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Fig. 3. The Asp73-Hb(64-76) peptide and exog- 
enous IL-1 costitnulate the 2.102 Th2 cells to 
proliferate. The 2.102 Th2 cells (lo5) were cul- 
tured with APCs, peptide, and tritiated thymidine 
as described in Fig. 1.Murine rIL-1P (100 pg/ml) 
was 'added to additional wells containing the 
Asp73-Hb(64-76) peptide and APCs. One of 
three experiments is shown. In this experiment, 
3900 cpm were recorded from the wells contain- 
ing rIL-1, APCs, and Th2. Addition of rIL-1 to 
cultures containing the 2.102 Th2 cells and 
monoclonal antibody to CD3 (145-2C11) in the 
absence of APCs caused the T cells to proliferate 
(53,300 cpm). Results are reported as the mean ? 
SD of triplicate cultures. 

quired signal, in addition to recognition of 
antigen by the TCR, that leads to T cell 
proliferation (19, 20). The altered ligand 
apparently modifies the interaction- be- 
tween T cell and APC such that proper 
activation of the APC (21) or the reception 
of signals by the Th cell does not occur 
(20). If costimulation depends on the 
strength of interaction between TCR and 
ligand, then activation of T cell cytokine 
p;oduction may be more permissive &an ex- 
pansion of Th cells by proliferation. When an 
immune response to antigen is evaluated, it 
may be necessary to consider functional aspeas 
of T cell activation, such as help, because 
proliferation may not properly reflea the entire 
response. Differences between the antibody 
a d  T cell proliferative responses have been 
seen with other antigens (6, 22). In one case 
(6),ch- the MHC molecule and possibly 
the TCR ligand led to separate responses. 
Whereas those studies used bulk populations of 
T cells, in our study it was possible to dissociate 
the responses of the TCR-of a cloned popula- 
tion of Th cells. 
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Induction of Plasmodium falciparum Transmission-

Blocking Antibodies by Recombinant Vaccinia Virus 


Many candidate antigens of malaria vaccines have limited immunological recognition. 
One exception is Pfs25, a cysteine-rich, 25-kilodalton sexual stage surface protein of 
Plasmodium falciparum. Pfs25 is a target of monoclonal antibodies that block trans- 
mission of malaria from vertebrate host to mosquito vector. The surface of mammalian 
cells infected with a recombinant vaccinia virus that expressed Pfs25 specifically bound 
transmission-blocking monoclonal antibodies. Furthermore, major histocompatibility 
complex-disparate congenic mouse strains immunized with recombinant Pfs25 elicit- 
ed transmission-blocking antibodies, demonstrating that the capacity to  develop 
transmission-blocking antibodies is not genetically restricted in mice. Live recombi- 
nant viruses may provide an inexpensive, easily administered alternative to subunit 
vaccines prepared from purified recombinant proteins to  block transmission of malaria 
in developing countries. 

THE SPREAD OF MAZ,ARIA CONTIN-
ues, despite intensive chemothera- 
peutic intervention and vector con- 

trol campaigns. One of several alternatives 
currently under investigation to slow or 
reverse the increasing epidemic of malaria is 
a transmission-blocking vaccine (1). Trans- 
mission of P. falciparum from host to mos- 
quito vector can be blocked by monoclonal 
antibodies (MAbs) to a 25-kD sexual stage 
surface protein, Pfs25, expressed on zygotes 
and ookinetes (2). The gene encoding Pfs25 
has been cloned (3). The deduced amino 
acid sequence revealed a striking feature: the 
presence of four tandem epidermal growth 
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factor (EGF)-like .domains. EGF-like do- 
mains are cysteine-rich and depend on prop- 
er disulfide bond formation for structural 
integrity (4). It is not surprising, therefore, 
that, of the MAbs known to block transmis- 
sion, none recognize the reduced Pfs25 an- 
tigen (2, 5 ) ,  suggesting that, for at least 
some of the blocking epitopes, disulfide 
bonds are involved in creating proper con- 
formation. 

