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REPEATED INFECTION OF AOTUS MONKEYS WITH PLASMODIUM FALCIPARUM
INDUCES PROTECTION AGAINST SUBSEQUENT CHALLENGE WITH HOMOLOGOUS
AND HETEROLOGOUS STRAINS OF PARASITE
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Abstract.  We evaluated repeated blood-stage infections with Plasmoditm Saleiparum in eight Aotis fennarinis
femtirines monkeys. Over the course of seven infections with 100 falciparam (the Vietnam Oak Knoll [IFVO)|
strain), the pre-patent period lengthened from 8.2 1o 308 davs: the peak parasitemia decreased from 4.5 = 10° 10 0

parasites/pl (Challenges 6 and 7), and the requirement for treatment decreased from |5

o 0% (Challenges 3 1o

1 Five weeks after the seventh FVO challenge. the eight immune and three naive monkeys received 10° parasitized
erythrocyles infected with P, faleiparum (CAMP strain). The threc contral animals experienced uncontrolied parasic-

emias reaching between 4.8 and 7.7 % 107 parasites/ il (pre-patency =
of the eight immune monkeys became parasitemic {pre-patency =

6.3 days) and all required drug treatinent; six
8.8 days), b self-cured, Two of three of the

monkeys having the greatest reductions in hematoerit (S0-607) also had the highest parasitemias (~ 10V parasites/
wlt before self-curing. Repeated homologous infections induced sterile immunity to homologous challenge; during

heteralogous challenge the monkeys developed chinically relevant, but not life-threatening, parasitemias and

INTRODUCTION

We believe that studying the response of Aotus monkeys
to repeated infections with lethal strains of Plasmodium fal-
ciparan may provide important insights into the require-
ments of and potential for erythrocylic stage P falciparam
vaccines. We therefore studied the response to repeated in-
fections with the highly virulemt Vietnam Oak Knoll (FVOH
strain of F. falciparum,’ and the response of monkeys im.
mune 1o repeated challenge with FYO 1w challenge with a
different strain of P, falciparien, CAMP. Our goals were to
determine 1) how many exposures were required before the
monkeys were able to control the parasitemia, 2) if the mon-
keys developed sterile protective immunity, and 3} if mon-
Keys immune to challenge with FVD were susceptible 1o
challenge with CAMP. The results clearly demonsirate that
by their third exposure to P. falciparum, the monkeys de-
veloped immunity which led 1o cure without treatment, and
that by the sixth exposure they developed sterile protective
immunity against a single strain of P, faleiparum. Further.
more, when such completely immune monkeys were chal
lenged with another strain of £, fulciparum, they developed
parasiternias ai essentially the same rate as controls, devel-
oped a level of parasitemia that would cause illness in hu-
mans, and three of the eight monkeys experienced a decrease
of = 50% in their hematocrits. However, they then controlled
the parasitemias and did not develop the level of parasitemia
or ancmia associated with severe disease in humans,

MATERIALS AND METHODS

Maonkeys. Panamanian adult (male and female) Aarus fe.
murinus lemurines (karyotype VIIT or [X) monkeys' were
maintained in the animal facility of the Gorgas Memorial
Institute in Panama City, Republic of Panama, Aot | le-
murinus monkeys were oblained in western Panama. Upon
armval at the laboratory, each animal was given a physical
examination, weighed and sexed. identified by a metal neck
tag with an accession number, administered thiahendazole
orally for treatment of endoparasites (104 mg base/kg) and

673

LI,

vaccinated against Herpes simpley, Herpey tamarinns {New
England Regional Primate Research Center, Southborough,
MAS and Klebsiella prewmoniae’, The animals were housed
and cared for as previously described,’ About one month
after artival, each monkey was tattooed with its identificaion
number and a thick blood Rlm examined o exclude naturally
occurring plasmedial infections. The animals remained in
guarantine for a mimmum of 90 days beflore being trans.
ferred to areas devoted 10 housing monkeys for malaria stud-
les. The weight of the monkeys when inoculated ranged
trom 700 10 800g. All monkeys used in these experiments
were wild caught adult monkeys and had no history of ex-
perimental infection with Plasmodium. None of monkeys
was splenectomized,

