7 recognizes single-siranded RNA from viruses
(23), while TLR9 recognizes DNA containing unmethylated CpG
motifs (24). Recently, some reports have found that malaria par-
asites express molecules that are recognized by TLR9Y (31, 32),
suggesting that TLR9 is a much more likely candidate. To confirm
this, we conducted studies using mice lacking TLR7 or TLR9. As
expected, DCs from TLR7 ¥ mice, but not those from TLR9 "~
mice, were able to activate Tregs (Fig. 6B). TLRY is expressed
predominantly by pDCs, which are reported to be involved in Treg
induction (33). However, our experiments denied the involvement
of pDCs in Treg activation during malaria infection. Purified
PDCAI™ pDCs could not activate Tregs in vitro, presumably due
to an inability to ingest pRBCs, whereas DCs depleted of pDCs
could (Fig. 6C). These results indicate that TLR9 plays a critical
role in the interaction between pRBCs and myeloid DCs, which
underlies the activation of Tregs, and thus prompted us to examine
the susceptibility of TLR9™’~ mice to infection with PyL.

TLR9-deficient mice were partially resistant to lethal infection
with PyL

As reported previously, rapid growth of the parasile occurred in
WT mice, and these mice succumbed to infection within 2 wk (Fig.
7A); the overall mortality was >90% (30 of 32, Fig. 7B). Surpris-
ingly, TLR9™" mice were partially resistant to infection. Some
mice were able o tolerate the second peak of parasitemia and
ultimately survived, while other mice had only low levels of par-
asitemnia (Fig. 7A). Cumulatively, 14 of 28 TLR9™"~ mice sur-
vived (Fig. 7B). One possibility that needed to be excluded was
that the WT mice died of hyperinlammation, such as CpG shock
induced by the infection, and that the loss of TLR9 signaling
merely reduced the immunopathology. Therefore, we measured
the levels of proinflammatory cytokines in the sera of WT and
TLR9™" mice, but we were not able to detect IL-6, IL-12p70, or
TNF-a, even after infection. The resistance of TLR9™'~ mice was
observed only when those mice were infected with PyL that activates
Tregs. Infection of TLR9™~ mice with PyNL strain, which does not

cause Treg activation, did not alter the course of infection (Fig. 74).
These results indicate that the loss of TLR9 might affect Treg activa-
tion but not immune responses unrelated to Treg activation.

Infection with PyL failed to activate Tregs in TLRO™~ mice

To relate the partial resistance against PyL infection to the impair-
ment of Treg activation in TLR9 ™/~ mice, we analyzed Treg func-
tion in TLR9 ™~ mice. Splenic Foxp3*CD4*CD25* cells were
increased in TLR9 ™"~ mice, similarly to those in WT mice, 5 days

A
foxp3
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FIGURE 8. Impaired Treg activation in TLRO™" mice after infection
with PyL. A, Flow cytometric analysis of Foxpd expression in
CD4"CD25" T cells. Splenocytes obtained from WT (left panels) or
TLRI™ (right panels) mice with (bottom panels) or without (top panels)
infection with PyL were analyzed as in Fig. 1A. Results are representative
of five experiments. B, Suppressive function of Tregs in TLRY™" mice
infected with PyL. Splenic Tregs obtained from uninfected {open symbols)
or PyL-infected (filled symbols), WT (circles) or TLR9 ™/~ (triangles) mice
were mixed with CD4*CD25™ T cells at the indicated ratio. €, Transferred
Ly5.1" Tregs recovered from WT (circles) or TLR9~*~ (triangles) recip-
ients before (open symbols) or after (filled symbols) PyL infection were
analyzed for their suppressive activity. Values are means + SD of triplicate
cultures, Asterisks indicate statistical significance at p < 0.05 with the
Student 1 test. These expariments were repeated at least three times,
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FIGURE 9. Activation of CD4* T cells is required for resistance in TLR9™~ mice. A and B, Spleen cells from WT or TLR' 7'~ mice 5 days after

infection (A, b panels) or uninfected mice (A, upper panels) were i with ¢ of i jugated anti-CD4 and Abs to the
indicated molecules, followed by flow cy ric lyses. A, Histogs show expi of CD69 or CD62L on gated CD4™ T cells. Numbers indicate
the percentages of CD4™ T cells comprising the CDEY# or CDE2L™™ populati B, The absol ber of CD4*IFN-y* cells in the spleen was

calculated. Values are means + SD of four mice. Asterisks indicate statistical significance at p < 0.05 with the Student 1 test. €. Proliferation of splenic
CD4* T cells isolated from uninfected (open symbols) or PyL-infected (filled symbols) WT (circles) or TLRO™'~ (squares) mice. CD4" T cells were
cultured with the indicated number of pRBCs in the presence of APCs. Values are means = SD of triplicate cultures. Asterisks indicate statistical
significance at p < 0.05 with the Student ¢ test. These experiments were repeated at least three times. D, CD4* T cells and IFN-y are essential for protection
against malaria parasites in TLR9™'™ mice, The kinetics of parasitemia in TLR9™'~ mice treated with the indicated Ab were evaluated as in Fig. 7A. Each
symbaol represents a value from an individual mouse. The numbers represent days 1o mouse death and “s™ shows mice that survived. A similar result was

