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Schistosome eggs have a direct role in the induction of basophils capable of a
high level of IL-4 production: Comparative study of single- and bisexual

infection of Schistosoma mansoni in vivo
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Abstract: Immunaobiological roles of schistosome eggs during murine experimental infection were investigated
with special reference to the induction of basophilic leukocytes. After single- or bisexual infection with Schis-
tosoma mansoni in BALB/c mice, splenomegaly and liver granulomas were observed only in bisexua infection in
parallel with deposition of mature parasite eggs. Comparison of the kinetics of basophil response reveadled a
marked increase in number in the bone marrow of mice with bisexual infection at the 7" week post infection as op-
posed to a marginal increase in single- sex infections. In the spleen, bimodal response was observed in the baso-
phil responses; a small but repeatable peak at the 4" week after infection, increasing again at the 8" week, which
corresponded to the initiation and maturation of parasite eggs in the affected organs of infected mice. The same
time course was observed for IL-4 production by the splenocytes from mice of bisexua infection. To obtain more
concrete evidence of the role of eggs in the induction of basophils, we tested using the intravenous egg injection
model. Injection of eggs induced basophilia, and it was accompanied by the up-regulation of IL-4 production in
splenocytes from the 8" day. Basophilsinduced in this model showed a high level of IL-4 production confirmed by
flow cytometry, while faint levels of IL-4 production were observed for CD4" T cells at thistime point. In addition,
we demonstrate that egg deposition is the trigger of basophil induction and activation in the murine experimental
model of S. mansoni infection, which might play an essential role in the initiation of Th1l/2 conversion during the

course of S. mansoni infection in vivo.
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INTRODUCTION

Schistosoma mansoni, a blood dwelling dioecious
helminth, is one of the three major schistosome species
widely known to affect man in developing nationsin Africa,
South America and the Carribeans [1, 2]. Based on avail-
able information, it is estimated to be responsible for more
than half of the over 200 million schistosome-affected peo-
ple globally [1, 3]. Several reports indicate that the pathol-
ogy of schistosome infection is CD4* T cell dependent [4,
5]. Two patterns of cytokine profile have been reported
from CD4" T cellsin host animals. Host T cellsin early in-
fection stages secrete Type 1 cytokines such as IFNy and
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IL-2. Later, hosts with egg-producing adult worms skew
from Type 1 to Type 2 polarization with IL-4, IL-5, IL-6,
IL-10 and 1L 13 production, among which IL-4 plays a cen-
tral rolein Th2 response [6-8]. Consistently elevated serum
IgE and tissue eosinophilia which are under the control of
Th2 cells, are acknowledged as dominant characteristics of
the pathology and immune response [9].

Ironically, the shift from ThO stage to Th2 cell polari-
zation requires an initial 1L-4, and there is controversy
about its origin. For instance, CD4'T cedlls are reported to
generate the initial IL-4 [10], which is at variance to other
research showing non-T, non-B cells as being the prime
source of 1L-4 [11, 12]. These differing opinions make the
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assertion of the origin of Th1/Th2 balance in helminth in-
fections quite controversial. Nevertheless, accumulating
evidence shows that basophil, which accounts for only
about 0.5% of al leukocytes, is the early and major IL-4
producing potential [13-16] and appears to be responsible
for inducing Th2-dominant response [17-21]. Basophils, as
well as mast cells and eosinophils, are considered to origi-
nate from a common CD34" progenitor cell [22] and there-
fore to share many characteristics with mast cells [23]. In
some cases, basophils were considered as “redundant mast
cells’ or at least a poor sister to mast cells and so were ob-
scured [24]. Previoudy held notions, however, are rapidly
being demystified by the advent of sophisticated tools for
research on basophils [25-27].

