
Immunul. 17, 749 (1980)l. The conjugate. was 
dialyzed against PBS, pH 6.66. The peptide to 
carrier ratio (3.3 mg = 3.43 meq per 4 mg) was 
determined by HPLC analysis of dialysate contain- 
ing the uncou led peptide. 

14. M. D. Pierschtacher, E. G. Hayman, E. Ruoslahti, 
Proc. Natl. Acad. Sci. U S A .  80, 1224 (1983). 

15. M. D. Pierschbacher, E. Ruoslahti, J ,  Sundelin, P. 
Lind, P. Peterson, J. Biol. Chem. 257,9593 (1982). 

16. D. D. Thomas, J. B. Baseman, J. F. Aldrete, J. &p. 
Med. 162, 1715 (1985). 

17. A.M. Rodriguez, D. Afchain, F. Santoro, H. Bazin, 
A. Capron, 2. Parasinnkd. 69, 148 (1983). 

18. E. Engvdl, Methods Enzymol. 70, 419 (1980). 
19. M. A. Ouaissi, J. L. Nevrinck, A. Ca ron, Int. Arch. 

Allergy Appl. Immunol. 81 ,  75 (1988) 
20. M. T. Scott, G. Bahr, F. Moddaber, D. Afchain, L. 

Chedid, zbid. 74, 373 (1984). 
21. A. R. Santiago, D. Afchain, A. Capron, Ann. Soc. 

Bebe Med. Trq .  61, 369 (1981). 
22. We thank M. Pierschbacher and E. Ruoslahti for 

providing us with their monoclonal antibodies to 

fibronectin and thoughtful advice; J. P. Kusnierz for 
the analysis b fluorescence-activated cell sorter; H. 
Drobecq a n J  H. Caron for their able technical 
assistance; and L. Montagnier and D. Klatzmann for 
helpful discussions. We thank L. Perpet, C. Col- 
son, and M. F. Massard for secretarial assistance. 
The monoclonal antibody M1205 was a gift from J. 
A. Grirnaud. This work was supported by INSERM 
U. 167, CNRS 624. 

11 April 1986; accepted 25 August 1986 

Genetic Selection of a Plmrh~diurm-Refractory Strain 
of the Malaria Vector Anopheles gambiae 
FRANK H. COLLINS,* RICHARD K. SAKAI, KENNETH D. VERNICK, 
SUSAN PASKEWITZ, DOUGLAS C. SEELEY, LOUIS H. MILLER, 
WILLIAM E. COLLINS, CARLOS C. CAMPBELL, ROBERT 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 ~ ~ m b i a e ,  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. falcipamm, P. 
male, and P. vivax for which this mosquito is the principal African vector. Further- 
more, the refractoriness extends to  other subhuman primate malarias, t o  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 t o  24 hours after ingestion of an infective blood meal. Fully encapsulated 
ookinetes show n o  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 o r  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. 
I n  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. 

M ALARIA PERSISTS TODAY AS THE 

most important infectious 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 (1). The rapid spread of multiple 
drug-resistant strains of Plasmodium falci- 
parunz 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. 

Genetic variation in mosquito susceptibil- 
ity has been recorded, and vector strains 
refractoty to various avian and rodent malar- 
ias have 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 ofAncrphe- 
lesgambiae (colonized in Gambia in 1975) 
revealed reduced susceptibility to +e simian 
malaria P. cynomobt in a portion of the 
mosquitoes examined. In addition to a few 
or no normal oocysts, the midguts of these 
rare mosquitoes were 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 
infeciion. 

Selection against P. cynomobi 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, whlch 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 complex typical of the irnmunologi- 
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 manifest 
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 refractoty 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. 

Assessme~lt of the refractoriness and sus- 
ceptibility of the two lines to other strains 
and s~ecies of Plasmodium indicates that the 
mechanism of refractoriness is a general 
response to most malaria parasites. Refrac- 
toriness is manifested by encapsulation. The 
percentage of infected .mosq;itoes and the 
number of oocysts per infected mosquito 
were similar in the refractory and susceptible 
lines (Table 1). The refractory line is almost 

F. H. Collins, R. K. Sakai, K:D. Vernick, D. C. Seeley, 
L. H .  Miller, R. W. Gwadz, Malaria Section, Laboratory 
of Parasitic Diseases, National Instidte of Mer and 
Infectious Diseases. National Institutes of ~ e a l g  Be- 
thesda, MD 20892. 
S. Paskewitz, DeDartment of Entomology, Universihr of -. 
Georgia, Athens;GA 30602. 
W. E. Collins and C. C. Campbell, Malaria Branch C-22, 
Division of Parasitic Diseases. Centers for Disease Con- 
trol, Atlanta, GA 30333. 