Parasite strains. lmmunity to parasite challenge was cs
tablished using the Vietnam Oak Knoll (FVYO) sirain of P,
_ﬂ"th’fﬁ:f.’!ri”'. The hc[ﬂr:‘j]ngﬂqm sEran Ch-'JHIf‘-TIJ_!L‘, Wik per-
formed using the CAMP strain of P, Sfalciparam which was
ariginally isolated in Malaysia

Challenge protocol. The monkeys described in this study
received their first challenge with P falciparum (FVO) ol
ther as naive controls in other studies (n = 29 or after re
cerving one of three first generation monovalent malaria vac
cines (n

6). Once these studies were completed, the ani-
mals were reallocated 1o this study and re-challenged {Figure
11. None of the animals had been infected with P, falciparim
prior Lo the first FVO challenge described here. The animals
received their first FVO challenges between October 1904
and August 1995, and then six more FV() challenges ap-
proximately every five months until all had received seven
FVO challenges. All animals reccived their seventh FVO
challenge simultaneously. Five weeks after the seventh FVO
challenge and two weeks prior to challenge with the heter-
ologous CAMP, all animals were treated orally once a day
for five days with 50 mp/kg quinine and 6 mg/ke doxyey-
cline to eliminate any occuli FVO parasitemin. All then re-
ceived the heterologous CAMP strain challenge 10 days ai-
ter treatment was concluded, All challenges described in this
study were performed by the IV injection via the saphenous
vein of 107 parasitized Aones erythrocytes
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Ficure 1. Eight Aofus monkeys were repeatedly challenged with
Plosieiedinee fadviparam, seven conseculive tmes with the YVietnam
Dak knoll {(FYO) strain then once with CAMP strain, Time frames
during which the repeated challenges occurred are shown below.

Blood films. During periods of surveillance, thick blood
films were prepared with blood taken from a marginal ear
vein by lancet venipuncture. The slides were Giemsa stained
and the parasites enumerated wsing the method of Earle and
Perer.® A negalive parasitemnia was recorded if no parasites
were seen after 100 600x fields (approximately 0.65 pl of
blood) were examined.

Hematocrit, Hematocrits were monitored on days 10, 14,
17 and 21 post-CAMP challenge. Fifty pl of blood was
drawn inte a heparinized capillary tube. then centrifuged in
a micrehematccrit centrifuge for five minutes prior to read-
ng.

Treatment. Monkeys were treated if parasitemia reached

JOMES AND OTHERS

400,000 parasites/pl, or for clinical detenoration. Treatment
was a single oral dose (20 mg/kg) of mefloquine.

Immunization status. As part of other studies conducted
prior o this study, &/8 of the monkeys received immuniza-
tions DNA plasmids prior to the first FVO infection. Three
animals (monkeys 12756, 12759, 12757) received three dos-
es of a P falciparwm (FYO strain) Merozoite Surface An-
tigen 1, (PIMSP-1,,) DNA vaccine (Kumar 3, unpublished
data), an antigen expressed by blood stage parasites. Two
other animals (monkeys 12765, 12763) received three doses
of a P. falciparum P25 DNA vaccine, an antigen expressed
on parasite gametes, One animal (monkey 127300 received
three doses of P. falciparum (FVO strain) Apical Merozoite
Antigen-1 (PIAMA-1) DNA vaccine (Aguiar J, unpublished
data). Table 1 outlines the immunization regimens.

Statistics. Statistical tests were performed using SPSS for
Windows 8.0 (5PSS, Chicago, IL) and the STATCALC mod-
ule in Epilnfo (Centers for Disease Control and Prevention,
Atlanta, GA). Power calculations were performed in
SamplePower 1.00 (SP35).