In spite of recent works showing the presence of egg
components inducing activation of basophils, details on the
initiator and activator of basophilsin vivo remain less char-
acterized [28]. In the present study, we investigate the dy-
namics of basophil responsesin infected mice with S. man-
soni and attempt to determine whether it is under the con-
trol of schistosome eggsin vivo. Considering the probable
role of matured eggs in basophil activation, we compared
the phenomena of presence and absence of mature eggs in
mice. For that purpose, we prepared bisexual (mixed-sex)
and single-sex infection, the latter revealing no egg produc-
tion in the host mice. In this study, we demonstrate the evi-
dence of schistosome eggs responsible for the induction and
activation of basophils in vivo, which might be related to
immnoregulation during murine experimental S. mansoni
infection.

MATERIALSAND METHODS

Animals and parasite infection:

Female BALB/c mice of 4 weeks old were purchased from
CLEA Japan (Tokyo, Japan). A Puerto Rican strain of S.
mansoni cercariae maintained in our laboratory was in-
fected to 30 mice at a dose of 100 cercariae/mouse by per-
cutaneous exposure for an hour. In the single-sex male and
female infection groups, 30 mice each were exposured to
cercariae obtained from snails to which a single miracidium
had been exposed. This indicates that cercariae shedding
from snails are male or female only. Non-infected mice
were maintained as controls.

To evaluate the direct role of schistosome eggs in the
basophil response in vivo, 5,000 viable eggs were injected
into the tail vein by the method described previously [29].
As controls, we injected 5,000 beads of the same size as the
schistosome eggs (Dynabeads M-450 Dynal Biotech, Nor-
way). In this mouse model, the eggs or beads were trapped
in the lung capillary vein, and the immune response to egg

antigen was induced in the absence of adult worms.

All experiments in the present study were conducted in
conformity with the regulatory guidelines and approved by
the committee of animal ethics of Tokyo Medical and Den-
tal University.

Eggs, worms and sera collection from mice:

On aweekly basis starting from week 1, mice were eutha-
nized and bled by cardiac puncture. From the 4" week,
worms were perfused from the hepatic portal system of
each mouse, and the worm burden was enumerated [30].
This was repeated every week up to the 12" week and the
recovered worms were enumerated. The liver from each
mouse was collected, weighed, and a third cut and placed in
10% formalin for histology to test for granuloma formation.
The remaining liver samples from mice with bisexual infec-
tion were minced. Parasite eggs were obtained by filtering
through a 38 pm mesh and purified by centrifugation and
later quantified using a light microscope. Worms and eggs
were washed and centrifuged 3 times with PBS and kept
frozen at -80C until use.

Célls preparation:

Bone marrow (BM) and spleen cells were prepared under
aseptic conditions from the hind leg bone and spleen re-
spectively. Cells were resuspended in RPMI-1640 medium
(Wako, Tokyo, Japan), and the viable cells were enumerated
by the trypan blue dye exclusion method. Following subse-
guent washing, cells were resuspended and, for RNA ex-
traction, a portion of the spleen cells was placed in TRIzol
(Invitrogen, San Diego, USA) and stored at -80C until use.
The remaining cells were used for FACS analysis (BD, San
Jose, CA). In the case of mice injected with viable eggs in-
travenoudly, spleen, BM and lung cells were prepared on
day 1, 4, 8, 12 and 16 post injection.

Flow cytometry analysis:
The antibodies used for FACS analyses were as follows:
FITC-conjugated monoclonal antibodies (mAb) specific for
CCR3 and CD4, Phycoerythrin (PE)-conjugated mAb spe-
cific for c-kit and IL-4, biotinylated Gr-1 (BD PharMingen,
Franklin Lakes, USA). Allophycocyanin (APC)-conjugated
strepavidin was used for detection of biotinylated reagents
(BD PharMingen) FITC-conjugated mAb specific for CD49
b (DX5) and Gr-1, PE-conjugated mAb specific for Gr-1
and FceRla; and APC-conjugated mAb specific for IFN-y
and rat 1gG1 was purchased from eBioscience (San Diego,
USA). FITC-conjugated mAb CCR3 was purchased from
R&D systems (Minneapolis, USA). Unlabelled anti-CD16/
32 mAb (2.4G2) was purchased from BD PharMingen.
Surface staining was done by the method described