*To whom correspondence should be addressed at Ida- 
laria Branch C-22, Division of Parasiuc Diseases, Centers 
for D~sease Control, Atlanta, GA 30333 

REPORTS 607 31 OCTOBER 1986 



FT,s-' ' - ; T + y - A  w%3 isolates tkom El Salvador and Brazil (SL and 
, . ). 7G8) and an isolate from Indochina 

*i 
I . (Indo3). It is moderately refractory to an 

- L isolate from Tanzania (TanI), but manifests 
c - ") only limited rehctoriness to the two other 

*7. . .. t:. f\ African isolates examined (the Liberian 
t .% - clone LE5 and the physiologically and im- 
L - *  

.er34 - .. . . 'I - munologically similar NF54 which originat- 
" 

-P> a - ed in Holland of probable Afi-ican origin). . 
2 . .  1 .. Limited data on the relative susceptibilities 

. . 9 .  of the two lines to other P. falciparum 

Fig. 1. (A) Normal oocysts of PhmwuYurn w o n  the gut of a susceptible Anophclagma&k female 
6 days after the infectious blood meal. (B) Encapsulated oocysts of P. cp&mf& on the gut of refractory 
An. ~~ at 6 days. (C) Electron micrograph of a normal ookinete (ogra) of P. LynomdBi lying 
beneath the basement lamina of the midgut of a susceptible An. gambint 24 hours after a blood meal. 
(D) Encapsulated ookinete of P. tpmo&i beneath the basement lamina of a refractory An.g& 24 
hours after a blood meal. Ari electron-dense melanin-like deposit surrounds the ookinete. Encapsulated 
bokinetes range between 5 and 10 in diameter. 

Illy refractory not only to a variety of 
simian P W d f u m  species (including P. 9- 
numob, P. gunM P. inui, and P. kmnvkm) 
but also to rodent and avian parasites (Table 
2). Although An. pnbiue is not a natural 
vector of any of these parasites, the suscepti- 
ble strain is fully susceptible to all of them 
and will support development of morpho- 
logically normal sporozoites. 

When infected with human Plumodium 

species, the rehctory line exhibits a some- 
what more variable response (Table 2). The 
line is highly or fully refractory to three 
isolates of P. a'vax azid one of P. 4. 
Although the P. vhax isolates are all of 
Asian or South Pacific origin, the P. ova&? 
isolate originated from an infection acquired 
in East Africa. Of six P. f e m m  isolates 
examined, the retkctory line fully encapsu- 
lates almost all ookinetes of two New World 

@dates indicate that P. f q a r u m  parasites 
from Africa are more successful in bypassing 
the encapsulation response than New World 
and Asian isolates. Sporogonic development 
of the quartan parasite of man, P. muluTiac, 
and its closely related South American rela- 
tive in subhuman primates, P. brasilianum, 
is minimally inhibited in tlie refractory line 
(Table 2). The refractory An. gamltiat are 
least effective in encapsulating coindigenous 
strains of the human malarias. 

The genetic basis for refractoriness was 
evaluated by crossing the susceptible and 
refractory lines and feeding the ofipring on 
the Ceylon strain ofP. eynmwb. Fl hybrids 
of the refractory and susceptible l ies  appear 
phenotypically similar to susceptible indi- 
viduals (Fig. 2). Although encapsulated oo- 
cysts were totally absent in the parental 
susceptible line, encapsulation of some para- 
sites was present in FI individuals. If a single 
dominant gene controls susceptibility, then 
backcrosses of F1 males or females to the 
refractory line would yield two distinct phe- 
notypes, one corresponding to the F1 with 
predominantly normal oocysts and the other 
to the refractory lhe with predominantly 
encapsulated ookinetes. Indeed, as shown in 
Fig. 2, two primary phenotypes emerge, one 

Table 1. Comparative infectivity of various malarias ih the susceptible and refkictory lines ofAnophcIcsgma&k. 
- -- - 

Susceptible line Refractory line 
Species of Source of 

malaria Strain mmquito Num- In- oov ts  Num- In- 
infection ber fected ber fected 

oocystc 

fed 
per gut 

fed 
per gut 

(%I [mean (rangell (96) [mean (range)] 

P. bqghn' 
P.gallimmm 
P. ytmoolgi 

P. gmrdnr' 
P. inwi 
P. knawlai 
P. Vi9m 

P. oPalc 
P. f*a?m 

P. M i a n m  
P. ntakrriac 

NK 
8A 
Ceylon 
B 

N34 
H 
NK 
Chesson 
ONG 
G 
SL 
7G8 
Indo3 
TanI 
LE5 
NF54 
PI 
Uganda I1 

Mouse 
Chicken 
Rhesus 
Rhesus 
Rhesus 
Rhesus 
Rhesus 
Aotus 
Aotus 
Aotus 
Human 
Aotus 
Culture 
Culture 
Culture 
culture 
culture 
Aotus 
Aotus 
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Table 2. The frequency of normal and encapsulated oocysts of various malarias in the susceptible and 
refractory lines of Anopheles gambiae. Oocysts are referred to as "mixed" when both normal and 
encapsulated oocysts are present on the mosquito gut. 