Animal vse, The experiments were conducted according
e the principles set forth in the *'Cwde for the Care and
Use of Laboratory Animals,” Instimte of Laboratory Animal
Reésources, National Research Council (Department of
Health and Human Services, National Institutes of Health
publication 86-23, 1985)

KESULTS

Parasitemia. After the first and second challenge with
FY0O, all monkeys became parasiternic. After the third,
fourth and fifth challenges, 6/8, 2/8 and 4/8 respectively be-
came parasitemic, None of the ammals became parasitemic

T'ABLE 1

Highest recorded parasitemia {parasites/pl blood) and length of pre-patent period (days) for each monkey repeatedly challenged with the
Yietnam Oak Knotl (FYO) strain of Plasmodium folciparem then challenged with the CAMP strain of P, folciparum, Three naive control
aramals challenged with CAMP stain only are included. Antigens used in any tmmunizations given pnior 1o the start of the challenges are

roted
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Floure 2. The mean pre-putency period seen in Plasmodin fal-
eiperm straim the Viernam Oak Knoll (FVO) challenge, CTAMP
strain challenge and CAMP control challenge. Bars are 95% confi-
dence intervals. Mone of the monkeys became parasitemic at VO
challenge & or 7.

after the sixth and seventh FVO challenges. Six of eight of
the monkeys became parasiternic after the CAMP challenge,
as did all three naive monkeys challenged simultanecuwsly
with the CAMP strain (Table 1), The difference between the
100% protected from detectable parasitemiz in the seventh
FVO challenge and the 25% protected in the CAMP chal-
lenge was significant (P = 0.007, Fisher exact test two-
tailed)

Pre-patency. The pre-patency lengthened after each FVO
infection: 8.3 (95% Cl: 7.8, 8.7) days after the first infection.
12.6 (11.6, 13.7) days after the second, 19 (9.2, 28.9) days
after the third, 22 {18.1, 25.9) days after the fourth, and 31.8
(9.0, 52.5) days after the fifth infection (P = (L0132, one-way
ANOVA). The mean pre-patency period after the CAMP
challenge was 8.8 (6.7, 10.9) days for the immune monkeys,
while the mean pre-patency in the naive control monkeys
infected at the same time was 6.3 (5.7, 7.0) days. The dif-
ference between the two pre-patency periods in the CAMP
challenge (8.8 and 6.3 days) was not significant by t-test (P
= 0.160). Our power to detect a true difference of that mag-
nitude with our sample size (8 and 3) was 43%. The mean
pre-patency periods for those infections in which animals
became parasitemic are shown in Figure 2,

Peak parasitemia. Comparisons of peak parasitemia in
the first two challenges are difficult because treatment was
not instituted based solely on parasite density in the blood.
All eight monkeys received treatment at first infection due
to apparently uncentrolled parasitemias of between 2 % 10°
and 1.2 ® 10° parasites/p] (geometric mean = 445409 par-
asites/uld, At second infection, 8/8 became parasitemic and
/8 of those self-cured after developing parasitemias ranging
from 2 » 1M to .8 ¥ 10* parasites/y] (geometric mean =
|06.621 parasites/pl), All monkeys that became parasiternic
duning FVO challenges 3, 4 and § self-cured (geometric
mean peak parasitemias = 221, 2 and 2 parasites/ul respec-
tively). Six of eight of the monkeys challenged with CAMP
became parasiternic with a geometric mean of 15830 para-
sites/ul, and mone higher than 10,920 parasites/pl. None of
the monkeys challenged repeatedly with FVO required drug
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Ficuee 3, Mean Plasmodinm firletparum CAMP strain parasi
emin densities (parasites/ul blood) m monkeys previously infected
seven times with P falcipaewn the Vietnam Oak Knoll (FVO) strain
i), and in naive monkeys (o) None of monkeys previously chal
lenged with FVO strain required treatment for their CAMP infee-
bons. All three naive monkeys required treatment on davs 6 or 7.
Bars are 95% confidence intervals. The two monkeys (12738,
12749) not developing parasitemias are not included here

treatment after the CAMP challenge (Fig 3. and none was
parasitemic after day 18, All were followed for 100 days
and did not become parasitemic again. On the other hand,
all three naive control animals challenged with CAMP re-
quired treatment on Day 12 or 13 (Table 1) due 1o parasit-
emias ranging between 4.8 and 7.7 * 10® parasites/pul

