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Abstract.  Plasmadinm fuleiporuo-induced anemia was characterized in Actns monkeys repeatuedly immunized by

infection with £ falciparmn (FVA strain) parasites, then cross-challenged with

CAMP strain, or in monkoys receiving

blood stage challenges as part of malaria vaccine trials, In 4 studies, 25 (30.5% ) of 82 monkeys had a1 least a 50%
reduction in hematocrit; mean day of maximum parasitemia was 12.5, whereas the mean day of minimum hematocril was
PRLR (P = 00009, Decrensed hematocrit levels were not assuciated with reticulocytosis until parasite densities decreased
significantly from peak levels. Directantibody tests to detect lgG and C3d on the surfuce of erythrocyles were negalive.
MNonantibody/noncomplement-mediated lysis of uninfected erviirocyles seems to be the principal couse al the ancn,
and it also seems that bone marrow suppression and lysis of infected ervihrocyles contributed to the anena. Partial - -
immunity—whether induced by repeated immunization with whole parasites or with vaccine—scems important to the

development of ancmia,

INTRODUCTION

Anemia is an important contributor 1o malaria’s morhidity
and mortality. In humans, several [actors contribute 1o the
development of malarial anemia. There is evidence that
both parasitized and nonparasitized erylhrocytes are lysed,
but what part auteimmune hemolysis or other mununce
medialed events contribute 1o this lysis is unclear. Decreased
erythrocyte production is also an important contributor
to this anemia. Suppressive autologous serum faclors, re-
duced erythropoietin synthesis, and alterations in cytokine
production may be part of anemia development.’ Not only
does it seem that the anemia of malaria is caused by maore
than one factor, but there are also different furms of malarial
anemia. In their study of anemia in young Gambian children,
Abdalla and others® were able to divide the subjects into
3 groups (acute malaria, anemic acute malaria, and chronic
anemic malaria), depending on factors such as history,
parasitemia density, degree of illness, and hemoglobin con-
centration.

Aoins monkeys can be infected with Plasmodivm fulci-
parum and are thought to be an important madel systeny in
the development of blood-stage £ falciparum malaria vac-
cines.* The development of marked anemia in this model
suggests that study of this vaceine in a primaie model may
yield information useful in understanding the anemia olten
seen in humans subjected to malaria transmission under natu-
ral conditions. In addition, the development of anemia during
vaccine (rials requires careful evaluation in order to rule out
a specilic immunogen as a contributor 1o the induction of
ancmia.

We report our evaluations of ancmia observed in Aclus
monkeys immunized te P falciparum blood stage parasites of
one strain (FYO) by repeated infection with that strain, then
cross-challenged with another strain of P. falciparum
(CAMP). We also noted cases of anemia in Aorus muonkeys in
2 different P. fulciparum vaceine ellicacy trials. We have used
these experimental opportunities to describe the natural his-
tory of P. fufciparum-induced anemia in Aois monkeys and
to contribute o the understanding of (s causes.
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MATERIALS AND METHODRS

Repeated infection of Aotus fermurinus lemurinus with lin-
mologous and heterologous steains of P Tlciparam. Aoss
dennerinnes fenrierings monkeys (no= 8) are indigenous o
Panama. They were housed al the Gorgas Memorial lustitute,
Panama City, Panama, and reccived their fiest P faleiparnin
(FWVO strain) challenges between October [Y94 and Anigusl
1995; they then received 6 more FVO challenges. each sepa-
rated by = 5 maonths, until all the aninals i received 7 "V
challenges. All animals received their seventh FVO challenge
simultaneously. Five weeks after the seventh FVO challenge
and 2 weeks belore challenge with the heterologous CAME,
all animals were treated arally once o day for 5 days with 5l
mp/kg quimne and 6 mgkg doxyeyeline 1o climinate any oc-
cult FYO parasitemia, All then received the helerologous £,
Jaleiparam (CAMP strain) challenge [0 days after restmen|
was concluded. Three naive control animals were included in
the P. fulciparim (CAMP strain) challenge. All chalienges
described in this study were performed by intravenous mjee-
lion via the saphenous vein of 10 parasitized Ao erythro-
cytes The 11 animals were assessed daily [or 35 days for
parasitemia, hematocrit levels were assessed on days 10, 14,
17,21, 24, 28, 31, and 35. Differences between the FVO and
CAMP strains have been previously deseribed.”