A subunit vaccine for controlling endem- 
ic malaria in developing countries must 
induce high, long-lasting antibody titers 
and must be produced in large amounts at 
the lowest possible cost. Bacteria or yeast 
~rovide a s im~le means of recombinant 
protein that is if 
the recombinant products can be easily 
purified and are immuno~ogica~~yeffective, 
Live attenuated viruses, such as vaccinia or 
adenovirus, are an alternative be- 
cause they are inexpensive to produce and 
are easily transported and administered. 
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Furthermore, because the antigen is pro- pression systems. In this study, we used 
duced in the mammalian host's cells, prop- recombinant vaccinia virus, containing the 
er folding and posttranslational modifi- gene coding for Pfs25, as a live, attenuated 
cations are more likely to occur in this virus vector to express Pfs25 in mammalian 
expression system than in prokaryotic ex- cells in v i m  and to inoculate mice for 

Rg. 1. Indirect immunoflu- 
ocescence of vSIDK-infect- 
ed cells by MAb 1C7. 
BSGl cells were infected 
with WR (A and 8) or 
vSIDK (C and D) vaccinia 
virus, and indirrct immuno- 
fluocacmce was performed 
48 hwrs later on live cells (A 
and C). Light microscopy of 
the same &Ids showed-the 
d t i n g  plaques (B and D). 

. *'. 

Baseline level of p i t i i  
b 

I I 

10s 1 07 10s 

Fig. 2. After tertiary inoculation (open squares) by tail scratch with 10' p f i ~  ofvSIDK, ELISA titer of 
antibodies to Pfs25 increased fivdbld over the primary immune response (open circles). Conwl 
antibody (dosed circles) was below baseline positivity at a dilution of 1 : lo3, and a 1 : 10' dilution of 
a 200 pg/ml solution of p d e d  MAb lD2 (dosed squms) was required to reach basdine positivity. 

Table 1. Complete transmission-blocking activity after temary inoculation of CAF-1 mice with 
vSIDK. Sera or MAb 1D2 were mixed with P. fafciparm g a m q e s  and fed to Anophelesfieeborni 
by means of a membrane-feeding apparatus. Seven days after engorgement on the bloodmeal, 
mosquitces were dissected, and their midguts were examined for P. fafciparm oocysts (11). Sera 
from mice immunized three times by tail scratch with 10' plaque-forming units (ph)  of vSIDK 
were pooled. CAF-1 A is a pool of sera from mice 57 and 58. CAF-1 B is a pool of sera from mice 
59,60, and 61. The and-WR is from a CAF-1 mouse inoculated three times with the WR strain of 
vaccinia virus. We calculated infectivity by dividing the mean oocyst count for each antiserum by the 
mean oocyst count for the conwl serum. The last column indicates the number of infected 
mosquitoes divided by the total number of mosquitoes dissected. 

Dilution or Meanoocyst Infectivity(% 
concentration (range) of control) Infected/total 

Nonnalhuman 1:2 
anti-WR 1:2 
MAb 1D2 1:2 (200 pg/ml) 
MAb 1D2 1:4 (100 pg/ml) 
MAb 1D2 1:8 (50 pg/ml) 
MAb 1D2 1 : 16 (25 pglml) 
CAF-1 A Neat 
CAF-1 A 1:2 
CAF-1 B Neat 
CAF-1 B 1:2 
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immunogenicity and efficacy studies. 
We inserted the full-length gene encoding 

Pfi25 into the vaccinia virus genome (strain 
WR) by homologous recombination with a 
transfer vector, pTKgpt-OFlS. The re- 
combinant virus, vSIDK, was isolated and 
used for the infection of mammalian 
BSC-1 cells (6). Recombinant Pfs25 
(rPfi25) expression resulted in proper fold- 
ing of epitopes for MAbs lC7 (Fig. 1, 
C and D), 1D2, and 32F61 (2, 3), all 
of which recognize reduction-sensitive 
epitopes. Furthermore, in striking contrast 
to Plasmodium circumsporozoite protein 
(7), rPfs25 appeared on the surface of 
infected mammalian cells. In indirect im- 
munofluorescence, MAb 1C7 gave a uni- 
form, strong surface fluorescence reaction 
with vSIDK-infected BSC-1 cells (Fig. 
1, C and D); however, WR-infected cells 
were completely negative in reaction with 
MAb 1C7 (Fig. 1, A and B), and so were 
vSIDK-infected cells examined with nor- 
mal mouse sera (8). The reaction with 
MAb 1C7 was stronger 48 hours after 
infection than at 24 hours (8). 