obtained from another experiment,

after infection (Fig. 8A). Infection of WT mice with PyL again
enhanced the suppressive function of Tregs, and infection of
TLR9 ™/~ mice failed to do so, although there was no difference in
the suppressive efficacy between TLR9™'~ and WT Tregs before
infection (Fig. 88). This failure might be attributable to the inclu-
sion of Foxp3~ cells among CD4*CD25" cells, because
TLRO '~ mice had more CD4*CD25  Foxp3™~ cells, which are
thought to be effector cells originating from the pool of
CD4*CD25 cells (Fig. 84). To exclude this possibility, we in-
fected TLR9 ™/~ mice into which Tregs from LyS.1 mice had been
adoptively transferred, and Ly5.1" cells recovered from the in-
fected mice were analyzed for suppressive activity. Ly5.17 Tregs
recovered from WT mice showed enhanced suppression after in-
fection. By contrast, no enhancement of Treg function was ob-
served in TLR9 '~ recipients (Fig. 8C). These results confirm that
Tregs are not activated in TLR9™'™ mice, regardless of the ex-
pression of TLR9 on Tregs themselves.

Finally, we analyzed immune responses in PyL-infected
TLRO ™'~ mice. CD4" T cells and their product IFN-y are known
to be important for protection against blood-stage malaria (34, 35).
Flow cytometric analyses revealed that infection of TLR9™'™ mice
with PyL increased activated (CD62L'™™, CD69"#") and IFN-y"
populations among splenic CD4™ T cells, compared with infection
of WT mice (Fig. 9, A and B). Furthermore, CD4" T cells from
TLR9™’~ mice proliferated in response (o pRBCs, while those
from WT mice showed only a marginal response (Fig. 9C). We
depleted CD4™ T cells or neutralized the [FN-y from these mutant
mice. These manipulations completely abolished the partial pro-
tection observed in TLR9™'~ mice (Fig. 9D), indicating that
CD4* T cells were efficiently activated under conditions in which
Tregs are not activated in TLR9™'™ mice,

Discussion

We herein demonstrate that malaria parasites activate Tregs
through TLR9 engagement in DCs. PyL did not exert its full vir-
ulence in TLR9 ™'~ mice, indicating that TLR9-mediated Treg ac-
tivation is an important strategy used for immune escape by this
parasite. The alterations observed in TLR9 ™'~ mice, a failure of
Treg activation and subsequent effector T cell activation, are de-
pendent on TLR9-deficient DCs, because T cells, including Tregs,
do not express TLR9 (17, 19). Among a variety of immune evasion
mechanisms, DCs, which play central roles in establishing immu-
nity, are the major target for malaria parasites. For instance, ma-
laria parasites interfere with the maturation of DCs (3, 36, 37) or
prevent Ag cross-presentation (38), both of which result in the
failure to directly activate protective/effector T cells. Unlike these
observations, our findings propose a novel interaction of malaria
parasites with DCs via TLRO that affects Tregs rather than protec-
tive T cells.

It is generally thought that TLRs are crucial for the induction of
innate and acquired immunity (39). Some reports have shown that
mice deficient in a TLR show higher susceptibility to pathogens
recognized by the corresponding TLR (40, 41). By contrast, recent
reports have shown TLR-mediated immune suppression. Upon
stimulation through TLRs, on the one hand, DCs decrease the sus-
ceptibility of effector T cells to suppression mediated by Tregs
(15). Stimulation of Tregs via TLR8 or TLR2 reverses the sup-
pressive function of Tregs (17, 18). These behaviors drive toward
the development of immunity. In contrast, systemic or excessive
activation of TLRs in DCs has been reported to induce several
types of immune suppression (38, 42). Stimulation with a large
amount of LPS, a TLR4 ligand, and the TLRS ligand flagellin
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directly activate Tregs as determined by their enhanced suppres-
sive function (19, 20). Thus, TLRs contribute to controlling the
balance between Tregs and effector T cells by affecting both DCs
and Tregs. Furthermore, TLR signaling provides negative feed-
back mechanisms for preventing immunopathogenesis when stim-
ulation is saturated. Because TLR9 recognizes endogenous ligands
and is involved in the development of autoimmune diseases (43,
44), this type of signal could have powerful regulatory functions,
such as activation of Tregs, which are suppressors of autoimmu-
nity, Indeed, TLR9 signaling plays a protective role in the de-
velopment of autoimmunity by modulating Treg activity in au-
toimmune-prone MRL mice (45). Furthermore, commeon
polymorphisms of TLR9 are reported to be associated with the
clinical manifestation of malaria during pregnancy (46). It is
quite possible that malaria parasites cleverly exploit this ma-
chinery by providing a large amount of TLR9 stimulant.