Table 1: Parasite infectivity and maturation in single- or mixed-sex infection, and egg production

and splenomegaly in mixed-sex infection

. Maleonly Female only Mixed-sex .
(\F/)Vere(';‘:) TWR TWR TWR Worm pairs eggzr(af tleos)
(% mature) (% mature) (% mature)
4 36.3(52.3) 18.3 (63.6) 31.3(54.8) 33 0.00230
5 51.3(81.2) 27.3(75.3) 40.3 (96.3) 8.7 0.129
6 20.0(88.3) 51.7 (93.5) 52.0 (99.7) 14.0 3.05
7 40.0 (99.0) 33.0(99.0) 31.7 (100) 133 9.57
8 37.3(99.1) 47.0 (100) 31.7 (100) 10.3 14.2
10 16.7 (100) 65.0 (100) 28.5 (100) 12.0 20.7
12 9.7 (100) 45.7 (100) 23.0 (100) 10.1 27.9

TWR: Total worms recovered

elsawhere [25] with dight modification. In brief, 1 x 10°
of BM or spleen cells were pre-incubated with 2.4G2 and
normal rat serum in FACS buffer (PBS with 1mg/ml of
BSA and 0.5mg/ml of NaNs) on ice for 15 min to eliminate
non-specific binding of irrelevant antibodies. The cells
were subsequently incubated on ice with the conjugated
mAbs for 30 min, and then second antibodies were added
for 10 min and finally propidium iodide was added as sub-
strate. Stained cells were analyzed using FACScalibur (BD
Bioscience) equipped with CellQuest software.

Cytoplasmic staining was done by the standard proto-
col [27]. Freshly prepared spleen cells were suspended at 2
x 10° cellsin 200 pl of complete medium (10% FCS added
to RPM1-1640 with 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 2 mM L-glutamine and 50 UM 2-mercapto ethanal).
Cells were treated with 10 ng/ml phorbol myristate acetate
(PMA) plus 500 ng/ml lonomycin (lono) and 2 puM
monensin in 96 well plates for 4 hr at 37°C in 5% CO..
Cdls were taken through al the steps of surface staining as
described above, except for the addition of propidium io-
dide. Cells were then treated with cytofix/cytoperm and
perm/wash solution (BD Bioscience) according to the
manufacturer’s instructions, and then stained for intracellu-
lar cytokines detected by FACScalibur with CellQuest soft-
ware.

Histopathology of the liver:

Liver specimens from each week (1-12weeks) were fixed in
10% formalin and kept at room temperature until tissue sec-
tion preparation. Each liver specimen was decalcified and
then embedded in paraffin. The tissue sections of 4 pm
were stained with haematoxylin and eosin for microscopic
observation.

Real -time reverse-transcriptase polymerase chain reaction:
Total RNA was extracted from the spleen and BM cells us-
ing TRIzol reagent (Invitrogen), and cDNA synthesis was

performed as described elsewhere [31]. We measured
mMRNA transcripts for IL-4 and IFNy using the following
primers. for IL-4

(forward 5 -CATCGGCATTTTGAACGA-3' reverse 5'-
GTGGTGTCTCTCACTCGAGA-3"); for IFNy (forward 5'-
GGAGGAACTGGCAAAAGGAT-3, reverse5'-
GGAGTCTGAGAAACTTCAGAACTT-3), relative to that
of B-actin (forward 5'-GCTCTAGACTTCGAGCAGGAGA
-3, reverse 5-TCTTCCCGATACTCGACGGA-3'). We
performed product amplification with the SYBR Green |
kits (Roche, Mannheim, Germany) as described by the
manufacturer using the LightCycler® (Roche) with the fol-
lowing profile: 95°C for 5 min, 45 cycles at 95T for 10 sec,
60°C for 10 sec, 72<C for 4 sec and finally 50°C for 30 sec.
The relative expression levels were calculated based on ra-
tio of target gene to house keeping gene.

Satistical analyses:
Statistical analyses were done using student t-test. P val-
ues of <0.05 were considered significant.

