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Trypanosoma cruzi Infection Inhibited by Peptides
Modeled from a Fibronectin Cell Attachment Domain

M. A. Ovaissi, J. CORNETTE, D. AFCHAIN, A. CAPRON,

H. GrAs-MAsSE, A. TARTAR

The mechanism by which Trypanosoma cruzi, the protozoan parasite that causes
Chagas® disease, becomes attached to mammalian cells is not well understood.
Fibronectin is thought to participate in the attachment, and in this study the region of
fibronectin that interacts with the surface receptors of T. cruzi trypomastigotes was
investigated by testing the binding of the amino acid sequence Arg-Gly-Asp-Ser,
corresponding to the cell attachment site of fibronectin to T. cruzi trypomastigotes.
Peptides with the sequence Arg-Gly-Asp-Ser, but not Arg-Phe-Asp-Ser, Arg-Phe-Asp-
Ser-Ala-Ala-Arg-Phe-Asp, Ser-Lys-Pro, Glu-Ser-Gly, or Ala-Lys-Thr-Lys-Pro, bound
to the parasite surface and inhibited cell invasion by the pathogen. Monoclonal
antibodies to the cell attachment domain of fibronectin also inhibited cell infection by
the parasite. The immunization of BALB/c mice with tetanus toxoid—conjugated
peptide induced a significant protection against T. cruzi. The data support the notion
that the sequence Arg-Gly-Asp-Ser of cell surface fibronectin acts as a recognition site

for attachment of the parasites.

TTACHMENT OF Trypanosoma cruzi,

the causative agent of Chagas’ dis-

case, to mammalian cells involves
the interaction of the plasma membranes of
the pathogen and the host cell. This interac-
tion is believed to be of fundamental impor-
tance in the host cell invasion by the patho-
gen. Investigators searching for molecules
that might mediate parasite-cell interactions
believe that the receptor or receptors on
host cells for parasite binding are glycopro-
teins (1). However, little is known about
their nature.

Fibronectin (Fn), which is a high molecu-
lar weight glycoprotein composed of 220-
kD subunits linked into dimers and poly-
mers by disulfide bonds, is present in blood
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and connective tissue and at cell surfaces (2).
It participates in a number of cell surface
interactions with the local extracellular mi-
croenvironment (3, 4). Fibronectin can me-
diate the attachment of pathogens such as
Treponema pallidum (5) and Leishmania spe-
cies (6) to the host cell surface. Recently, we
demonstrated that Fn interacts with T cruzi
trypomastigote surface receptor (7). In addi-
tion, involvement of this Fn receptor in the
interaction between T. cruzi and vertebrate
cells has been reported (8).

The Fn molecule consists of highly struc-
tured domains containing the binding sites
for the macromolecules that interact with it
(9). The site of its attachment to mammalian
cells has been characterized (10), and the

analysis of small synthetic peptides has
shown that this recognition site is carried by
the sequence Arg-Gly-Asp-Ser (11). The
region of Fn that interacts with the surface
of the trypomastigote, the infective stage of
the parasite, is unknown. We used monoclo-
nal antibodies to the cell-attachment site in
Fn (10), as well as synthetic peptides mod-
cled from the sequence of this domain (Ta-
ble 1), to show that this dimeric protein acts
as a bridge between the cell surfaces of host
cell and T. cruzi with the same hydrophilic
sequence Arg-Gly-Asp-Ser of Fn participat-
ing in these interactions.

Analysis of the data in Fig. 1 indicates
that the infectivity of 3T3 fibroblasts by T..
cruzi can be inhibited by monoclonal anti-
bodies to Fn. The antibodies M1205 and
3E3 inhibited cell invasion by the parasite at
antibody concentrations greater than 0.1
mg/ml, whereas 4B2 was inhibitory only at
high concentrations.