Recently it was reported that Tregs contribute to the pathogenesis
of cerebral malaria by suppressing antimalarial immunity during
infection with Plasmodium berghei ANKA (47). Tregs appeared to
be activated in this model. It would be of interest to analyze
whether TLR signaling is involved in this Treg activation, al-
though the roles of TLRs in the development of cerebral malaria
are controversial (48, 49).

Although we have not identified any TLR9 ligands derived from
malaria parasites, the quantity of TLR9 signaling might be a key
lactor in the activation of Tregs, TLR9*/~ heterozygous mice had
a similar phenotype to TLR9 ™~ mice, but not to WT mice, in
terms of a high resistance to malaria and an absence of Treg ac-
tivation after infection (data not shown), Additionally, we postu-
late that the quality of parasite-derived TLR9 ligands is also im-
portant in the activation of Tregs for the following reasons. First,
CpG-triggered DCs did not activate Tregs (data not shown). Sec-
ond, stimulation of DCs with pRBCs did not induce production of
IFN-a, which is secreted from DCs activated by CpG (data not
shown). Given these findings, hemozoin, a known parasite ligand
for TLRY, is a possible candidate ligand. Hemozoin is abundant in
PRBCs, and it does not induce IFN-a production upon stimulation
of DCs (31). Indeed, hemozoin-related immune suppression has
been previously reported (50). Recently, the concept of malaria
hemozoin stimulating TLR9 has been revised to malarial DNA
presented by hemozoin (51). Careful investigations are required to
identify the molecule(s) responsible for TLRO stimulation,

Another issue to be clarified is how DCs that have interacted
with malaria parasites activate Tregs. Infection of WT mice with
PyL activated Tregs in terms of proliferation and suppressive func-
tions. Cultivation of Tregs with DCs and PRBCs enhanced sup-
pression, but did not induce proliferation, By contrast, infection of
TLR9™" mice increased the number of Tregs but did not enhance
suppression. These results suggest that the regulation mechanisms
for the augmentation of suppression might be different from those
for proliferation. The failure of cultivation to increase the number
of Tregs suggests that factors derived from other cell types, such
as [L-2, are required for Treg proliferation. We postulate that par-
asite-simulated DCs up-regulate Foxp3 expression in Tregs, be-
cause flow cytometric analyses (Figs. 1A and 84) show a slight
increase in Foxp3 protein level in Tregs from infected mice, and
because we found that the level of Foxp3 mRNA was increased in
Tregs from mice infected with PyL (52). Ag-nonspecific augmen-
tation of the suppressive activity of natural Tregs observed here
has been reported after TLRS ligation in human Tregs in vitro (20)
or after infection of mice with helminth (53), both of which are
associated with enhanced Foxp3 expression. TGF- is important
for Foxp3 expression, and both the increase in the number of
Foxp3™ Tregs and the production of TGF-B are associated with

higher rates of parasite growth in human falciparum malaria (8),
suggesting that TGF-f is likely to be responsible for Treg activa-
tion. However, our preliminary experiments showed that although
the neutralization of TGF-8 during PyL infection in mice aug-
mented protective immunity, it did not attenuate Treg activation,
Recently we found that malaria parasites induce DCs with a sup-
pressive phenotype expressing IDO (54), which is known to be
induced in DCs stimulated with systemic CpG injection (42), It
would be interesting to analyze the involvement of this suppressive
enzyme in Treg activation. Indeed, clarification of the molecular
basis of Treg activation is our next objective.

In conclusion, we propose a novel model for the functional reg-
ulation of Tregs as well as for the immune escape of malaria par-
asites, which may enable us to establish new approaches to devel-
oping effective immunity against malaria or preventing
autoimmunity by correcting the balance between Tregs and effec-
tor/pathogenic T cells.
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Onecut transcription factor OC2 is a direct target of T-bet

in type-1 T-helper cells

K Furuno'?, K Ikeda?, S Hamano®, K Fuku yama', M Sonoda’, T Hara?, T Sasazuki® and K Yamamoto'
'Department of Molecular Genetics, Medical Institute of Bioregulation, Kyushu University, Fukuoka, Japan; *Department of Pediatrics,
Graduate School of Medical Science, Kyushu University, Fukuoka, Japan; *Department of Parasitology, Graduate School of Medical
Science, Kyushu University, Fukuoka, Japan and *International Medical Center of Japan, Tokyo, Japan