RESULTS

Parasite infectivity, pairing and eggs production in host:

Parasite ability to infect host ranged between 9.7% and
65.0% in the single (male or female) and mixed sex (bisex-
ua) infection (Table 1). More than 50% adult worms ap-
peared by the 4" week, and by the 7" week all worms were
morphologically matured in bisexual infection when matu-
ration was determined by the presence of distinct suckers
and worm shape, the single-sexes showing close to 99%
morphologically matured worms. In the bisexual infection,
marked egg production was realized from the 6" and 7"
week and progressively increased through to the 12" week
(Table 1). The spleen from single-sex infection revealed no
significant increase in size as compared with controls, while
bisexual infection showed enlarged spleen size correspond-
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Fig. 1
Pathological parameters in bisexual and single-sex infection of S. mansoni. (a) Splenomegary of single-sex or bisexual in-
fection is shown. m : infection-free control,0 : single sex male alone, e : single sex female alone, and O : bisexua infection.
(b) Schistosome eggs deposited in the liver and granuloma formation during bisexual infection are shown. All lesions are
shown at x200 magnification. (c) Comparison of liver lesions between single-sex and bisexual infection is shown (x40).

ing closely with egg production seen from the 6" and 7"
weeks (Fig. 1a). In bisexua infections, eggs were found in
the liver in the 4" and 5" weeks, but no granuloma forma-
tion was observed at those time points (Fig. 1b). Moreover,
none of the single sex infected mice liver showed any
granuloma formation (Fig. 1c).

Dynamics of granulocyte response in BM and spleen during
the course of S. mansoni infection:

Basophils were identified in FACS by the use of antibodies
to CD49b and FceRO . It was possible to detect basophils
as a double-positive stained population (Fig. 2). FACS pat-
terns for eosinophils and neutrophils are also shown. Baso-
philsin BM from mixed sex infection began to show appar-
ent but modest induction from the 3 week with steady in-
crease theredfter, all peaking by the 7" week (Fig. 3a). Con-
trary to the situation in the BM, the level of splenic baso-
phils from mixed- and single-sex (female) infection revesl

: (C)ﬁ

an equally modest increase at the 4" week (Fig. 3b). How-
ever, the splenic basophilia became significantly elevated
after the 6" week and peaked at the 8" week, just at the time
when BM basophils sharply return to the basal level. As
shown in Table 1, egg deposition started around the 4" week,
and egg maturation was confirmed from the 6" week after
cercaria infection. The spleen neutrophils and eosinophils
were concordant with the kinetics of spleen basophils. Both
neutrophils and eosinophils showed progressive induction
especialy after the 6™ week in only the mixed infection (Fig.
3c, d).

Cytokines expression in spleen of infected mice by quantita-
tivereal -time PCR:

Spleen cells from bisexual infection were tested for IL-4
and IFNy expression by quantitative real-time PCR. As
shown in Fig.4a, IFNy expression reached a maximum level
at the 7" week after infection. On the other hand, IL-4 ex-
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FACS profiles of basophils, eosinophils and neutrophils. Basophils were identified as a cell population double positive for
FceRO and CD49b, and eosinophils were double positive for Gr-1 and CCR3. Neutrophils were of Gr-1-positive but CCR3-
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Time course kinetics of basophils, eosinophils and neutrophils in (a) bone marrow and in (b)-(d) spleen during single-
sex and bisexual infection are shown. m : infection-free control, O : single sex male done, o : single sex female aone,
and O : bisexua infection.
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IFNy and IL-4 production measured by real-time PCR. Splenic
cells from bisexua infection were tested for cytokine produc-
tion by the method described in Materials and Methods. (a)
IFNy production and (b) IL-4 production are shown.
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Fig.5

pression showed a bimodal pattern during infection. The
first peak was observed around the 4" and 5" weeks and the
second peak at the 8" week or later, both peaks being con-
cordant with the two peaks of basophilia (Fig. 4b).