Both 3E3 and 4B2 reacted with the 120-
kD chymotryptic fragment of Fn. However,
fractionation of a pepsin digest of this frag-
ment allowed the identification of a large
fragment of 50 kD that binds to a 4B2-
adsorbed Sepharose column and a small one
(15 kD) that binds to 3E3-adsorbed Sepha-
rose. Biological activity that promoted cell
attachment was found in the 15-kD peptide
(10). On account of the inhibitory effect of
the monoclonal antibody 3E3 on cell inva-
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Fig. 1. Relative infectivity of fibroblasts in the
presence of monoclonal antibodies to Fn. Mono-
layers of 3T3 cloned fibroblasts were maintained
as described (7), and stock cultures were grown as
monolayers at 37°C in RPMI 1640 supplemented
with 5% (v/v) heat-inactivated fetal calf serum
(FCS), penicillin (100 U/ml), and streptomycin
(100 pg/ml). The Y strain of T. cruzi (20) was
used throughout. Trypomastigotes were main-
tained in tissue culture by weekly infection of 3T3
fibroblasts as described (21). Parasite suspensions
consisted of 90% trypomastigotes and 10% amas-
tigotes. For the infection assay, 3T3 fibroblasts
were dispersed with versene-trypsin and washed
three times with RPMI 1640 then x-irradiated
(10* rads). Aliquots (0.2 ml) of cell suspension
containing 10° cells were placed in 24-well micro-
plates; each well contained a glass cover slip (12
mm in diameter). After cells attachment, the cover
slips were washed twice with RPMI 1640 supple-
mented with 1% (w/v) bovine serum albumin
(BSA, Sigma) to remove FCS. The cells were then
incubated with 0.2 ml of RPMI 1640 containing o 0.2 0.

various amounts of monoclonal antibodies. Con- o : ’

trols consisted of medium alone or medium sup- Antibody  (mg/mi)

plemented with normal mouse immunoglobulin G. Viable trypomastigotes were added in RPMI 1640
at 10° parasites per well. After 3 hours at 37°C, each well was emptied and washed twice to remove free-
swimming parasites, refilled with 0.5 ml of culture medium, and incubated (48 hours at 37°C). Each
well was then emptied and washed twice, fixed, and stained. The proportion of infected cells was
counted by two observers. A cell was considered positive if it contained more than four cytoplasmic
amastigotes. Each value represents the mean * SEM of three experiments carried out in triplicate.
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Fig. 2. (A) Inhibition of binding of '**I-labeled Fn to T. cruzi trypomastigotes. Parasites (10%) in 25 pl
of RPMI 1640 were incubated with 25 ng of *’I-labeled Fn (50 pl) with each of the following
peptides: 5, 2, or 1 in a total volume of 150 ! for 1 hour at 37°C, in polystyrene tubes previously
saturated with phosphate-buffered saline (PBS) containing 2% BSA to prevent binding of Fn to the
tube surfaces. Next, 50 pl of the mixture was applied to a cushion of 200 pl of dibutyl phthalate
(Aldrich) in a 300-u! Eppendorf tube and centrifuged at room temperature. After incubation pellets
and supernatants pooled from replicate tubes were directly assayed for radioactivity. Nonspecific
binding (determined in the presence of 100-fold excess of unlabeled Fn) represented 12 to 18% of total
binding. The percentage of '*I-labeled Fn specifically bound was calculated by subtracting from the
total binding the nonspecific binding. The results were normalized to the counts incorporated in the
absence of unlabeled Fn. Each point represents the mean + SEM of three independent experiments
carried out in triplicate. (B) Cloned 3T3 fibroblasts were x-irradiated (10* rads) and distributed into 24-
well microplates (10° cells per well). Before cell distribution, a cover slip was deposited into each well.
After overnight incubation (37°C; humidified 5% CO,, 95% air), the cover slips were washed twice
with RPMI 1640. Viable trypomastigotes that had been incubated with various amounts of peptides (5,
2, or 1) at 37°C for 1 hour were added in 0.3 ml of culture medium (10° trypomastigotes per well) to
3T3 fibroblast cultures. Contact was for 3 hours at 37°C. The cover slips were then treated as described
in Fig. 1. Each value represents the mean count = SEM of three experiments carried out in triplicate.
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sion by the parasite, we thought that the
domain of Fn that interacts with the parasite
surface receptors would probably be local-
ized within the 15-kD peptide of the Fn
molecule. In this case, synthetic peptides
modeled from the sequence of the cell-
attachment site would be expected to be
capable of modulating parasite-cell interac-
tion. Therefore, we examined the possible
inhibitory effect of synthetic peptides on cell
invasion by the parasites.