T-box transcription factor, T-bet, has a central role in the differentiation of T-helper (Th) progenitor cells to Th1 or Th2 effector
cells, partly by regulating the expression of genes such as interferon-y (IFN-y). However, the direct target genes, especially
those mediating the transcriptional network initiated by T-bet, are not vet fully understood. By combining chromatin
immunoprecipitation from Th1 cells with human cytosine-phosphate-guanine-island array analysis, Onecut 2 (OC2), which
encodes a member of the ONECUT class of transcriptional activators, was identified as a direct larget gene of T-bel. OC2
is expressed in Th1 but not Th2 cells and reporter assays showed that T-bet transactivates OC2 transcription through putative
T-bet half-sites locating —451 to —347 of OC2 promoter region. Moreover, we found that OC2 binds and transactivates human
T-bet promoter. These results suggest that not only cell-extrinsic regulation via the IFN-y/STAT1 pathway, but also cell-intrinsic
Iranscriptional positive feedback loop between T-bet and OC2 could be involved in Thi development.
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Introduction

The differentiation of naive CD4*+ T cells to either
T-helper 1 (Th1) or 2 (Th2) effector cells is a critical
process during immune responses, with broad implica-
tions both in responses to pathogens and in autoimmune
and allergic disorders. Transcription factors including T-
bet and GATA3 have appeared to play a key role in this
process by regulating expression of cytokine genes such
as interferon-y (IFN-y) and interleukin-4 (IL-4) that are
characterized as dominant factors guiding the develop-
ment of Thl and Th2 cells."* T-bet belongs to a family of
transcription factors, the members of which share a
highly conserved DNA-binding domain T-box, flanked
by diverse non-DNA-binding domains, which are
involved in transactivation or repression.>* A series of
studies in vitro and in pivo showed that T-bet is induced
by the T-cell receptor and the [FN-yR/STAT1 signaling
pathway in antigen-recognizing naive CD4* T cells, The
elevated T-bet induces IL-12Rf2 and IFN-y expression,
allowing IL-12R/STAT4 signaling to optimize IFN-y
expression, and thereby amplifying and establishing
the effector commitment of Thi cells”™ In addition,
T-bet induces the expression of homeobox transcription
factor, Hlx, and both proteins cooperate to transactivate
IFN-y and T-bet expression." Thus, the central roles of
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T-bet in the cell-extrinsic and -intrinsic pathways
involved in Thl lineage commitment have been well
established. However, the direct target genes of T-bet are
not yet fully understood.

Global analysis of the in vivo effects of protein-DNA
interactions on gene expression can be achieved by
hybridizing the DNA fragments isolated by a protein-
specific antibody from the cell against a microarray
constructed from sequences containing regulatory
elements. Taking advantaée of the strong association
between CpG islands (CGIs) and gene regulatory
regions,"" one type of microarray constructed with CGls
has been established to identify transcription factor
target genes.'™'* To identify genes that are directly
regulated by T-bet in Th1 cells, we employed combina-
tory analysis of chromatin immunoprecipitation (ChIP)
and CGI microarray. We described here that ONECUT
class of transcriptional activator OC2 is a target gene of
T-bet. T-bet is associated with OC2 promoter and
transactivates the expression. Furthermore, there exist
OC2-binding elements in human T-bet promoter and
OC2 transactivates T-bet expression. Our finding sug-
gests that transcriptional positive feedback lmr between
T-bet and OC2 could be involved in Thl deve opment.

Results and discussion

A microarray containing duplicates of 9216 human CGls
was generated and probed with genome fragments
isolated by ChIP using an antibody specific to T-bet or
an antibody-free control from Thi-polarized human
T cells (Figure 1a). We detected 50 spots at which the
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Identification of Onecut 2 (OC2) as T-bet target gene. (a) A flow chart describing the methodology used to identify T-bet targets.

Human naive CD4* T cells, which were isolated from cord blood, were stimulated in Thl condition. A total of four individual chromatin
immunoprecipitation (ChIP) assays were performed with anti-T-bet antibody or no antibody, using approximately 107 cells for each
experiment. The immunoprecipitates were pooled and then labeled to probe the CpG islands (CGI) island microarray. A total of 28 genes
were selected based on the genomic location of the DNA sequences of positive spots, and the expression in Th1 and Th2 cells was analyzed
by reverse transcription (RT)-PCR. (b) The expression of OC2 in Th1 cells. cDNAs from Th1 and Th2 cells were amplified by specific primers
to the indicated genes. (¢, d) The expression pattern of OC2 in adult organs and peripheral blood cells. OC2 transcripts were detected by
RT-PCR. (e) T-bet binds the OC2 promoter in Th1 cells. ChIP assays were performed with no antibody (lane 2) and anti-T-bet antibody (lane

3). Data representative of the four independent assays are shown.

signal obtained with T-bet-associated chromatin was at
least twofold higher than that obtained by probing with
the control chromatin. The end reads of the positive CGI
clones were aligned to the human genome sequence
using the Blast-like alignment tool obtained from the
University of California Santa Cruz Genome Bioinfor-
matics Web site (http://www.genome.ucsc.edu/). The
size of the chromatin in the ChIP was approximately
1-3kb. As a result, 28 genes located within 5kb of the
CGlIs were selected for further comparison of their
expression in Thl and Th2 cells by reverse transcrip-
tion-polymerase chain reaction (RT-PCR) excluding
false-positive clones due to repeated elements and/or
nonspecific precipitation.