Basophils in BM, lung, liver and spleen of mice intrave-
nously injected with S. mansoni eggs:

We tested to see whether eggs play amajor role in the baso-
phil induction observed in the model of intravenous injec-
tion of parasite eggs. As shown in Fig. 5, basophil induc-
tion was driven by eggs from the 8" day in the absence of
adult worms and continued until the 12" day in the three or-
gan tissues analyzed, athough stimulation was still appar-
ent beyond the 12" day in BM.

Detection of cytokines produced in the spleen of mice intra-
venousdly injected with S. mansoni eggs.

In view of the fact that the pattern of IL-4 expression
closely resembled basophil kinetics in the spleen (Fig. 3b
and Fig. 4b), we examined the role of splenic basophils in
IL-4 production in the egg injection model by performing
cytoplasmic staining. As shown in Fig. 6, splenic basophils
expressed a high level of 1L-4 production from the 8" day.
Considering the expression level of IL-4 between basophils
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Induction of basophils in the egg-injection model. Basophils were increased in number from the 8" day and later in three organs
(bone marrow (a), spleen (b) and lung (c)) tested by FACS analyses. o : Injection of S. mansoni eggs, O :beads-injection control.
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Basophils induced in the egg-injection model produced a high level of 1L-4 measured by cytoplasmic staining by FACS. (a)
Splenic basophils with IL-4 production were increased in ratio in egg-injected mice at the 8" day and after. (b) CD4'T cells
in the spleen of egg-injected mice produced dominantly IFNy rather than IL-4. (c) Intensity of IL-4 production was evaluated
by FACS. Representative results of basophils at the 16" day is shown. Activated basophils shifted to strong positive for cyto-
plasmic IL-4. (d) Intensities of cytoplasmic IFNy and IL-4 of CD4'T cells from egg-injected mice at the 16" day are shown.
(e) Actua cell number of IL-4-producing basophils and CD4" T cells are shown. Basophils with IL-4 production were higher

in number than CD4" T cellswith IL-4 production.

and CD4'T cells, we observed an increase in the number of
basophils with a higher intensity of IL-4 production than
those in CD4" T cells (Fig. 6a€). The ratio of IFNy-
producing CD4" T cells was higher compared with IL-4 at
al time points tested (Fig. 6b). By calculating the number
of basophils with a potentials for I1L-4 production, it seems
likely that basophils were dominant in IL-4 production in
the egg-injection model (Fig. 6¢).

DISCUSSION

Schistosoma mansoni infection is prominently charac-
terized by Th2 response accompanying elevated response of
IgE and eosinophils [32, 33]. In recent times, basophils,
guantitatively the least of the granulocytes, are rapidly be-
ing acknowledged to play a role in immunoregulation in
some helminth infections [17]. Schistosome egg antigen
(SEA) components in the presence of some reagents stimu-

late basophils to produce IL-4 in vitro [34, 35]. However,
the mechanism of basophil stimulation in vivo has not yet
been elucidated. The recent development of reagents and
tools for identifying basophils[19, 25] enable researchers to
explore whether schistosome eggs are responsible for the
induction of basophilia during the course of S. mansoni in-
fection as well as to determine whether basophils induced
by the parasite egg play any key rolein immunoregulation.
Considering the possibility that schistosome eggs are
involved in the induction of basophilia, we conducted a
comparative study using single- and mixed-sex infection.
Adult worms were present in both situations, while only
mixed-sex infection produced eggs. Although growth retar-
dation of worms is suggested in single-sex infection [36],
mice susceptibility to infection and worm maturation in the
single-sex situation were comparable to those in mixed-sex
infection in the present study. The lack of any apparent
splenomegaly in the single-sex infection indicates that



M

worms were not major players in the pathological lesion.
Also, the failure of eggs produced at the 4" and 5" weeksin
the mixed-sex infection mice to show any granuloma may
be consistent with reports that produced eggs require a sub-
stantial period to mature and to elicit an immune response.
These findings were confirmed by the 6" week and beyond,
as both splenomegaly and granuloma correlated well with
egg maturation and production over the period, signifying

the important role of parasite eggs in disease pathology [37].