Hematoerit. After the CAMP challenge, mean hemato-
crits for the eight immunized monkeys decreased from
50.6% on Day 10 post-CAMP challenge 1o 36.5% on Dray
7. then stabilized, averaging 36.7% on Day 21 and increas-
ing to 48.5% by Day 31 post-CAMP challenge. The hemat
ocrits of the three naive monkeys also decreased to a low af
38.6% on Day 17 post-challenge, but increased 1o 47.3% on
Day 21 {Table 2). All three of the naive monkeys were treal-
ed with mefloquine on Day 12 or 13, The two immune mon-
keys with the highest parasitemias during the CAMP chal-
lenge (monkey 12765 at 9,890 parasitesful and monkey
12763 al 10,920 parasites/pl) also had the largest decrease
in hematocrit referent to the Day 10 baseline during the chal-
lenge (59.6% decrease and 51 8% decrease respectively). In
spite of these decreases, the hematocrits in both these ani-
mals returned to normal by Day 35 (49% and 0% respec-
tively],

Immunization status. The animals were divided into two
groups based on their immunization status. Animals desig-
nated as “immunized” had received early generation AMA-
1 or MSP-1 DNA vaccines while those designated as “‘not
immunized” had received either no immunizations or a
Pfs25 DNA wvaccine, an agtigen not known to be expressed
by blood stage parasites. Mo association between immuni-
zation status and mean pre-patent period during FVO infec-
tions | and 2, and during the CAMP infection was noted
{independent samples t test, P = 0,36, P = 0.10, P = 0.3,
respectively). Caleulations to determine our power 1o detect
a difference between these two groups given that a true dif-
ference exists indicated that for the first FVO challenge, we
had a 0.29 probability of detecting a true difference of 0.5
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TaBLE 2

Hematacrits in the CAMP-challenged immune Asius (n = ) and the naive control Asfus (n = 3, Days cited are duys post-CAMP challenge.
The might column (% drop) shows the percent the hematoerit decreased from Dy 10 10 s lowest level on any subsequent day

T Purasieentia
Hemutoerit 0%
Ml inimnm
Mty iy | parassiesiul | Dan* Dhay 10 Dy L4 Day 17 Dy 21 Diay 24 Day IH Lay 51 Day 315 % drep

| 2749 4] - 23 52 i 45t 31 U L) 55 15.1
12759 2510 k4, 55 45 4 E 1] dd k] 5l A4 T2
12739 4 - 35 38 44 38 3l 4l 3l N I
12756 150 10 56 kL] 28t 40} 42 a3 47 ai} 5000
12757 24930 e 42 g =t 36 45 47 44 51 357
12765 QGRG0 14 52 42 24 21t 23 43 53 44 59.6
12763 RRL Y| 14 54 4] 27 ot 349 55 46 50 51.8
127310 |20 14 58 57 31 45 447 57 48 53 24,1
12910 AEd500 123 St 46T 52 a2 50 S50 52 a2 214
129 | S 10000 124 au 20 43 43 43 51 a2 52 ElLN
12943 T67T250 13% 55 4 47 47 424 47 57 57 236

*alay upsn which the maximuin parasite derstly occurred =

Pl howesi hemalocnt recorded for thal animal.

Freaied. mefloguine 200 mgdos an duy noed

MA = available. Moikey 12739 died oo Day 1 Mecoopsy revealed an enlurged spleen and liver, but me andication that the death was mabaris-relsted

day. Were the difference 1.2 days, we woeuld have had 4 0.5
probability of detecting that true difference. In the second
FVO challenge, we had a (.38 probability of detecting a 1rue
difference of 1.73 days, Were the difference 2.1 days, we
wuould have had a (0.5 probability of detecting that true dif-
terence. In the CAMP challenge, we had a 0.15 probability
al detecting a true difference of 2 days. Were the difference
4.5 days, we would have had a (1.5 probability of detecting
that true difference. There was no association between im-
munization status and frequency of treatment in any of the
infections (Chi square, £ = non-calculable, P = 099 P =
non-calculuble, respectively).