We found higher expression level of the gene encoding
the OC2 in Th1 cells compared with Th2 cells (Figure 1b).
The expression patterns of OC2 in hematopoietic
lineages, including lymphocytes, have remained unclear,
although a previous study reported high expression
levels in the brain, testis, liver and skin.'* We examined
the expression of OC2 in various tissues and found the
transcript in the thymus and spleen (Figure 1c). OC2
transcripts were not detected in resting CD4*, CD8",
CD19+, CD14* or activated CD8+ cells using RT-PCR

(Figure 1d). Hence, OC2 seems to be specifically
expressed in activated CD4* T cells, especially in Thi
cells (Figure 1b and d).

We next investigated whether T-bet is physically
associated with the OC2 promoter in vivo by ChIP
experiments using PCR primers specific for OC2
promoter region from -618 to —270. As shown in
Figure le, genomic DNA fragment including OC2
promoter was coimmunoprecipitated with T-bet from
the cell extract of Th1 but not Th2 cells. Thus, OC2 can be
a target gene of T-bet in Th1 cells.

To determine whether T-bet directly activates the OC2
gene, a human genome fragment including the OC2
promoter region from —1905 to + 124 was examined to
induce reporter transcription in the presence of T-bet or
GATAS3 as a control. We found that overexpressed T-bet,
but not GATA3, transactivated the reporter through the
OC2 promoter region in a dose-dependent manner
(Figure 2a). A similar level of transactivation by T-bet
was observed when the OC2 promoter region from —451
to +124 was tested, whereas transactivation was
markedly decreased in the OC2 promoter region from
~347 to + 124 (Figure 2b). We did not find the typical
consensus-binding sequence for T-box in the region
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Figure 2 Onecut 2 (OC2) is a direct target gene of T-bet. (a) T-bet
transactivates the OC2 promoter. The reporter activities of human
OC2 promoter (~1905 to + 124) were examined in the presence of
T-bet or GATA3 in COS7 cells. All experiments were performed in
triplicate and the mean+s.d. is presented. (b) The OC2 promoter
region between —451 and —347 is required for transactivation by
T-bet. Reporter activities driven by the indicated OC2 promoter
regions were examined in COS7 cells. (c) Putative T-box half-sites of
the OC2 promoter region between —451 and —347 affect transacti-
vation by T-bet. Three putative T-box half-sites (designated as I, II
and [Il; Supplementary Figure S1) were mutated in the reporter
containing OC2 promoter (—451 to + 124) and the reporter activities
of each construct, as well as the wild-type (top) and OC2 promoter
(347 to +124, bottom), were examined in the presence or absence
of T-bet in COS7 cells. The relative luciferase activities were
calculated by dividing the normalized activities in the presence of
T-bet by those in the absence of T-bet.

between —451 and —347; however, there are at least three
putative consensus half-sites (Supplementary Figure S1)
that might be functionally similar to a proximal promoter
and a distal enhancer of the IFN-y gene."*'” We could not
detect the in vitro binding of T-bet to these sequences
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(data not shown). However, the introduction of muta-
tions in the first and second half-sites of the OC2
promoter region between —451 and + 124 reduced the
T-bet-mediated transactivation to a similar level as that
seen in the OC2 promoter region from —347 to +124 in
reporter assays (Figure 2c). Together with the ChIP
experiments showing that OC2 promoter —618 to —270
region was coimmunoprecipitated with T-bet (Figure le),
our data suggested that OC2 gene was transactivated in
conjunction with these sites in cells.

We next examined the effects of truncated mutations of
T-bet on transcriptional activation of OC2 promoter in
reporter assays. It was found that the transactivation
required the T-box DNA-binding domain (Figure 3a). We
also observed that both the N- and C-terminal regions of
T-bet were involved in transactivation, although pre-
vious reports suggested that the C-terminal alone was an
activation domain.'*'® Consistent with this observation,
when the heterologous GAL4 DNA-binding domain
(GALADBD) was fused to each region of T-bet, both the
N- and C-terminal parts showed transactivation
(Figure 3b). These results revealed that T-box is flanked
by two potent transactivation domains in T-bet. Taken
together, our findings indicate that T-bet binds the OC2
promoter via T-box for transactivation in Th1 cells.