The fact that basophils are the least of al the leuko-
cytes is shown by our results. During the course of infec-
tion, basophils in BM and spleen were highly elevated at a
specific time point in bisexual infection. Although the cell
frequency increasing at this time point appears to be small,
it was confirmed in our repeat experiment (data not shown).
Interestingly, the modest basophil induction in BM and
spleen appearing before and just at egg deposition suggests
that adult worms could, in part, exert an effect on the induc-
tion of basophilia[38]. However, the highly significant BM
basophilia from the mixed-sex infection as compared to the
marginal elevation in single-sex infection (p<0.05), implies
that eggs enhance induction to a higher degree than worms
aone. This was clarified in the spleen where only mixed-
sex infections showed marked basophilia after the modest
4" week peak. The marginal basophilia induced by worms
is probably due to site inhabited and immune evasiveness in
the host [6].

More concrete evidence for mature eggs being a direct
trigger for basophilia was observed in the egg-injection
model. After intravenous injection of parasite eggs, splenic
basophils were highly induced. Those basophils showed
high a level of IL-4 production, while CD4" T célls in the
spleen produced only a faint level of IL-4 at the same time
point. This confirms that mature eggs of S. mansoni are re-
sponsible for inducing basophilia with the potential for IL-4
production.

Conspicuously, the peak level of basophils was far
lower in the spleen than in the BM, which was, however,
consistent with earlier reports [13, 17]. Furthermore, time
points of induction were different as adrastic declinein BM
basophils was concurrent with arapid increase in spleen ba
sophils, suggestive of afeed back mechanism to avoid over-
production probably fatal to the host. The splenic eosino-
philia and neutrophilia coincided with the splenic baso-
philia. This gives further support to suggestions that BM
basophils express or release factors which may have facili-
tated their stimulation [39] and recruitment [40]. Reports
published elsewhere [22, 29, 38] indicate that basophils
produce IL-4 which up-regulates expression of VCAM-1 on
endothelial cells and eotaxin synthesis, thereby enhancing
the influx or recruitment of other leukocytes into the af-

fected tissues. This might be supported by another study
showing that depletion of basophils diminished eosinophil
infiltration at the site of inflammation [4]. It may also be
consistent with a report by Wedemeyer et a. that basophils
played arole in immunoregulation in both innate and adap-
tive responses [41]. Our observations strongly suggest that
eggs are main inducers of basophilia and that the egg-driven
basophilia may be involved in the regulation of pathology
of schistosome infection.

It has already been reported that polarization of CD4"
T cells to Th2 type profiles as well as B cell synthesis of
IgE and 1gG1 coincides with egg production [8] and that IL
-4 plays a central role in al these events. The source of in-
itial IL-4 continues to be a subject of debate. Williamset al.
reported that 1L-4 was first detected from spleen cells de-
pleted of T cells at the egg production stage [38]. Despite
the number of cells present in the spleen, our results suggest
the involvement of spleen basophils in the Th1/Th2 conver-
sion, because basophils were capable of a high level of IL-4
production in the initial phase of stimulation by the mature
egos (Fig. 6). Thisis consistent with earlier studies show-
ing that the level of IL-4 production is much higher in baso-
phils than in CD4" T cells [42]. The marked elevation of
BM basophils at the 7" week in the mixed-sex infection
model suggests that basophils are one of the major sources
of IL-4, which is necessary to initiate the polarization of CD
4" T cellsto Th2 cells as well as the B cell class switch to
IgE and 1gG [20, 43].

In conclusion, the present study adds to earlier works
postulating that stimulation of egg antigen to the host im-
mune system is the main drive inducing basophilsin the in-
fected hosts. Even though the question of which cell popu-
lation is responsible for providing IL-4 for Th2 polarization
in the acute phase of infection has been controversial, our
results point to basophils as the initiator and most probable
candidate cell for immunoregulation. Further studies are
underway to obtain additional evidence by preparing a new
in vivo experimental model of S. mansoni infection.
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