Vaccine trial 1 with challenge and rechallenge. A total ol 34
male and female Aotus nancyme monkeys were used in Hos
study. The monkeys, which are indigenous to Peru, were sup-
plied by the Center Jor the Reproduction and Conservation of
Nonheman Primates, Iquitos, Peru, Male and Temale ERITES
were randomly divided into 8 proups of 4 monkeys, Anoad-
ditional 2 monkeys were maintained as parasie donors. As
part of a DNA malaria vacaine trial, the monkeys were im-
munized with DNA and protein vaccines based on the 60
amino acid region 1 of the 175 kDa &, falciparim erythrocyie
binding protein, EBA-175. The DNA and protein vaccines
and the immunization regimens are completely deseribed
elsewhere,® Briclly, the monkeys received a total of 500 g
DINA encoding region Hoof P, falciparien EBA-175 or control
plasmid not encoding P, falciparnm antigen. Bolh were de-
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livered with plasmid encoding At granulocyle monocyle—
colony stimulating factor, DNA vaccines were administered
by imtradermal inoculation while EBA-ITS repion 1 projein®
or phosphaie-bullered saline (PRS) control emulsificd in
Montamde I5A 720 were administered, hall subcutancously,
half intramuscularly.®

Virccine rtal 1—fiest chaflenge aned filleov-np, On day (O, 28
days alter the last dose of vaccine,® | mL of acid-citrate-
dextrose {Red Cross, Rockyille, M) decoapulated hlood was
removed fromn o single donor monkey with a P fafcipanim
(FVO strain) parasitemia, The Blood was diluted with REMI
1640 medium ot 37°C, and the 32 experimental monkeys were
injected intravenously with 10F parasitized erythrocytes. The
first challenge occurred in January 1999 Monkeys were moni-
tored daily Tor parasiles, starting on day 2. The daily Blood
films for parnsile enumeration were prepared Tfrom Dlood
taken Trom Lthe saphenous vein. Parssitemia and hematocril
levels were evaluated dotly. Seraowere collecled 2 and 4 weeks
alter challinge,

Vaccive treiad f—socond challenge and follov-up, Ning
months alter the first challenpe (October 1999) and 10
months after the st dose of vaccine, o second challenge was
conducted identically 1o the first challenge, except that each
monkey received 107 parasitized erythrocytes, Twenty-four of
the original 32 monkeys were included in this challenpe. Sec-
ond chullenpe follow-up was the same as birst challenge fol-
loww-up, except thal a dircet antibody test (DAT) was per-
lapmed cvery third day and Blood Tilms for reticulecyte counts
were preparcd daily.

Vacvine trinl 2 with challenge. A terianl of L8 male and fe-
male Aty soereveatie monkeys were used in they study, The
monkeys were supplicd by the Center for the Reproduction
and Conservation of Nonbuman Primates, lguitos, Pera.
Male and female pairs were randomly divided into 3 groups of
G monkeys, Briefly, the monkeys received o total of 500 pp
DMA encoding region T of P fwlciparion EDRA-TTA, or con-
trol plasmid pol encodme P faleiparam antipen, Both were
delivered with plasmisd-encoding Ani granulocyle mona-
cyle=colony stimulting factor. DNA vacoines were adminis:
tered by intradermal inoculation: EBA-1T5 region 11 protein
or POS control conalsificd o Montanide 154 720 were ad-
ministercd hall subcutancously and hall mtrmmuscularly,
Groups | (voceine ) and 2 {control) received 4 immunizations
al woeeks O 4 8, and 24, whercas proup 3 {vaccine ) received irs
i ons aboweeks 12016, 200 and 240 A3 groups were
challenped simueltaneonsly wath Lot pudeiparion (FVO)
slrain}.

Vaceine il 2—challonge andd fofleav-np. On day (O, the ex-
perimental menkeys were inlected Trom a single donor mon-
key with 107 parasitized ervtlrocyles in the same manpuer as
the challenges inovaccine trial 1 The challenge ocourred n
July 2008 Maonkeys were monitored daily bepinning on day 2
for parasitemia. bematocnt level, and reticulocyte count,
Maodilicd DA was performed every 9 days, and a complete
hlood cownt (CBC) was performed on days 2,9, 17, and 24,

Treatment standards during vaecine trials 1 and 2, Infected
monkeys were treated with meflloguine (20 megfke orally,
single dose) il the parasitized erythrocyles rose Lo JI0LHKD
parasiles/pl (6% when erythroovte count was 5 = 10%u L), if
the hematoerit decreased by < S0% over preinfection values,
or il other untosward clinical signs were observed, such as
aporexin or redoced physical actavity. The monkeys not re-

guiring treatment during follow-up were treated on day 2
with melloguine.