Fibronectin and its larger fragments may
form microaggregates (8). In contrast, the
smaller peptides are highly soluble, which
makes it possible to test them at low concen-
trations for inhibition of cell invasion. For
these tests, we chose three peptides [where
(Acm) is the acetamidomethyl group]: Arg-
Gly-Asp-Ser (5), Cys(Acm)-Val-Thr-Gly-
Arg-Gly-Asp-Ser-Pro-Cys(Acm) (2), and
Ala-Val-Thr-Gly-Arg-Gly-Asp-Ser-Pro-Cys
(Acm) (1). The three peptides did interfere
with the invasion of 3T3 fibroblasts by
trypomastigotes (Fig. 2B). The inhibition
occurred in a dose-dependent manner, at
peptide concentrations greater than 1074

The inhibitory effect of synthetic peptides
on the infection of 3T3 fibroblasts by 7.
cruzi may indicate that the sequence Arg-
Gly-Asp-Ser binds to parasite Fn receptors,
thus preventing the trypomastigotes from
attaching to the cell surface. To examine this
possibility, we conducted competition ex-
periments. When trypomastigotes were in-
cubated with peptides containing the se-
quence Arg-Gly-Asp-Ser, a decrease of the
binding of iodinated Fn to the parasites
could be observed, and this phenomenon
was related to the concentration of peptides
used (Fig. 2A). Peptides differing by one
amino acid of the Arg-Gly-Asp-Ser sequence
(6 or 7) as well as unrelated peptides (Ser-
Lys-Pro, Glu-Ser-Gly, and Ala-Lys-Thr-
Lys-Pro) had no significant effect on the
binding of '®I-labeled Fn to the parasite
surface and showed no significant inhibition
of cell invasion by the parasites (Table 2).

To further define the binding capacity of
the peptide, we used an iodine-labeled pep-
tide. Incubation of T. cruzi trypomastigotes
with increasing amounts of '*I-labeled Tyr-
Ala-Val-Thr-Gly-Arg-Gly- Asp- Ser-Pro-
Cys(Acm) ('PI-labeled 3) showed that the
binding is a saturable process (Fig. 3); about
4 nmol of radioligand bound per 10° trypo-
mastigotes was sufficient to achieve apparent
saturation. Half-maximal saturation, at 1.5
nmol of radioligand, provided an estimate of
the equilibrium dissociation constant, Kg =
0.7 nmol (SEM = 0.15 nmol) of the radioli-
gand for binding sites on trypomastigotes.
There are about 5 x 10* peptide-binding
sites per trypomastigote (Fig. 3) (12).

Even nanomolar concentrations of '*I-
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Table 1. Sequences of the synthetic peptides tested. Details of the synthesis are described (13). (Acm) is

the acetamidomethyl group.

Structure Sequence

Arg-Gly-Asp-Ser
Arg-Phe-Asp-Ser

0N O\ UL N

Ala-Val-Thr-Gly-Arg-Gly-Asp-Ser-Pro-Cys(Acm)
Cys(Acm)-Val-Thr-Gly-Arg-Gly-Asp-Ser-Pro-Cys(Acm)
Tyr-Ala-Val-Thr-Gly-Arg-Gly-Asp-Ser-Pro-Cys(Acm)
Fluorescenyl-Ala-Val-Thr-Gly-Arg-Gly-Asp-Ser-Pro-Cys(Acm)

Arg-Phe-Asp-Ser-Ala-Ala-Arg-Phe-Asp-Ser
Fluorescenyl-Arg-Phe-Asp-Ser-Ala-Ala-Arg-Phe-Asp-Ser

labeled 3 were sufficient to achieve apparent
saturation. However, we were unable to
inhibit the binding of '*I-labeled Fn to
trypomastigotes or the attachment of para-
sites to the Fn of fibroblast cell surfaces
using nanomolar concentrations of peptides
1, 2, or 5. Micromolar quantities of pep-
tides were needed to overcome the coopera-
tive interaction of many Fn molecules with
the parasite surface. Indeed, Fn exists as a
dimer, and a portion may aggregate sponta-
neously. This would be a possible explana-
tion for this apparent discrepancy.

