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Rat Resistance to Schistosomiasis: Platelet-Mediated
Cytotoxicity Induced by C-Reactive Protein

DanNIieL Bour*, MICHEL JOSEPH, MICHEL PONTET, HAN VORNG,

Dipier DESLEE, ANDRE CAPRON

In rats infected with the parasite Schistosoma mansoni, the concentration of C-reactive
protein in the serum increases after the lung stage of infection and is at its highest at
the time of terminal worm rejection. The peak of platelet-mediated cytotoxicity
induced by infected serum that has been heated (and is free of immunoglobulin E) as
well as the time course for the development of platelet cytotoxic activity in infected rats
was found to be correlated with the concentration of C-reactive protein. Rat and
human platelets treated with homologous serum obtained during an acute phase of
inflammation or with purified C-reactive protein were able to kill the immature forms
of the worm in vitro. Platelets treated with C-reactive protein were furthermore
capable of conferring significant protection against schistosomiasis in transfer experi-
ments. Collectively these data indicate that a system that includes C-reactive protein
and platelets participates in the natural resistance of the rat to schistosomal infection.

CHISTOSOMIASIS AFFECTS AN ESTI-

mated 200 to 300 million people.

Vaccination appears to be the most
favorable approach to controlling the dis-
ease, but before a vaccine can be developed
there must be a greater understanding of the
nature of the protective immune responses
in humans and experimental animals (I).
The mouse and rat have been widely used as
experimental models for schistosomiasis;
both animals show some degree of resistance
to reinfection. The mouse, described as a
permissive host; allows schistosomes to
complete their life cycle to full maturity
during a primary infection. In this case,
resistance to reinfection is directly propot-
tional to the degree of granulomatous in-
flammation that occurs in response to eggs
trapped in the liver (2). Inflammation is
associated, for example, with a sharp and
long-lasting increase in serum amyloid P-
component (SAP), the major acute-phase
reactant in the mouse (3). In contrast, the
rat, termed a nonpermissive host, demon-
strates a narural resistance to schistosomiasis
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which is manifested as a 95 percent terminal
rejection of immature worms at 4 weeks of a
primary infection (4). No clear and definite
explanation has been provided to account
for this phenomenon. To determine wheth-
er inflammation plays a role in natural resist-
ance of the rat to schistosomiasis, and possi-
bly in resistance to reinfection, we studied
the development and the potential role of
serum C-reactive protein (CRP), the homo-
log of murine SAP, during the course of
infection.

Rat CRP closely resembles human CRP
in its amino acid composition, in having five
subunits per molecule, and in its electron
microscopic appearance as a pentameric an-
nular disk (5). CRP is a major acute-phase
reactant in most species and has the property
of calcium-dependent binding to the phos-
phoryl choline and to phosphoryl choline—
containing substances. Among the charac-
teristics that differentiate rat CRP from that
of other species is that rat CRP is unable to
activate homologous complement. CRP is
synthesized by hepatocytes and is probably

under the influence of humoral mediators
such as interleukin-1 (6), which is actively
synthesized by monocytes and macrophages
when they are stimulated by microorga-
nisms, by microbial products, and by acti-
vated T lymphocytes or their lymphokine
products (5). CRP has been shown to inter-
act with cells, noticeably with platelets (7),
and to affect their cellular functions. The
functions of CRP are poorly known (5).
Several biological activities have been mea-
sured in vitro with purified CRP (5) that are
consistent with a role in host defense, but
the difficulty lies in extending them to good
models of host resistance in vivo.

As shown in Fig. 1A, Fischer rats devel-
oped a marked and prolonged elevation of
the serum concentration of CRP as mea-
sured by immunoelectroassay (9), with a
peak at day 28 after infection with Schisto-
soma mansoni. The high levels persisted al-
most until day 41.