To determine antibody titers to rPfs25 
in mice inoculated with vSIDK, we devel- 
oped an enzyme-linked immunosorbent as- 
say (ELISA) with extracts of vSIDK-in- 
fected cells as the capture antigen. The 
optimal concentrations of capture antigen 
and a reliable method of determining the 
portion of the signal specific for antibodies 
to Pfs25 in immune sera were determined 
in pilot studies (9, 10). Purified MAb 1D2, 
a transmission blocking MAb similar to 
MAb lC7 (11), could be detected by 
ELISA at a dilution greater than 1:108 
(Fig. 2). A concentration of MAb lD2 of 
200 &ml, which is equivalent to a 1:2 
dilution in the ELISA (Fig. 2), was re- 
quired for full transmission-blocking activ- 
ity in membrane feeds (Table 1). Afler 
a single tail scratch inoculation with 
vSIDK, CAF-1 mice developed antibody 
titers to Pfi25 of 1:3000 by ELISA (Fig. 
2). Sera from these CAF-1 mice failed 
to block transmission (12). When these 
mice were inoculated two more times with 
vSIDK virus, antibody titers to Pfs25 by 
ELISA rose fivefold to 1: 16,000 (Fig. 2). 
At this titer, complete transmission-bld- 
ing activity in membrane feeds was 
achieved (Table l) ,  even when the immune 
sera were diluted 1:20 (12). 

Studies have indicated that high (250 
pg/rnl) antibody titers to Pfs25 are re- 
quired for complete transmission-blodring 
activity (13), titers that might be difficult to 
achieve and maintain in the field (14). The 
data presented here indicate that polyclonal 
immune sera of much lower titers, achieved 
by three inoculations with live attenuated 



Table 2. Transmission-bbdcing activity developed in six major hhcompatibility complex (MHC)- 
dispantc congenic mia aftcr durc inoculations with membrane atncts of vSIDK-iafcacd &. 
~ n t r ~ l M n a r ~ p o ~ l e d M n ~ ~ f r o m ~ ~ ~ ~ ~ m o u ~ e ~ a f t c r ~ ~ ~ ~  
with membnnc extram from WR saain-infectad &. Mxtivity was calculated as in Table 1. 

Antism D i m  a Mevloocyst Mxtivity (% 
concentration   rang^) of conad) - 

virus, have complete transmission-blocking 
activity. The transmission-blocking activity 
titer of greater than 1 : 20 (12) in the p ly-  
clonal sera was at least tenfold higher than 
that of MAb 1D2, which was found to 
have a transmission-blodring titer of only 
1:2 (Table l),  despite the polydonal sera 
having at least a 1000-fold lower titer by 
ELISA than the MAb 1D2 (Fig. 2). There- 
he, when compared to MAbs, polydonal 
antibodies to mmmbknt Pfs25 appear to 
have qualitatively, and not just quantitatively, 
better transmission-blodring activity. 
Good and co-workers (15) have shown 

that immunoresponsiveness to Pfs25 gov- 
erned by Ir genes was nonrestricted in six 
digerent strains of H-2 congenic mice im- 
munized with P. fakipanrm zygotes. To 
examine whether there was Ir gene-con- 
trolled nonresponsiveness to rPfs25 and to 
determine whether the ability to induce 

Flg .3 .Unrcsa iacd~onofPfs25t iom 
z p y x e s b y ~ t o v S I D K ~ i n M H C -  
dyyaa w c  mqusc strains. Saum from 
mce l1~ltu11~4 by tad scratch with lo7 p h  of 
WR strain (lane 4) a vSIDK (lanes 5 to 10) were 
pooled and uxd to immunopcecipitate Triton 
X-100 extram of P. faIn'pamm ygotcs radiola- 
beled fbr 5 hours with [35S]cymine in M199 
(12). Lams mo1& size markers (lane 1; sizes 
indicated at left in Modalltons); total antigen (lane 
2); MAb 1C7 (lane 3); pool ofall congcnic mouse 
strains (lane 4); C57 BL/10 (lane 5); BlO.S(7R) 
(lane 6); B1O.BR (lane 7); B10.D2 (lane 8); 
BlO.S(9R) (lane 9); and BlO.A(3R) (lane 10). 