The nature of the binding of iodine-
labeled peptide 3 was further investigated by
competition experiments (Table 3). Pep-
tides containing the sequence Arg-Gly-Asp-
Ser competed efficiently with the radiola-
beled ligand for binding to the parasite
surface. High concentrations of sugars had
no significant effect on the binding of io-
dine-labeled peptide to T. cruzi trypomasti-
gotes. Lysine and arginine slightly inhibited
binding at high concentrations.

The binding of Fn peptide 1 to T. cruzi
trypomastigotes was confirmed by fluores-
cence-activated cell-sorting analysis with the
use of fluorescein-labeled peptide 4. No
significant binding was observed when we
used fluorescenyl-peptide 8. All these ex-
periments were performed with the T. cruzi
Y strain; the results were similar when we
used the Tehuantepec strain.

We further examined whether the pep-
tides could modify the development of T.
cruzi in BALB/c mice. We conducted two
types of experiments. (i) Mice were infected
with T. ¢cruzi and once every day for 3 weeks
were injected intraperitoneally either with
the Fn peptide 1 diluted in RPMI 1640 or
with medium alone. (ii) Mice were immu-
nized with Ala-Val-Thr-Gly-Arg-Gly-Asp-
Ser-Pro-Cys conjugated through the carbox-
yl-terminal cysteine to tetanus toxoid (13) or
with tetanus toxoid alone, and then infected
with trypomastigotes. The infection pro-
gressed gradually in the two groups of ani-
mals (Table 4). Although the peptide had a
slow inhibitory effect, the number of blood
parasites in the peptide-treated mice reached
the control values after 19 days of infection.
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There was a high variation within and be-
tween groups after they had been infected
for 12 days. No animals died before the
22nd day of infection. A rapid proteolytic
cleavage and elimination of the peptide in
vivo might explain the failure of peptide 1 to
effectively inhibit parasite development.
Representative kinetics of blood parasit-
emias in mice immunized with tetanus tox-
oid—conjugated peptide 1 is shown in Table
3. The conjugated peptide induced a signifi-
cant level of protection among mice. Four
mice in this group survived until the end of
the experiments (26 days after they were
infected). In contrast, animals in the group

Table 2. (A) Inhibition of binding of '*I-labeled
Fn to T. cruzi trypomastigotes. Parasites (10°) in
25 ul of RPMI 1640 were incubated with 25 ng
of *I-labeled Fn (50 ul) and one of the peptides
in various amounts as listed in a total volume of
150 pl for 1 hour at 37°C and were treated
according to the procedure described in the leg-
end to Fig. 2A. Each value is the mean = SEM of
three experiments carried out in triplicate. (B)
Relative infectivity. Viable trypomastigotes that
had been incubated with various amounts of a
peptide at 37°C for 1 hour were added in 0.3 ml
of culture medium (10° trypomastigotes per well)
to 3T3 fibroblast cultures and then cultured in the
same conditions as reported in the legend to Fig.
2B. Each value is the mean count = SEM of three
experiments carried out in triplicate.

Final concentration

of inhibitor (pg/ml)

Inhibitor
0.2 2 20

(A) Binding of '*’I-lnbeled Fn (% of control)
Peptide 1 95+11 49+ 8 1910
Peptide 6 97+ 5 92+ 4 91=% 6
Peptide 7 98+12 88+16 89+ 5
Ser-LyssPro  96*12 83+15 78=*19
Glu-Ser-Gly 97+ 3 85 6 95+ 4
Ala-Lys-Thr- 91+ 7 8213 86 =23

Lys-Pro

(B) Relative infectivity (% of control)

Peptide 1 88+ 7 35+ 8 17+ 9
Peptide 6 9%+ 3 8910 90=x 5
Peptide 7 92+ 8 83=+11 8=+ 7
Ser-Lys-Pro 9212 85+10 91=*19
Glu-Ser-Gly 81*x12 98+ 5 85=*16
Ala-Lys-Thr- 99* 5 91+18 86=*11