The role of CRP in protection against
schistosomiasis was investigated as follows.
A rat serum was obtained 24 hours after the
subcutaneous injection of turpentine (0.5
ml per 100 g of body weight), which is
known to increase the serum concentration
of acute phase proteins. This serum was
unable to kill the immature worms (schisto-
somula) in vitro either alone or in associa-
tion with macrophages or ecosinophils.
However, platélets from normal rats incu-
bated with 10 percent serum from turpen-
tine-injected rats, but not with 10 or 20
percent serum from normal rats, were larvi-
cidal in vitro (Table 1). Furthermore, the
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platelets obtained from two rats that had
been injected 4 hours previously with 2 ml
of such a serum expressed high cytotoxic
activity against schistosomula (76.5 + 3.5
percent; mean * standard error) when com-
pared to controls (14 = 5 percent), suggest-
ing an in vivo activation of platelets. In-
volvement of CRP was studied by using
platelets activated by CRP purified (8) from
the serum of turpentine-injected rats. The
results showed that cytotoxicity in vitro was

CRP dose-dependent with a plateau occur-
ring at 250 ng/ml and that CRP-depleted
serum was no more efficient (Table 1). We
also tested CRP purified from either normal
(two lots) or turpentine-treated (three lots)
rat sera. At a concentration of 5 pg/ml, as
measured by immunoelectroassay and by
Lowry analysis, these sera showed a larvi-
cidal activity of 24.4 = 2 percent (two
duplicates) and 75.9 = 5.1 (three dupli-
cates), respectively. This suggested that

Table 1. Effect of CRT on ability of rat and human normal platelets to kill schistosomula in vitro. Blood
platelets were obtained from rats or humans as described (13), incubated for 2 hours with 10 percent
tested sera or with purified CRP in 10 percent normal serum, and used at physiological concentration in
flat-bottomed microplates at 37°C in 5 percent COz with 10 percent normal serum. Fifty schistosomula
in EMEM were added and percentage of dead larvae was evaluated after 24 hours. Each test was made
in duplicate (mean * standard error). CRP’s were purified from turpentine-injected rat sera and from
human patient sera by affinity chromatography on phosphoethanolamine substituted Sepharose beads
(8). Contaminants were removed by DEAE anion exchange and finally purification was by filtration on
Sephacryl S-300 gel. These purified CRI”’s were dialyzed against 10 mA{ citrate buffer, pH 7.4, and
EMEM before use. PAGE-SDS of purified rat CRP showed only two barids corresponding to purified
rat CRD as already described (9). When tested by bidimensional immunoelectrophoresis using rabbit
IgG raised against rat serum (&), this purified CRP showed only one peak. CRP-depleted, turpentine-
injected rat serum was prepared by affinity chromatography on phosphoethanolamine-Sepharose (8)
and used ar the same concentration as the starting serum.

Dead schistosomula (%)*

Treatment
With platelets Without platelets
Rat model
Normal rat serum (CRP 0.48 mg/ml) 1401 85+05
Turpentine-injected rat serum (CRP 1.28 810+ 4 13.5 £ 0.5
mg/ml)
Purified rat CRP
0.01 pg/ml 110+ 1
0.05 pg/ml 3105
0.25 pg/ml 62.0x5
0.75 pg/ml 5801
10.00 ug/ml 67515
250.00 pg/ml 69.5 = 8.5 35+05
CRP-depleted serum from turpentine- 205 =1 6.0=x1
injected rats
L. polyphemus CRP (500 pg/ml) 73.0+0 85+0.5
Interleukin-1 (5 U/ml) 1803 1502
Human model
Normal human serum (CRP 0.5 pg/ml) 35+05 50=1.1
Serum from patient with rheumaroid 72525 7.0+ 1.6
arthritis (CRP 15 pg/ml)
Purified human CRP (500 pg/ml) 90.5 = 0.5 8.0 32
L. polyphewnns CRP (500 pg/ml) 77.5 + 0.5 6.0x3

*+ Standard error.

Table 2. Protection against schistosomiasis induced by the passive transfer of treated plarelets. Male
Fischer rats (250 g) were injected with 1.5 x 10? platelets 1 hour after infection by percutaneous
exposure to 500 (first experiment) or 1000 (second experiment) S. mansoni cercariae. The platelets had
been incubated for 4 hours with 10 percent acute-phase serum or with protein at a final concentration of
1 mg/ml and washed. Liver perfusion for worm enumeration was performed 21 days later. SE, standard
error.