Hematologic, parasitology, and invmuemologic fests, Parasine
ennmerniion. Parasites were counted by means of the Earle-
Perez method.? Ten microliters of blood was dispensed anta
a measured arca of o microscope slide, A microscope with a
known lield af view diameter was used, and parasite densitics
were cidculated and expressed as parasites per microliter of
blood. :

Hemareeri fevels, Approximately 50 pL of blood was al-
lowed to flow into a microcapillary lube containing heparnn,
The tube was then spun for 3 minutes in a dedicated micro-
hematocril centrifuge, and the percentage hemaloerit was de-
termined with an 1EC microhematocnit reader,

Direct mrribody techidgoe. We tested for the presence of
immunaplobulin {lg) G on the surface of Aot erythroeytes
with o gamma-ReACT test kit (Gamma Biologicals [nc.,
Houston, TX) far detection af 1g0 an the surface af eryth-
rocytes. Both protein A and protein G are covalently linked
1o aninsaluble matrix in a mucrocodumn, Aones blood samples
are placed at the top of the microcolumn, then centriluged.
10 on the surface of any erythrocyles is bound by the protein
A and protein G, and these cells do not transit the microcol-
umn during centrifugation. When erythrocytes from 44 pa-
tients with positive tube agplulination DATs were tested in
this alfinity microcolumn DAT, 29 {(66% ) of 44 were posi-
tive This microcolumn technique has 2 important advan-
Lipes over convenbion luhe techngues: first, it uses only 25
il of hlood, an important ssue with Aoy monkeys, and
second, 1L docs not rely on anti-human IgG, so there are no
comecerns about the degree of cross-reacuvity between anti-
human 1pG and the Aoy 1pG it is largeling,

Medified cdivect soribody welinigie. The protein A and G
columns were maodified by the additton of 1gG directed
apainst either human [gG oor human complement C34. Can-
troal stedies indicated that the test did react with Aews [pG,

Hetividoeyvies New methvlene blue=stained thin blocd films
were prepared, nnd the percentape reticulocytosss was deter-
mined microscopically on the basis of a count of 1,000 eryth-
rocyles. Reticulocyte counts were corrected for anemia per
Hutchison and Davy,”

Cennplete bivod connis. Complete blood counts were per-
formed with a Coulter Counter, model T WIIR.

Eorzvae-thcked fomenaserbent wxsoy, Serame antibodies
were dssayed as previowsly deseribed "™ Purified Daculovicus
recombinant EBA-IT5 region 1 protein (1 pg/mL) in PBS5-
sodium axde buller was used os capture antigen, The en-
gyme-hnked immunosorbent assay results ae reported as the
interpolited reciprocal dilution estimated to give an optical
duensiry of (LA o

Stutisticol analysis. Statistical tests were performed by 3PS5
for Windows, version 8 (5P55 Inc., Chicago. IL).

RESLILTS

Aty immunized by repeated infection. Afler the CAMP
challenge, mean hematocrit levels for the 8 immunized mon-
keys decreased (rom S0.6% on day L0 after CAMP challenpe
to 36.5% on day 17, then stabilized, averaging 36,7% on day
21 and increasing 1o 48.5% by day 31 after CAMP challenpe,
Three of the 8 monkeys experienced reductians in hematocrit
ol = 50%, The hematocrit kevels of the 3 naive monkeys also

-
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decreased toa low of 38.6 on day 17 alter challenge. bul then
increased 1o 47.3% on day 210 AlL 3 of the noive monkeys
were administered mefloguine on day 12 or 13w real el-
evated parasitemia; none experienced a 50% reduction in he-
matocrit. None of the immunized monkeys was treated. The 2
immune monkeys with the highest parasitemias during 1he
CAMP challenge (monkey 127635 al BR800 pattasites/pl and
monkey 12763 al 0920 pacasiles/pl} also had the Largest
decreasges in hematocrit referent o the day 10 baseline during
the challenge (39.6% decrease and 31.8% decrease. respey-
tively) (Table 1) In spite of these decreases, the hematoerit
levels in both these animals returoned Lo normal without reat-
ment by day 35 (49% and S0%. respectively), Mean day of
highest parasitemia among the Y infected monkeys (immu-
nized and controfs combined ) was day 123 versus day 188 [or
lowest hematoenit (P = U001, -test), The 2 immunized mon-
keys that did not become infuected had the least percentage
decrease in hematocrit,