antibodies that had transmission-blocking 
activity was genetically restricted, we i& 
munized the same six congenic mouse 
strains with either live vSIDK or mem- 
brane Macts  from vSIDK-infected cells. 
After a single inoculation with live vSIDK, 
all six strains elicited a specific immune 
response to Pfs25 (Fig. 3) but did not 
bloek transmission (12). However, sera 
from congenic mouse strains immunized 
with three inoculations of membrane ex- 
tracts from vSIDK-infected cells (16) all 
developed transmission-blocking activity 
(Table 2). These latter data indicate that 
the capacity to induce transmission-block- 
ing antibodies to rPfs25 is not genetically 
mtricted. 

Ideally, a transmission-blocking vaccine 
should induce high titer, long-lasting 
transmission-blocking antibodies after a 
single immunization. Subsequent natural 
infection would maintain or boost trans- 
mission-blocking activity. In this study, 
more than one inoculation with the live, 
attenuated. recombinant vaccinia virus was 
ncctssary to achieve high enough titers of 
antibodies to Pfs25 to block transmission. 
The low antibodv titer observed in mice 
inoculated only 'once with recombinant 
virus may be due, in part, to the reduced 
replication of virus in mice (17) infected 
with a recombinant WR strain of vaccinia, 
in which the thymidine kinase gene has 
been dismpted. The subsequent inocula- 
tions quantitatively boosted the titer five- 
fold, as measured by ELISA, but also 
qualitatively changed the antibody, as as- 
sayed by transmission-blocking activity. 
The tertiary immunization sera developed 
transmission-blocking activity that was re- 
tained beyond a fivefold dilution. These 
data suggest that after boosting antibodies 
to new epitopes were induced, or immuno- 
globulin class switching or somatic muta- 
tion occumd to produce a more efFeaive 
transmission-blocking antibody. The irn- 
munogenicity of Pfs25 in humans and the 
question of whether a natural infection, 

after a primary inoculation with rccombi- 
nant virus, will boost antibodies titers to 
rPfs25 to levels that will block transmission 
remain to be determined. 
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Two- Rather Than Three-Dimensional Representation 
of Saccades in Monkev Superior C O ~ ~ ~ C U ~ U S  * I 

A. JOHN VAN OPSTAL,"KLAUSHEPP,BERNHARDJ. M. HESS, 
DOMINIKSTRAUMANN, HENNVOLKER 

Saccades are controlled~by neurons in the brainstem reticular formation that receive 
input from the superior cblliculus and cortex. Recently two quantitative models have 
been proposed for the role of the colliculus in the generation of three-dimensional eye 
movements. In order to test these models, three-dimensional eye movements were 
measured in the alert monkey to investigate whether the saccadic motor map of the 
superior colliculus is two-dimensional, representing retinal target vectors, or three- 
dimensional, representing three-dimensional motor error for the rotation of the eye. 
Electrical stimulation of the superior colliculus produced two-dimensional, not 
three-dimensional, eye movements. It is therefore concluded that the collicular motor 
map is two-dimensional. 

THEMONKEY SUPERIOR COLLICULUS 

(SC) is a brainstem structure that is 
important in the generation of sac- 

cadic eye movements (1). Electrical stimula- 
tion of the SC produces saccades with short 
latencies at low stimulation thresholds. Sac- 
cade amplitude and direction depend pre- 
dominantly on the site of stimulation (2, 3). 
Cells in the deeper layers of the SC burst 
vigorously for saccades that are directed into 
their movement field (the range of saccade 
vectors for which a particular SC cell is 
activated), and the neural activity related to 
movement is tightly coupled to saccade on- 
set (1, 4). ~urthermore, the SC provides an 
important input to the reticul&formation, 
where the burst generator for all rapid eye 
movements is situated (5, 6). Whereas abla- 
tion of the SC (7, 8) causes only minor 
permanent deficits in saccadic performance, 
small local injections of either muscimol or 
lidocaine (9),which inhibit neural activity, 
cause profound deficits for saccades directed 
into the affected movement field. Parallel 

compensate for most of the deficits after 
ablation of the SC (7). 