HSCLISSTON

Aoty monkeys have been used successiully as one of the
few animal models useful in the study of the biclogy of P.
fadeiparien infection, having first been infected in 1967 % and
subsequently used extensively in drug reatment and vaccine
evaluation.” " A small number of heterologous challenges
have been pertormed in the past using P, falciparym sirains
in Aets monkeys. These studies. performed in other species
of Avtus, also showed that previous infection provided pro-
tection from subsequent challenge with the same siraimn,
There was also demoenstrations of varying degrees of pro-
tection (o heterologous challenge, but a varety of differences
between those studies and work reported here include dif-
terent Aoties species, different P. falciparum strains, and the
use of splenectovmnized animals 2+

In this sudy, we have evaluated the ability of repeated
blood stage infection with the FVO sirain of P faleiparum
o induce immunity to further FVO infections. and immunity
to nfections with a different strain of P falciparim, the
CAMP strain. Although FVO and CAMP were both ongi-
nally 1solated in ldoching, FYO in Vietnam' and CAMP in
Malaysia,! we selected CAMP as the heterologous challenge
stradn because 1) it like FYO, is adapted to Aotus, and 2}
there is evidence that there are differences between the two
strains in antigens thought to be important in immunity 1o
blood stage imfection. Specifically, o search of the National
Center for Biotechnology Information (NCBI @1 The Na-

tional Institutles of Health was conducted to identify £. fal-
ciparum antigens for which the amino acid sequences had
been reported for both FVO and CAMP In region 11, which
includes the glycophorin A binding domain, of erythrocyte
binding protein 175 (EBA~175), four of 616 (0.65%) amino
acids were non-identical'™" (accession X52524; accession
AAUZTIN). The reported sequences for FYO and CAMP
AMA-T were 3,37% non-identical (21 of 622 residues)"®
(accession M58545, Aguiar and Hoffman, direct submission
to NCBI, accession UB4348). The FYO and CAMP strains
possess different alleles of MSP-1; at the amino acid level,
these alleles have 60% identity, 73% identity when including
SYynonymous changes™ (accession XO03831; Louis-Wileman,
Shi, Collins and Lal, direct submission to NCBI, accession
L20092) In addition, RFLP analysis of FVO and CAMP
showed length differences in ring-infecied erythrocyte sur-
tace antigen (RESA).™ Phenotypic differences between the
two strains in infection pattern, gametocyte production, and
auto-agglutination have also been reported.™

In vur studies, repeated challenge with 10F blood stage &
Saleiparum FVO parasites induced complete resistance to
subsequent FVO challenge after 2 (n = 1), 3 (n = 1), 4 (n
= 1) or 5 in = 4) homologous challenges, With the sixth
challenge, all cight animals were resistant 1o infection with
LOF infected Aors erythrocytes to the extent that no parasites
were found on thick blood film examination. Resistance 1o
infection was also manifest by o lengthening in the pre-pa-
tency period, from an initial 8.25 days to 30 days at the fifth
infection (Table I, P = 0.013, one-way ANOVA)Y. In addi-
tion, the frequency of treatment for parasitemia or clinical
deterioration decreased from [00% during the first challenge
to 63% during the second challenge. then (o 0% in subse-
quent challenges (Table 1), Others have reported a similar
ability to protect both Ao and Saimiri monkeys from in-
fection with P. falciparum.'* '