Pro-
Treatment of platelets I\;‘;Talz:r (’iit:é wtogxg) tc(c(;(i)?n p*

First experiment

Normal platelets 4 93 £16.3

Platelets treated with acute-phase serum 5 444+ 78 52.3 <0.005

CRP-treated platelets 5 17 126 81.8 <0.05
Second experiment

Lactoferrin-treated platelets 3 248 = 1.15

CRP-treated platelets 5 123.6 + 44 50.2 <0.001

*Student’s #-test.
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during an inflammatory state, CRP could
be selectively produced in a form able to
more efficiently activate platelets to kill
schistosomula. These data could be relat-
ed to the recent demonstration of neo-
CRP, which is antigenically different from
native CRP (10).

Pure interleukin-1 (11), which could
have possibly contaminated the CRP prep-
aration and is known to be functionally
active at very low concentrations, was
tested. No platelet cytotoxicity could be
evoked (Table 1).

Human platelets incubated with CRP-
rich human serum from a patient with
rheumatoid arthritis or with CRP purified
from the pooled sera of patients with a
history of inflammatory conditions also
expressed cytotoxic activity against schis-
tosomula in vitro (Table 1). Moreover, the
CRP-like molecule from the horseshoe
crab (Lomulus polyphemus) (12) could acti-
vate human and rat platelets to be cytotox-
ic (Table 1). In these same cell systems,
experiments performed with the use of
Boyden chambers demonstrated that a di-
rect contact of platelets with schistosom-
ula was not essential to the larvicidal
effect, as had been demonstrated previ-
ously with immunoglobulin E (IgE)-treat-
ed platelets (13) and lymphokine-activated
mouse macrophages (14).

With regard to the kinetics of the CRP
response during experimental schistoso-
miasis, we studied the schistosomulicidal
capacity of rat serum from infected ani-
mals that was collected at various times
after infection and tested with platelets
from normal rats. High cytotoxicity was
shown as early as 13 days after infection
and until day 62 (Fig. 1B). Interaction of
platelets with infected rat serum was dem-
onstrated previously during the 30- to 50-
day period of infection (I13) when IgE
antibodies are produced at their maximum
level. The cytotoxic effect was ascribed to
IgE antibodies in this system with a maxi-
mum at day 42. Because CRP function is
unaffected by heating for 3 hours at 56°C,
at which temperature IgE antibodies are
destroyed, we tried to distinguish between
the possible role of CRP and IgE using
native or heated serum collected from rats
in the course of infection. The CRP con-
centrations did not change in the heated
serum. Native and heated serum mediated
the same levels of cytotoxicity from day
13 to day 31, suggesting a predominant
role of CRP in this early phase of infec-
tion. However, unlike the native serum,
the heated serum was no longer effective
after 41 days, confirming our previous
observations of the IgE dependency of
platelet activation during the later period.
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Fig. 1. (A) Changes in serum CRP concentration in Fischer rats after
percutaneous infection by 500 cercariae of S. mansoni (worm enumeration by
liver perfusion of five rats at day 21 gave 104 + 6.8 worms). Each point
represents the arithmetic mean with standard deviation (SD), for five
animals. The range of the controls (five normal rats at day 0, day 7, and day
31) shown in the shaded area is calculated as the mean # 1 SD in order to be
consistent with the results described for the experimental groups. (B) Killing
properties of normal rat platelets activated by serum of rats during the course
of schistosomiasis. The test was performed as described in Table 1. The solid
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line corresponds to untreated serum and the dashed line to heated (3 hours at
56°C) serum. Each point represents the percentage of cytotoxicity (= SD) of
serum from three different animals tested in duplicate. The range of the
controls (three normal rats at day 0, day 7, and day 31) shown in the shaded
area is calculated as the mean = 1 SD. (C) Time course for the development
of the cytotoxic effect of platelets from infected rats. Each point represents
the percentage of cytotoxicity (= SD) of three different animals tested in
duplicate. The range of the controls (three normal rats at day 23, day 36, day
43, and day 50) shown in the shaded area is calculated as the mean = 1 SD.