Lys-Pro

receiving tetanus toxoid showed high levels
of parasitemia and died between 15 and 19
days after infection. We have demonstrated
that polyclonal antibodies to Fn inhibit cell
invasion by T. cruzi (7, 8). Here we have
shown that monoclonal antibodies to Fn
inhibit cell infection by the parasites. The
constant presence of antibodies to Fn in the
circulation of Fn peptide—immunized mice
might bind to cell surface Fn, thus prevent-
ing the trypomastigotes from attaching to
the host cell surface. This would explain the
inhibitory effect on parasite development.
Our data show that the Arg-Gly-Asp-Ser
sequence of the cell-binding domain of Fn is
the cell recognition site for the T. cruz:
trypomastigote. Moreover, the experiments
in vivo show the modulatory effect of the
peptide on parasite development. Since the
Fn molecule consists of two subunits each
containing the sequence Arg-Gly-Asp-Ser in
a hydrophilic B-turn (11, 14, 15), it might
be that as in the case of the syphilis spiro-
chete (16), the parasite may interact with an

Table 3. Inhibition of binding of '**I-labeled Tyr-
Ala-Val-Thr-Gly-Arg-Gly -Asp-Ser -Pro-Cys(Acm)
("*I-labeled 3) to T. cruzi trgpomastigote culture
forms. Trypomastigotes (10°) in 25 pl of RPMI
1640 were incubated with 2 pg of '*I-labeled 3
(50 pl) with each of the reagents listed in a total
volume of 150 pl (all the reagents except peptides
were purchased from Sigma). The binding assay
was as described in the legend to Fig. 2A. Per-
centage inhibition was calculated as follows:
{1 = [(cpm + 4)/(cpm — §)]} X 100, where (cpm
+ 1) is the radioactivity bound to trypomastigotes
in the presence of inhibitor minus the radioactiv-
ity bound in the presence of a 100-fold excess of
unlabeled peptide 3 and (cpm — ) is the radioac-
tivity bound to trypomastigotes without inhibitor
minus the radioactivity bound in the presence of a
100-fold excess of unlabeled peptide 3. The re-
sults are the mean of three experiments = SEM.

Final concen- % In-
Inhibitor tration of in- hibition of
hibitor (M) binding
x10™°
Peptide 3 10 35+ 7
Peptide 1 10 42 + 11
Peptide 2 10 29+ 9
Peptide 5 1 12+ 5
10 23+ 7
20 68 9
Peptide 6 10 0
Peptide 7 10 12+ 5
20 10+ 7
40 13+ 9
Ser-Lys-Pro 20 16+ 5
Glu-Ser-Gly 20 9+ 2
Ala-Lys-Thr- 20 10+ 5
Lys-Pro
x107!
Lysine 2 28+ 5
Arginine 2 15+ 4
Glutamine 5 7+ 2
Glucose 5 0
N-Acetylglu- 2 10+ 3
cosamine
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. Fig. 3. Binding of iodine-labeled peptide 3 (**I-
8o} /_} labeled 3) to viable T. cruzi trypomastigote cul-
ture forms. Trypomastigotes (10%) in 25 pl of
60 RPMI 1640 were incubated with increasing
amounts of labeled peptide (specific activity,
1.6 x 10* cpm/pg) in a total volume of 150 pl for
40 1 hour at 37°C. The binding assay was as de-
scribed in Fig. 2A. Nonspecific binding was
determined in the presence of a 100-fold excess of
unlabeled peptide. The plotted points represent
the mean + SEM of two experiments carried out
in triplicate. (Inset) Binding of '*I-labeled 3 to
T. eruzi trypomastigote culture forms as a func-
tion of '**I-labeled 3 input. (Left) Scatchard (12)
analysis of the binding of '*I-labeled peptide to
trypomastigotes.
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Table 4. Effects of peptide on the development of T. cruzi in BALB/c mice. The Y strain of T. cruzi was
maintained by serial passages of infected blood in BALB/c mice as described (17). Bloodstream forms of
trypomastigotes were obtained by cardiac puncture from infected animals. The blood was mixed with
calciparine (25 IU/ml, Laboratorie Choay) and diluted in RMPI 1640. (A) Trypomastigotes (10%) were
incubated with 1 mg of peptide 1 in 0.3 ml of RPMI 1640 (1 hour at 4°C) and then diluted in Alsever’s
solution to 3 X 10% parasites per milliliter (controls were incubated in medium alone). Mice received
intraperitoneal injections of 0.3 ml of the dilution. Injections of 0.3 ml of RPMI 1640 containing 100
ug of peptide or RPMI 1640 alone were continued in both groups (ten mice each) for 3 weeks after
infection. The number of parasites in 30 microscopic fields (10X ocular, 40X objective) was counted
on a thin smear of tail blood. (B) Immunization studies. Each mouse (» = 10) received intraperitoneal-
ly, three times per month, 50 g of peptide conjugated to tetanus toxoid in 0.1 ml of saline and 0.1 ml
of Freund’s complete adjuvant (FCA), mixed before injection. Controls received tetanus toxoid and
FCA. Two weeks after the last injection, blood was withdrawn through the retro-orbital sinus. Sera
were assayed by an enzyme-linked immunosorbent assay (18) in which Fn or peptide 1 were adsorbed
to untreated polystyrene microtiter wells. Sera were diluted in PBS, pH 7.2, and incubated at 4°C
overnight. Bound antibody was then detected with peroxidase-labeled rabbit antibodies to mouse
immunoglobulins. Mice immunized with peptide conjugated to tetanus toxoid developed antibody that
reacted with the immobilized peptide as well as with Fn molecule (antibody titer, 1/1000 to 1/10,000).
A rabbit polyclonal antibody to Fn (7) was used as control. None of the tetanus toxoid—immunized
animals showed positive reactions against the peptide or Fn. Plasma Fn levels were also measured by a
competitive radioimmunoassay (19) in peptide-immunized mice. The mean concentration decreased
from 250 + 22 pg/ml before treatment to 123 * 12 wg/ml after immunization. However, no bleeding
diathesis was observed in peptide-immunized group. Mice were then inoculated intraperitoneally with
10* parasites. Blood smears from tails of all mice were examined as described above. The mean
parasitemia (+SEM) was computed for each group.