Susceptible line Refractory line 

Species Strain 100% 100% 100% 100% 
Mixed encapsulated normal Mixed encapsulated 

normal O O s t s  oocysts ooqsts O 0 q S t S  0,StS oocysts 

P. gonderi 
P. inui 
P. knowlesi 
P, &ax 

P. brasilianum 
P. malariae 

NK 100 0 
8A 100 0 
Ceylon 100 0 
B 92 8 

100 0 
N34 100 0 
H 100 0 
NK 100 0 
Chesson 95 5 
ONG 100 0 
G 92 8 
SL 100 0 
7G8 100 0 
Indo3 100 0 
Tan1 95 3 
LE5 100 0 
NF54 100 0 
PI 100 0 
Uganda I1 100 0 

Encapsulated oocysts 

Fig. 2. (A) The number of 
normal oocysts plotted 
against the number of en- 
capsulated oocysts in F, fe- 
males (0) of susceptible-re- 
fractory (SIR) and refrac- 
tory-susceptible (WS) cross- 
es, and in refractory line 
females (e) of Anopheles 
gambiae. (B) The number of 
normal oocytes plotted 
against the number of en- 
capsulated oocysts in the 
four backcrosses of F, males 
and females to refractory 
line males and females. (0) 
SWR; ( 0 )  RSIR; (A) 
WRS; (A) WSR. 

refractory and the other susceptible. How- 
ever, a third group of intermediate individ- 
uals not clearly assignable to either group is 
also present. The appearance of this group 
prevents the clear determination of mono- 
factorial inheritance of refractoriness; these 
intermediate forms could be caused by mi- 
nor genes from the refractory line modifying 
the expression of the heterozygous geno- 
type. A backcross of F1 progeny to the 
susceptible line yielded only hlly susceptible 
females. 

Attempts to define the precise genetic 
basis for refractoriness have been complicat- 
ed by a lack of genetic markers linked to the 
various characters. However, the limited 
number of selection steps required to estab- 
lish these lines and the specific form in 
which refractoriness is manifested indicate a 
mechanism of limited physiological and ge- 
netic complexity. Evidence that the capacity 
to encapsulate is present in heterozygotes 
indicates that refractoriness is not hlly re- 
cessive. 

Malaria control has been primarily 
through methods that affect the anopheline 
mosquito vectors. An approach for the h -  
ture may be the introduction of genes for 
refractoriness to malaria into vector popula- 
tions. 
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Isolation and Sequence of L3T4 Complementary 
DNA Clones: Expression in T Cells and Brain 

T lymphocytes express on their surface not only a specific receptor for antigen and 
major histocompatibility complex proteins, but also a number of additional glycopro- 
teins that are thought to play accessory roles in the processes of recognition and signal 
transduction. L3T4 is one such T-cell surface protein that is expressed on most mouse 
thyrnocytes and on mature mouse T cells that recognize class I1 (Ia) major histocom- 
patibility complex proteins. Such cells are predominantly of the helperlinducer 
phenotype. In this study, complementary DNA clones encoding L3T4 were isolated 
and sequenced. The predicted protein sequence shows that L3T4 is a member of the 
immunoglobulin gene superfamily. It is encoded by a single gene that does not require 
rearrangement prior to expression. Although the protein has not previously been 
demonstrated on nonhematopoietic cells, two messenger RNA species specific for 
L3T4 are found in brain. The minor species comigrates with the L3T4 transcript in T 
cells, whereas the major species is 1 kilobase smaller. 