So far, researchers have investigated the 
function of the SC by measuring eye move- 
ments in two dimensions (horizontal and 
vertical). Recently, however, theoretical 
studies have shown that a complete descrip- 
tion of the rotational kinematics of eye 
movements must be in three dimensions, 
that is, it must include torsion (10, 11). 
There are two ways of describing the kine- 
matics of saccades. One description is a 
trajectory; eye position is described by a 
virtual rotation from a head-fixed reference 

Frontal view 

position (primary position). Experimental 
evidence shows that all virtual rotation axes 
describing eye positions lie in a single plane 
[ ~ i ~ t i ~ ~ ' ~law (12)], which is defined as 
Listing's plane (Fig. 1)  if the head is upright 
and stationarv. The other description uses 
the rotation of the eye from the starting 
position of the saccade to the instantaneous 
position. It has been shown experimentally 
that in this description saccad& have fixed 
angular velocity axes that are not confined to 
a &me (13) &d therefore require a three- 
dimensional (3-D) space These 

two descriptions are equivalent and are a 
consequence of the noncommutativity of 
rotations in 3-D space (10, 11). 

We, have investigated the neural imple- 
mentation of Listing's law. Listing's law 
may be implemented upstream from the 
motor SC [the quaternion model ( l l ) ] .  The 
axis, when the eye moves from initial posi- 
tion r, to final position r,, both in Listing's 
plane (Fig. l ) ,  is thought to be coded in the 
motor colliculus as the rotation vector (10, 
14, 15): 

where x denotes the vector outer product 
(10, 11). In this model, the collicular vector 
r,, the direction of which is the angular 
velocity axis of an eye rotation, will, in 
general, be tilted out of Listing's plane 
because its torsional component, t",= (r, 
x r,)", is nonzero whenever r, and r, are 
nonparallel rotation vectors (1 3). 

A corollary of Eq. 1 is that electrical 
stimulation will, in general, yield saccades 
that bring the eye out of Listing's plane (1 1) 
in a specific way: the torsional component of 
the eye, achieved after stimulation, is deter- 
mined by 

r t  = JJrM . r '1 )  (2) 

Top view 

pathways, presumably incorporating the -0.4 b- - 0 . 4 -0.2- ~ 

frontal eye field (FEF), may be able to 

A. J. van Opstal, B. J. M. Hess, D. Straumann, V. Henn, 
Neurolou Department, Universitv Hospital, CH-8091 , . .  
Ziirich, Sbi&land. ' 

K. Hepp, Physics Department, Eidgenossische Tech- 
nische Hochschule, CH-8093 Zurich, Switzerland. 

*To whom correspondence should be addressed, at the 
Department of Medical Physics and Biophysics, Univer- 
sity of Nijme en, Geert Grooteplein Noord 21,6525 EZ 
Nijmegen, ~ f e  Netherlands. 

31 MAY 1991 

-0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0 0  0.2 0.4 -0.4 -0.2 0.0 0.2 0.4 

Vertical component Torsional component Torsional component 

Fig. 1.Listing's law for eye position of visually evoked eye movements. Eye positions (15) were sampled 
at regular intervals during and between saccades in the light (1575 data points) with the head pitched 
downward by 15". All eye positions lie in a well-defined plane with zero torsion. Typical standard 
deviation in the torsional direction was less than 1". The plane is perpendicular to the torsional 
direction, thus defining the direction of primary position (cross mark). Data from monkey Ca. (A) 
Frontal (horizontal-vertical) view of Listing's plane. The center of the oculomotor range is, for this 
monkey, downward from primary position. (6)Side view of Listing's plane along the interaural line. 
(C) Top view of Listing's plane along the vertical axis. Units for both figures are the following: a 
rotation vector component of 0.1 corresponds approximately to p = 10" according to the formula r = 
tan(p/2) .n (14, 15). 
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