Members of the ONECUT class of transcription factors
are characterized by a bipartite DNA-binding domain
composed of a single cut domain associated with a
divergent homeodomain.' In mammals, three ONECUT
factors, OC1 (HNF6), OC2 and OC3, have been identified
so far. The molecular dissection of OC1 revealed that the
cut domain and the homeodomain act together to
determine DN A-binding affinity, specificity and transac-
tivation.* The sequence conservation in these domains
among the three paralogues suggests that OC2 binds a
similar DNA consensus sequence to OC1. Indeed, many
of the OCI targets are also recognized by QC2.%
However, the optimal binding sequence for OC2 has
not yet been identified. The identification of the target
genes of OC2 is essential for elucidating its functional
roles in Thl cells. Thus, we determined the consensus-
binding sequence of OC2 through an in vitro selection
experiment using a random sequence oligonucleotide
and a truncated OC2 protein containing both the cut
domain and the homeodomain (Supplementary Figure
S2a). Five rounds of binding reactions in combination
with PCR enriched the DNA species that might interact
with OC2 (Figure 4a). Subsequently, we cloned the PCR
products amplified in the final round and analyzed the
sequences of 96 clones. We identified 20 different
sequences, 16 of which were significantly bound to
OC2 in an in vitro band-shift assay (Supplementary
Figure 52b). The alignment of these sequences revealed
the consensus, 5-AATCG(A)ATA(C)-3' (Figure 4b),
which overlapped significantly with those of the
cut domain of human CDP (5-ATCGAT-3') and OC1
(5"-ATCAAT-3').20=

Based on the consensus-binding sequence of OC2, we
searched for candidate target genes encoding proteins
related to Thl function by checking the genome
sequences of the promoter region. We found tandem
repeats of the consensus sequence 5 upstream of the
human T-bet gene, 5'-ATCAATAAAGATCGAT-3', in the
region from —490 to —475 (the consensus sequences are
underlined and designated as ‘site 1" and ‘site 2,
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Figure 3 Activation domains of T-bet and association of T-bet with Onecut 2 (OC2) promoter in cells. (a) T-box is indispensable for T-bet-
induced OC2 promoter activity. Reporter activities of OC2 promoter (~451 to + 124) induced by truncated mutants of T-bet were examined in
COS7 cells. The mutants of T-bet express truncated T-bet as follows: T-bet del-C; N-terminal part and T-box (amino acids 1-334), T-bet del-N;
T-box and C-terminal part (amino acids 132-535), T-bet N; N-terminal part (amino acids 1-131), T-bet T-box; T-box (amino acids 132-334),
T-bet C; C-terminal part (amino acids 335-535), Schematic representation of the deletion mutants has been shown on the left of the data
column. (b) T-bet contains transactivation domains in the N- and C-terminal parts. The N-/C-terminal part and T-box were fused to the GAL4

DNA-binding domain (GAL4DBD). The transcriptional activities of each part were examined using pG

1.3-17md-tk-luc as a reporter in the 293

cells, Schematic representation of the GAL4DBD-fused deletion mutants has been shown on the left of the data column.

respectively) (Figure 4c). OC2 significantly bound this
sequence and the interaction was, at best, partially
competed by a cold probe containing mutations in site
1 and/or site 2 (Figure 4d), indicating that both sites
were involved in binding to OC2 in vitro.

To examine whether the OC2 transactivates the T-bet
promoter, we performed reporter assays using reporter
constructs containing T-bet or IFN-y promoter. We found
that the reporter gene that contains T-bet promoter (—976
to +27), but not the IFN-y promoter, was transactivated
by OC2 (Figure 5a). Furthermore, a ChIP experiment
using an OC2-specific antibody, which is able to
immunoprecipitate formaldehyde-fixed OC2 protein
(Supplementary Figure S3), revealed an association
between OC2 and the T-bet promoter in Thl cells
(Figure 5b). Thus, these results suggest that T-bet can
be a direct target gene of OC2 and is transactivated by
this transcription factor in ThI cells,

Our present study suggests a transcriptional positive
feedback loop between T-bet and OC2 in Thl cells. The
endogenous expression of T-bet was shown to be
induced by the forced expression of ectopic T-bet,"
which implied the autoactivation of T-bet, similar to
GATA-3. However, a subsequent report revealed that
a cell-extrinsic regulatory circuit involving IFN-yR
signaling via STAT1 largely maintained the high-level
expression of T-bet in developing Th1 cells, rather than a
cell-intrinsic pathway of T-bet autoactivation.” Because
CD4+ Tcells from STAT1-deficient mice still expressed a

low level of T-bet and could differentiate into Thil
cells, 4 it is possible that the OC2-mediated transactiva-
tion could be involved in the expression of T-bet in a
different pathway from STATL. Alternatively, OC2 could
contribute to T-bet expression at some later time during
Th1 development, when the stable expression of T-bet is
already driven by the IFN-yR/STAT1 pathway. We
should also consider the effects of other target genes of
OC2 that were not determined in the present study. The
studies using OC2-deficient mouse revealed the impor-
tant roles of this transcription factor in liver and pancreas
development, ™" suggesting its broad range of contribu-
tion to cellular development.