The relevance of these observations in
vivo was assessed first by testing in vitro
the larvicidal activity of platelets from
infected rats at different times after expo-
sure to cercariae, then by transfer of CRP-
treated platelets to rats at the time of
infection. Platelets from infected rats were
larvicidal as early as 14 days after infec-
tion (Fig. 1C) at which time no antibody
against schistosomes could be detected
(15). The passive transfer of platelets
treated with serum from turpentine-inject-
ed rats, as well as the transfer of purified
CRP-treated platelets into normal synge-
neic recipients on the day of a challenge
infection, also led to a high degree of
protection with, respectively, a 52.3 and
81.8 percent reduction in the total number
of worms in the liver 3 weeks after infec-
tion compared to control rats injected with
the same number of untreated platelets
(Table 2). In another transfer experiment,
a 50.2 percent protection was observed in
rats injected with CRP-treated platelets
compared to control rats injected with
platelets treated with lactoferrin (as an
unrelated protein) (Table 2). Phosphoryl
choline~containing molecules have been
identified at the membrane surface of
schistosomula and are available for CRP
binding.

We also demonstrated that radiolabeled
CRP could be removed by unlabeled CRP
from the surface of platelets previously
incubated with *I-labeled CRP in a dose-
dependent fashion. By using a fluorescent
antibody cell sorter, we showed that
17.6 = 2.8 percent of platelets (10° x
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8.86 = 0.35 per microliter) obtained from
five normal rats and only 4 = 0.7 percent
of platelets obtained from four rats at 24
hours  after  turpentine  injection
(10° x 4.32 = 0.12 per microliter) were
CRP positive. These observations suggest
that CRP-positive platelets could be selec-
tively sequestered at the site of inflamma-
tion.

The mechanism by which the mediator,
or mediators, of CRP synthesis is pro-
duced during the course of rat schistoso-
miasis as well as the mechanism by which
platelets are cytotoxic have still to be
defined. In our system in vitro, the plate-
lets were not lysed (lactate dehydrogenase
was not found in culture medium) and did
not appear to act through oxygen metabo-
lites as judged by chemiluminescence as-
says.

Our results indicate that CRP is in-
volved in schistosome Kkilling by platelets
in the rat model. The first decrease in
worm load in vivo, which occurred at or
shortly after the lung stage (10 to 15 days)
(16), coincided with an increase in serum
CRP, with the development of cytotoxic-
ity against schistosomes by serum from
infected rats in the presence of platelets
from normal, uninfected rats, and with the
larvicidal activity of platelets from infect-
ed rats in the presence of normal serum in
vitro. Since schistosomes recovered from
the liver at 21 days of infection were still
susceptible to Kkilling by CRP-activated
platelets, and since the peaks of serum
CRP and platelet-mediated cytotoxicity by
heated, IgE-free serum from infected rats

coincided with the final worm rejection at
28 days of infection, it is possible that the
CRP-platelet mechanism may also operate
at the later stages of worm rejection. Se-
rum from rats inoculated with irradiated
cercariae and consequently protected
against challenge with normal cercariae at
28 days (17) was also able to induce plate-
let-mediated cytotoxicity against schisto-
somula in vitro. This was demonstrated
with serum taken from rats at 13 and 20
days, but not at 6 days, after infection with
irradiated cercariae.

Recent studies have demonstrated a
correlation between granuloma formation
and the development of acquired immuni-
ty in the murine host during schistosomia-
sis, and it is conceivable that the inflam-
matory response, which is induced by
antigenic egg products and is immunologi-
cal in nature (2), destroys immature schis-
tosomes by a mechanism similar to that
observed in the rat model. In addition to
enhancing our understanding of nonspecif-
ic effector mechanisms involved in resist-
ance against parasites, these observations
provide new insights into the interaction
of platelets and CRP in inflammatory reac-
tions.
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Effect of Antibodies to Recombinant and Synthetic
Peptides on P. falciparum Sporozoites in Vitro

D. Mazier, S. MELLOUK, R. L. BEAUDOIN, B. TEXIER, P. DRUILHE,
W. HOCKMEYER, J. TROSPER, C. PAuL, Y. CHAROENVIT, J. YOUNG,
F. MiLTGeN, L. CHEDID, J. P. CHIGOT, B. GALLEY, O. BRANDICOURT,

M. GENTILINI

Antibodies were raised in mice immunized with several recombinant and synthetic
peptides of the circumsporozoite protein of Plasmodium falciparum. The antibodies
were evaluated for protective activity in a human hepatocyte culture system. They
exerted their protective effect against the parasite at three points: sporozoite attach-
ment to the hepatocyte surface, entry, and subsequent intracellular development.
Inhibition of attachment and entry were found to be related to the antibody titer
against the authentic circumsporozoite protein on the sporozoite surface, especially
when peptides were administered with alum or complete Freund’s adjuvant. Even
when invasion was not totally inhibited, the presence of abnormal trophozoites and a
frequent inhibition of schizont development in long-term cultures suggested contin-
ued activity of antibodies at the intracellular level after sporozoite penetration had

been completed.