Treatments Days after infection Parasitemia Proportion of survivors (%)
Experiment A
Peptide 1 6 275+ 149 100
Control 422+ 156 100
Peptide 1 10 2225+ 12.12 100
Control 27.56 £ 14.24 100
Peptide 1 12 22.30 = 12.96 100
Control 43.25 + 31.60 90
Peptide 1 14 48.67 = 30.06 80
Control 84.50 + 83.77 90
Peptide 1 18 77.50 = 60.27 50
Control 94.50 + 89.64 40
Peptide 1 21 56.70 + 73.54 40
Control 103.67 = 131.17 10
Experiment B
Peptide 1 6 775« 3.77 100
Control 544+ 5.36 100
Peptide 1 10 888+ 4.39 100
Control 32.89 + 21.89 100
Peptide 1 12 375+ 167 100
Control 34.00 = 24.72 100
Peptide 1 14 1225+ 6.45 100
Control 87.78 £ 64.93 100
Peptide 1 18 10.38 =+ 9.86 100
Control 95.00 = 63.78 60
Peptide 1 21 19.14 = 19.86 90
Control 220.00 = 0.0 10
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accessible cell-binding domain of Fn not
occupied by the cell surface receptor. The
sequence Arg-Gly-Asp-Ser is also found in
at least six other proteins including the
phage receptor on the surface of Escherichia
coli and the Sindbis virus coat protein, and it
has been proposed that some microorga-
nisms might use this sequence to interact
with eukaryotic cells (11). Our study adds
the protozoan parasite, T. cruzt, to the list of
pathogens that bind the Arg-Gly-Asp-Ser
sequence of Fn and may utilize it for associa-
tion with host cells.
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Genetic Selection of a Plasmodium-Refractory Strain
of the Malaria Vector Anopheles gambine

FrANK H. CoLriNs,* RICHARD K. SAkAI, KENNETH D. VERNICK,
SUSAN PASKEWITZ, DOUGLAS C. SEELEY, Loms H. MILLER,
WiLrLiam E. COLLINS, Carvos C. CAMPBELL, RoOBERT W. GwADZ

The anopheline mosquito is the target in most malaria control programs, primarily
through the use of residual insecticides. A mosquito was studied that is refractory to
most species of malaria through a genetically controlled mechanism. A strain of
Anopheles gambine, which was selected for complete refractoriness to the simian
malaria parasite Plasmodium cynomolgi, also has varying degrees of refractoriness to
most other malaria species examined, including the human parasites P. falciparum, P.