In conclusion, the present work revealed a new target
gene of T-bet, OC2, in Th1 helper T cell, and implies that
transcriptional network between T-bet and OC2 coexists
with an exocrine mechanism in the complex cellular
processes in Th1 development.

Materials and methods

Plasmid constructs

Details of the individual constructs, which were all
verified by sequencing, are available upon request.
Constructs for mammalian cell transfection were based
on pSG5, pCMV-myc (Clontech Laboratories, Mountain
View, CS, USA), or pG4Mpolyll. The human promoter
regions of the T-bet, OC2 and IFN-y gene were cloned to
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Figure 4 Identification of Onecut 2 (OC2)-binding element. (a) The
in vitro selection of an OC2-binding consensus sequence. The PCR
products of each round of selection are shown. The PCR products
from final round of selection (lane 10) were cloned for sequencing,
(b) A total of 16 out of the 20 sequences significantly bound to OC2
in vitro (Supplementary Figure S2b). These sequences were
compiled and the consensus sequences are shown. (¢) The 0C2
consensus sequences in the human T-bet promoter region. The two
boxed consensus sequences were designated as site 1 and site 2.
(d) OC2 binds the fragment of the T-bet promoter in vitro,
Glutathione S-transferase (GST) or GST-OC2 (296-485) were
subjected to band-shift assay with a labeled probe of the T-bet
promoter region from —497 to —468 (wild-type, WT) in the presence
or absence of the indicated nonlabeled competitor. The mutl, mut2
and mut3 probes contained mutations in site 1, site 2 and both sites,
respectively.

pGL3-basic (Clontech). The pSG5 and pG4Mpolyll
were kindly provided by P Chambon (Institut de
Génétique et de Biologie Moléculaire et Cellulaire,
Strasbourg, France). The pGEX-2T (Amersham,
Buckinghamshire, UK) and pGAD-T7 (Clontech) were
used to express glutathione S-transferase (GST) fusion
and in vitro translated hemagglutinin (HA)-tagged
proteins, respectively.
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Figure 5 T-bet is a direct target gene of Onecut 2 (OC2). (a) OC2
transactivates the T-bet promoter. The reporter activities of human
T-bet and the interferon-y (IFN-y) promoter were examined in the
presence or absence of OC2 in cells. (b) OC2 binds the T-bet
promoter in Thl cells. Chromatin immunoprecipitation (ChIF)
assays were performed with no antibody (lane 2) and anti-OC2
antibody (lane 3) that was generated against human OC2-derived
peptide 44-ASPSPHHARR-53 (Supplementary Figure S3). Data
representative of the four independent assays are shown.

Isolation of naive CD4* T cells from cord blood

Human naive T cells were prepared from cord blood cells
of full-term neonates, who had no hereditary disorders,
hematological abnormalities or infectious complications,
by density-gradient centrifugation. Written informed
consent was obtained from all mothers. This study was
approved by the ethics committee of Kyushu University.
CD4* cells were isolated using anti-CD4 monoclonal
antibody-coated magnetic beads and an MACS system
(Miltenyi Biotec, Bergisch Gladbach, Germany). The
expression levels of CD4 and CD45RA were examined
by flow cytometry (EPICS XL, Immunotech Coulter,
Miami, FL, USA) in each preparation and most cells
(>95%) were doubly positive.

T-cell stimulation

For the CGI microarray, RT-PCR analysis and ChIP assay,
CD4+*CD45RA * cells (5x10°) were stimulated with
1 pgml-' PHA (Wako Pure Chemical Industries, Osaka,
Japan) and 50 U ml-' recombinant human IL-2 (Shionogi,
Osaka, Japan) in the presence of either 10ngmi-!
recombinant human IL-12 (R&D Systems, Minneapolis,
MN, USA) and 10pugml—' anti-human IL-4 (R&D
Systems), or 20ngml~* human IL-4 (Pepro Tech, Rocky
Hill, NJ, USA) and 10pgml-' anti-human IL-12 (R&D
Systems), for Thl or Th2 differentiation, respectively.
After 3 days of culture, the cells were restimulated with
20nm of PMA (Sigma-Aldrich, St Louis, MO, USA) and
1 pm of ionomycin (Sigma) for 4 h, and then harvested for
the experiments.

ChIP assay

The ChIP assay was performed as described previously
using a ChIP Assay Kit (Upstate, Lake Placid, NY, USA).
Approximately 107 cells were used for each assay. Anti-
T-bet (4B10, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and anti-OC2 antibodies produced against human
OC2-derived peptide, 44-ASPSPHHARR-53, were used.
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The PCR primers are as follows: OC2, 5-GGCATCTTT
CACCGAATCTC-3' and 5-CGTCTTCTGTTIGGGTCA
GC-3; T-bet, 5-TTGTCCATCAGGTTCCAGGT-3' and
5-ATGGCCCAAGTGGGACTC-3; B-actin, 5-GGGACT
CAAGGCGCTAACT-3' and 5'-GGCCGCGTTATTACCA
TAAA-3.