ESPITE PROMISING RESULTS FROM
D earlier vaccination experiments

against human malaria involving
irradiated sporozoites (I, 2), progress on a
purified sporozoite vaccine suitable for use
in humans has been delayed for lack of the
required immunogens. Recently, however,
synthetic peptides and recombinant DNA
circumsporozoite (CS) protein derivatives
were produced and characterized (3, 4), and
both are now available for experimentation.
In the present study, we took advantage of a
recently described system for cultivation of
the liver stages of Plasmodinm falciparum (5)
to study the antisporozoite activity of anti-
bodies raised against synthetic peptides and
recombinant C$ protein products of this
species.

Human hepatocytes obtained from liver
biopsies (6) were seeded at a concentration
of 10° cells per chamber in eight-chamber
plastic Lab-Tek slides (Miles) and cultured
for 24 to 48 hours before sporozoite inocu-
lation, Sporozoites of P. falciparum were
obtained from _Amnopheles stephensi and
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Anopheles freeborni mosquitoes after feeding
on gametocytes from cultures of the NF54
strain through an artificial membrane. Sali-
vary glands were aseptically dissected and,
after removal of medium from the culture
chambers, sporozoites were added in 50 pl
of medium containing test or control serum.
This medium was replaced 3 hours later by
medium without antibody, and thereafter
was changed daily.

Sera from groups of five mice immunized
with recombinant or synthetic peptides were
pooled for testing (3, 4). The animals had
received two injections at a 4-week interval
of one of the following recombinant protein
constructs of the repeat region of the CS
protein: R16tet32 (R16), R32tet32 (R32),
or R48tet32 (R48) administered with com-
plete Freund’s adjuvant (CFA), alum, mura-
butide (7), or phosphate-buffered saline
(PBS) or two injections of one. of the fol-
lowing synthetic peptides administered with
CFA: 8- or l6—amino acid peptide se-
quences of the repeat region of the C§
protein or of region I or region II, which are

conserved amino acid sequences occurring
outside the repeat regions in the CS proteins
of both P. falciparnm and Plasmodium know-
lesi. Controls consisted of normal mouse
serum, serum from mice injected with alum
only, and monoclonal antibodies recogniz-
ing either the CS protein of P. falciparum or
that of Plasmodium vivax. Monoclonal anti-
bodies were purified from ascitic fluids and
titrated at least 1:10° against the homolo-
gous sporozoites. The level of antibody reac-
tivity against the immunizing peptides was
measured by the enzyme-linked immunosor-
bent assay (ELISA) (3, 4), while the reactiv-
ity with the authentic CS protein on the
surface of the sporozoite was determined by
the immunofluorescent antibody test
(IFAT).

Both qualitative and quantitative experi-
ments were performed. In the qualitative
experiments, five pairs of salivary glands
dissected in a 1:20 dilution of test or control
sera were added to each chamber. In quanti-
tative experiments, 25 pl of a 1:5 dilution of
the serum was added to each chamber.
Salivary glands were homogenized with cul-
ture medium in a tissue homogenizer, spo-
rozoites counted, and an equal number add-
ed to each chamber in a volume of 25 pl.
Depending on  the number available,
1 x 10* to 5 X 10* sporozoites per cham-
ber were used to inoculate each of the
cultures. In any one experiment, the size of
the inoculum was the same for all chambers,
including controls. Unless otherwise stated,
all quantitative experiments were carried out
in a final serum dilution of 1:10.

Cultures were examined with a fluores-
cent assay (5). The number of sporozoites
that invaded a liver cell and developed into a
liver form was determined for each culture
chamber 24 hours after the inoculum was
added to the chamber. This delay was re-
quired to identify unequivocally intracellular
parasites. In preliminary experiments, test
cultures were trypsinized at 24 hours to
remove parasites attached to the cell surface.
Examination of these cultures confirmed
that the remaining forms were indeed intra-
cellular. In short-term cultures (24 to 48
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