In vur study, none of the animals required reatment be-
ginming with the third infecuon, This capacity w sell-cure is
4 significant development. If a vaccine based on a gene se-
quence from a single clone of P falciparum led to the de-
velopment of parasitemia like that found in the monkeys
with the third infection. it would have an enormous impact
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on the morbidity and mortality of malaria, especially if ef-
fective against a varety of strains. We therefore cross-chal
lenged the monkeys with the CAMP strain. While all the
monkeys controlled their CAMP parasitemias (unlike their
first two FVO challenges, Table 1), six of eight did develop
patent parasitermias (unlike their sixth and seventh FVO
challenges). Furthermore, by fifth FVO infection, the mean
pre-patent period had gone from 8.2 days with first infection
to 30 davs, but when these amimals were challenged with
CAMP the pre-patent period was reduced to 88 days. In
addition. three of the amimals had at least 30% decreases in
hematocrit {Table 2), Nonetheless all CAMP-infected mon-
keys controlled their parasitemias, Geometric mean peak
parasiternaa after the first FWO infection was 445,000 para-
sites/pl compared with 1,825 parasites/ul for the CAMP in-
fection (P < 0,001, t-testy the latter did not require treat-
et

The fact that all of the animals developed sterile protective
immunity to homologous challenge. and controlled the het-
erologous challenge parasitermia withowt treatment provides
an important yardstick for vaccine developers: As stated
above, if a vaccine did this, it would eliminate much of the
severe morbidity and mortality of malaria. However, such a
vaccine would not he optimal for non-immune travelers, If
they developed parasite densities like those seen in monkeys
12765 and 12763 {10,000 parasites/l or greater), the trav-
elers would become il and a 50% decrease in their he-
matocrits, even if not to life-threatening levels, would cer
tainly have a clinical impact.

The fact that the pre-patent period afier the heterolopous
CAMP challenge was similar 1o the pre-patent period fol-
lowing the first FVO infection (not significantly different, P
= {16, t-test) suggests to us that immediately afier the CAMP
infection, the anti-FY 0 immune responses had only a mod-
est effect. if any, on contralling the infection, However, the
antigens presented at the beginning of the CAMP infection
must have led (o rapid boosting of cross-reacting anti-CAMP
immune responses primed by repeated FVO infections, and
these immune responses conirolled the parasitemia.

The rapid reduction of hematocrit in some of the FVO.
immune animals challenged with CAMP is disturbing, The
dramatic decrease in hematocrit in monkeys 12765, 12763,
and 12756 (Tahle 2) cannot be ascribed 1o destruction of
infected ervihrocytes, since peak parasitemias were only
10,920 parasites/ul. If one assumes 3.3 % 10P erythrocytes!
pl blood, then this level of parasitemia would translate into
only (1L.33% of erythrocytes being infected. Destruction of
these cells cannot account for a decrease in hematoerit of
over 530%. Ineffective erythropoeisis cannot be invoked for
this drop which occurred over 7 to 11 days. We believe that
only hemolysis of non-infected erythrocyies can explain the
rapid decrease in hematocrit that we observed, and we are
currently evaluating the anemia from this perspective.

Although some of the monkeys received DNA immuni-
zations prior o the start of this study, we were unahle o
document any effect associated with immunization status,
Aldthough the two naive animals (12739 and 12749 were the
only animals that did not become parasitemic upon CaMP
challenge, it should be remembered that the rwo others im-
munized with PEs25 are, for the purposes of this study, also
naive because PE525 is not expressed by asexual parasites.”

These two amimals (12765 and 12763) had the densest
CAMP parasitemias. Attemping 10 draw conclusions about
the effect of prior immunization 15 unwise because of the
statistical non-significance of the differences. and the lack
of statistical power 1o resolve meanmgful differences,

In summary, repeated infection with one strain of £ fai-
cipariem (FVO) led 10 stenle protective immunity against the
same strain, and provided significant proteciion from over-
whelming parasitemia in a subsequent challenge with anoth-
er strain (CAMP). This protection did not, however, extend
to protection from anemia. Those animals with the highest
parasiternias after CAMP challenge, while self-curing their
infections, expertenced very significant decreases in hemat-
ocrit. Further characterization of the pathogenesis of the ane-
mia will he impaortant
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