ovale, and P. vivax for which this mosquito is the principal African vector. Further-
more, the refractoriness extends to other subhuman primate malarias, to rodent
malaria, and to avian malaria. Refractoriness is manifested by encapsulation of the
malaria ookinete after it completes its passage through the mosquito midgut, approxi-
mately 16 to 24 hours after mgcstlon of an infective blood meal. Fully encapsulated
ookinetes show no abnormalities in parasite organelles, suggesting that refractoriness
is due to an enhanced ability of the host to recognize the living parasite rather than to a
passive encapsulation of a dead or dying parasite. Production of fully refractory and
fully susceptible mosquito strains was achieved through a short series of selective
breeding steps. This result indicates a relatively simple genetic basis for refractoriness.
In addition to the value these strains may serve in general studies of insect immune
mechanisms, this finding encourages consideration of genetic manipulation of natural
vector populations as a malaria control strategy.

ALARIA PERSISTS TODAY AS THE

most important infectiouis disease

in sub-Saharan Africa despite re-
peated attempts to control the vector mos-
quitoes with insecticides and massive pro-
grams for the distribution of antimalarial
drugs (I). The rapid spread of multiple
drug-resistant strains of Plasmodium falci-
pavum now seriously threatens the popula-
tion with increased sickness and death (2);
alternatives to drugs as the major approach
to malaria control in Africa must be found.
Research on the construction of malaria
vaccines is under way, but concerns about
the delivery of vaccine and about parasite
evasion mechanisms persist. Vector control
is an attractive alternative, but conventional
strategies have failed in Africa and new
methods must be developed. The produc-
tion of genetically defined lines of vector
mosquitoes refractory to the development of
the parasite and thus incapable of transmit-
ting the infection is one possible method for
controlling malaria.
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Genetic variation in mosquito susceptibil-
ity has been recorded, and vector strains
refractory to various avian and rodent malar-
ias hHave been selected and studied (3). We
have now established a defined form of
refractoriness to the human Plasmodium spe-
cies in a major vector of malaria. Study of
the susceptibility of the G3 strain of Anophe-
les gambine (colonized in Gambia in 1975)
revealed reduced susceptibility to the simian
malaria P. ¢ynomolgi in a portion of the
mosquitoes examined. In addition to a few
or no normal oocysts, the midguts of these
rare mosquitoes wete covered with large
numbers of small melanized structures (Fig.
1). The oocyst is the stage of the parasite
that begins to form about 24 hours after the
mosquito ingests an infected blood meal.
After fertilization in the lumen of the mid-
gut, the newly formed ookinetes invade the
midgut epithelium and develop into oocysts
wherein sporozoites, the infectious stage of
the malaria parasite, are formed. Encapsula-
tion leads to death of the parasite in the

mosquito and thus inability to transmit the
infection.

Seléction against P. cyrnomolg: resulted in
the production of two mosquito lines, one
that is fully refractory and one that is fully
susceptible to this parasite (4). Ultrastruc-
tural studies of the encapsulated bodies on
the midgut of the mosquitoes revealed both
heme pigment granules and subcellular fea-
tures typical of normal Plasmodium parasites.
The encapsulated parasites, which are physi-
cally located between the midgut epithelial
cells and the surrounding noncellular basal
lamina, are enclosed by an electron-dense
matrix probably composed of the protein-
melanin comiplex typical of the immunologi-
cal encapsulation reaction described in other
Diptera (5, 6). Neither hemocytes, often
involved in capsule formation, nor their
fragments are evident (Fig. 1). These two
mosquito lines have continued to marifest
these patterns of refractoriness and suscepti=-
bility for more than 40 generations without
additional selection.

The encapsulation reaction is ﬁrst de-
tected 16 hours after the refractory mosqui-
to has ingested an infective blood meal.
Electron microscopy shows that a melanin-
like substance usually begins to appear on
the ookinete after it has traversed the gut
wall,

Assessmerit of the refractoriness and sus-
ceptibility of the two lines to other strains
and species of Plasmodium indicates that the
mechanism of refractoriness -is a general
response to most malaria parasites. Refrac-
toriness is manifested by encapstilation. The
percentage of infected mosquitoes and the
number of oocysts per infected mosquito
were similar in the refractory and susceptible
lines (Table 1). The refractory line is almost
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