M ATURE MOUSE T LYMPHOCYTES 

can be divided into two subsets 
by their expression of the alterna- 

tive T-cell differentiation antigens L3T4 
(CD4 in humans) and Lyt-2 (CD8 in hu- 
mans). The L3T4 subset consists predomi- 
nantly of helperiinducer T cells and corre- 
lates best with recognition by T cells of class 
I1 (Ia) major histocompatibility complex 
(MHC) molecules (1-3). The Lyt-2 subset 
is made up primarily of cptotoxic and sup- 
pressor T cells and correlates best with rec- 
ognition of class I (H-2K, D, or L) MHC 
molecules (3, 4). Monoclonal antibodies 
specific for L3T4 or Lyt-2 inhibit the func- 
tional activity (cptotoxicity, proliferation, 
lymphokine release) of T cells that bear 
these proteins (1-6). It has been postulated 
that L3T4 and Lyt-2 play a role in increas- 
ing the avidity of the interaction between T 
cells and antigen-presenting cells or target 
cells, perhaps by binding to nonpolymor- 
phic regions of class I1 and class I MHC 
proteins, respectively (2, 3, 6, 7). It has 
alternatively been postulated that monoclo- 
nal antibodies specific for L3T4 (or CD4) 
inhibit function by directly transmitting a 
negative signal to the T cell (8). Although 
Lyt-2 and CD8 are normally known to be 
expressed only on particular subsets of thy- 
mocytes, T cells, and natural killer cells, 
CD4 has also been shown to be expressed by 

normal cells of the monocyte/macrophage 
and Langerhans lineages in both humans 
and rats (9). However, none of these pro- 
teins has been reported to be expressed on 
normal nonhematopoietic cells. 

The genes encoding human CD8, CD4, 
and mouse Lvt-2 have been recently cloned, 
and their predicted amino acid sequences 
have revealed that they are evolutionarily 
related to immunoglobulin (Ig) variable (v-) 
regions (10-14). We have now cloned the 
complementary DNA (cDNA) encoding 
mouse L3T4 and show that it too is a 
member of the Ig gene superfamily. We 
further show that the gene is expressed not 
only in T-lineage cells but also in brain and 
that the size of the mRNA in brain is 
different from that in T cells. 

To isolate mouse L3T4 cDNA clones we 
screened a C57BLiKa mouse thymocyte 
cDNA library with a full-length human 
CD4 cDNA clone (12) used as probe. Two 
mouse clones that hybridized to the human 
clone were isolated. The nucleotide se- 
quence of the one (pcL3T4-C7) with the 
longer insert (1.3 kb) was determined (Fig. 
1). Because this clone did not contain the 5' 
end, it was used as a probe to isolate from 
the same library an additional cDNA clone 
(pcL3T4-14) that extended farther in the 5' 
direction. The nucleotide sequence of the 5' 
untranslated region, the leader, and the first 

ten amino acids of the mature protein were 
therefore determined from pcL3T4- 14 (Fig. 
1). The nucleotide sequence shown in Fig. 1 
predicts a mature Gotein of 435 amino 
acids (predicted molecular size 48,853 dal- 
tons), with 372 amino acids external to the 
cell, a 25-amino acid hydrophobic trans- 
membrane region, and a 38-amino acid 
highly basic cytoplasmic domain. The ma- 
ture protein sequence is preceded by a 22- 
amino acid hydrophobic leader or signal 
peptide as is typically found at the NH2- 
terminus of cell surface and secreted Dro- 
teins. The point of cleavage of this leader 
was predicted by comparison with other 
published leader sequences. 
- As expected, the-nucleotide sequence of 
the L3T4 cDNA was homologous to that of 
the human CD4 clone with which it was 
selected, and the encoded protein was also 
closely related (Fig. 2A). The most highly 
conserved region was the cytoplasmic do- 
main (79% at the amino acid level), which 
may play a role in signal transduction. In 
contrast, the external portions of L3T4 and 
CD4 contained only 55% identical residues. 
This latter finding is similar to our previous 
results comparing the mouse (Lyt-2) and 
human (CD8) sequences of the alternative 
T-cell differentiation marker (13). The 
mouse L3T4 protein has four predicted N- 
linked glycosplation sites (Asn-X-Thr or 
Asn-X-Ser) at residues 165, 276, 301, and 
370, as compared to only two in the human 
CD4 (12). 

We ' and others obsenred previously that 
CD8 and Lyt-2 have NH2-terminal external 
domains that are homologous to the Ig light 
chain V regions (11, 13, 14). A similar 
relation has been found for human CD4 
(12). We therefore searched a series of data 
banks with the L3T4 sesuence to see wheth- 
er similar or additional homologies could be 
found. These computer comparisons indi- 
cated that L3T4 is also a member of the Ig 
gene superfamily. The NH2-terminal do- 
main of the mature protein (90 to 101 
amino acids, depending on where one arbi- 
trarily sets the border)-is homologous to Ig 
V regions, with the greatest similarity being 
to light chain V regions, especially K (up to 
35%) (Fig. 2B). This domain of L3T4 has 
the two cysteines (residues 20 and 90) that 
form the characteristic disulfide loop of Ig- 
like homology units, as well as the structur- 
ally important tryptophan (residue 32) that 
is always found 12 to 15 residues down- 
stream from the first cysteine of the disulfide 
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