CGI microarray

The human CGI library was purchased from the UK
Human Genome Mapping Project Resource Centre. A
total of 9216 clones were organized individually in 96-
well plates. The CGI inserts were amplified by PCR
using the 5-CGGCCGCCTGCAGGTCGACCTTAA-3
and 5-AACGCGTTGGGAGCTCTCCCTTAA-3' pri-
mers.” The PCR products were purified using Magnesil
(Promega, Madison, WI, USA) and then mixed with
dimethyl sulfoxide (DMSO) to a final concentration of
10%. Array Spotter Generation 1II (Molecular Dynamics,
Sunnyvale, CA, USA) was used to assemble the PCR/
dimethyl sulfoxide samples on microarray slides (Type 7
Star; Amersham) as microdots (spot diameter =250 pl
and spot buffer =30pl). A total of four individual ChIP
assays were performed with anti-T-bet antibody or no
antibody, using approximately 107 cells for each experi-
ment. The combined test or control samples were labeled
according to the protocols developed by DeRisi et al.
(Microarrays.org, http://www.derisilab.ucsf.edu/data/
microarray/index.html) and hybridized with microarra
slides using an automated slide processor (Amersham).
The slides were scanned with the GenePix 4000A (Axon)
and the images were analyzed with GenePix Pro 3.0
software. Spots showing a Cy5/Cy3 ratio in duplicate>2
were selected as positive.”?

RT-PCR

The BD Premium RNAs (Clontech) were used to
examine the expression of OC2 in adult organs and
peripheral blood cells. The primers for RT-PCR are
as follows: OC2, 5'-ATGATGTCGCACCTGAACG-3' and
5-TGGGAATTGTTCCTGTCTTTG-3'; IFN-y, 5-TGCAG
GTCATTCAGATGTAGC-3 and 5-CAGTTCAGCCATC
ACTTGGA-3; IL-4, 5-ACAAGTGCGATATCACCTTAC-3
and 5-CAACGTACTCTGGTTGGCT-3'; T-bet, 5-CCAA
CAATGTGACCCAGATG-3 and 5-ATCTCCCCCAAG
GAATTGAC-3'; GATA3, 5-AACTGTCAGACCACCAC
* AACCACAC-3' and 5-GGATGCCTTCCTTCITCATAG
TCAGG-3; G3PDH, 5-ACCACAGTCCATGCCATCAC-3'
and 5-TCCACCACCCTGTTGCTGTA-3".

Reporter assay

Reporter plasmids (1pg), phRL-CMV (50ng, internal
control for transfection efficiency) and effector plasmids
(2pg) were used in all reporter assays except that
indicated amounts of effector were transfected in the
assay shown in Figure 2a. Firefly and Renilla luciferase
activities were measured sequentially using a dual
luciferase reporter-assay system (Promega). Transfection
efficiencies were normalized to the Renilla luciferase
activity.

In vitro binding site selection

HA-tagged OC2 protein containing the cut domain and
the homeodomain was generated by an in vifro trans-
cription/ translation system (Promega) and purified by
immunoprecipitation with anti-HA antibody coupled to
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protein G. Double-stranded oligonucleotides containing
20-nt random sequences were generated based on oligo
N20 extended by primer B and Klenow DNA polymerase
(Supplementary Figure S2a). The immunoprecipitates
were preincubated with 0.1 pgml-' of poly(dI-dC) in
binding buffer (50 mm Tris-HCl (pH 7.5), 50 mm NaCl, 5%
glycerol and 1mm DTT), and approximately 1pg of
double-stranded oligo N20 was added for further
incubation. The protein G beads were washed and the
bound DNA was purified by phenol/chloroform extrac-
tion. The purified DNA was amplified by 15 cycles of
PCR using primers A and B (Supplementary Figure 52a).
The PCR products were used for the next round of
incubation. This reaction was repeated five times and the
final PCR products were cloned for sequencing,.

Band-shift assay

Purification of the GST and GST-OC2 (296-485) proteins
were performed as previously described.™ Approxi-
mately 50ng of protein was preincubated with
0.1pgml-" of poly(dl-dC) for 5min in binding buffer,
and 0.3pmol of the indicated oligonucleotide probe
labeled with biotin at the 5’ end of one of strand was
added for further incubation. For the competition assay,
0.3 or 1.5pmol of nonlabeled competitor was added to
the reaction mixture before incubation with the labeled
probe. The samples were loaded onto a 10% polyacry-
lamide gel, transferred onto a nylon membrane
(Hybond-N +; Amersham) and visualized using avidin
peroxidase by standard protocol for western blotting.
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