Vaccine trial 1—Tirst challenge. During the 28-day Tullow-
up period after the first P. fuleqpara challenge, 6 of the 32
monkeys under study required treatment Tor fow hematocril
levels; another 21 were treated for parasitemia { Table 2). The
mean day of treatment [or monkeys treated for agh parasit-
ermia was day 1119 (95% confidence limit [CL] = 105, 11.4).
whereas the mean day of reatment for depressed hematocrit
occurred on day 167 {(95% CL = 128 205 £ = (U012
2-tailed -test), Because monkeys treated for clevated para-
sitemia received drug before they had the opportunity to bee
come anemic, the [ollowing comparison is restricted Lo those
monkeys treated for decreased lematocril versus Lhose nol
treated (n = 35). For those monkeys treated for Jow hemato-
crit levels, the mean low hematocrilt was 1%.2% (5% CL =
16.6, 21.7), whereas the mean low hematocril for those mon-
keys not treated (n = 3) was 36.6% (95% CL = 26.6, 46.0),
P o= 07 (2-lailed r-test)

We also looked for an association belween an individual
monkey's maximum parasitemia and its minimum hematocnt
level by means of simple linear regression, In many monkeys

Tane §

Maximum parasitemia, minimum hematocrit levels, and the
days on which they ocourred in 8 Awins monkeys challenged wilh
10 CAMP strain Plasoredien folciparam-infected Aoiug
erythrocytes*

Blim FIETT MEim alay

Fane 2
Thirty-Lwar Acncs monkeys, divided o 8 prisags. el with
varying regimneas ol Ploeeodican fulvipran EBA-T75 region 1
DNA and protein, then chinllenged with 1002 fileumne-inlecied
Aertreserylhrocyles’
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The I eonlast Aroakeyd were naive. Max demsity = manimom paraaie demity (parasile wiel]
wlnerved during the fallowup period: maz day = cay of faxiiLm parassemia; min 10T
= miinimum hematocril observed during follow-up pericsl. min day = day of minimum
P.rm;umi;-_ decrease = percentage dlecrease in hematovnl levels freem prestudy haseline,
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treated for elevated parasitemia, hematocnt levels conhinued
1o decrease even alter treatment, We therefore analyzed the
data in 2 ways; [irsl, maximum parasitemis versus minimuom
hematocril recorded anytime during the ZX-day follow-up,
and second, maximum parasilemia versus minimum hemato-
crit recorded before treatment, Maximum parasiteni snd
punimum - hemalocrt recorded any lime {case 1) were nal
correlated (case It =00l P = 1.25) There was o nodest
association between maxinum parasitemin and minimum he-
malacrit before treatment (cose 2. 7 = U336, P o< LO03),
high maximum parasitemia predicted high minmmum bomat-
ocril levels.

The minimum hematocrit levels in monkeys receiving
EBA-175in cither or both forms (DNA vaccing or recomli-
pant pratein vaceine, n = 16, mean minnum ematocrit =
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28} were compared with the hematoerit levels ol monkeys nol
receiving EBA-175 {n = 16, mean minimum hemalocrit =
32.4). No association between mimmum hematocnil levels and
receipt of EBA-1T5 vaccine was found {7 = (K194, power 1o
resolve a true difference of 4.4 was 24%, whereas a true dil-
lerence of 9.5 would yield o power of H0% ).

One strikig dilference in the development of anemia was
between the DNA prime-prodein boost {3y _Py) and the re-
combinant prodein prime and boost (Pv_Pv) groups. The
Pv_Pv proup had shghtly higher levels of anlibodies by en-
gyme-linked immunosorbent assay alter the boost (geometric
means, 320,651 versus 8O, 18U, o= (L35, r-test), and slightly
lower peak parasilemias (166492 versus 137670, P = 073,
t-test) than did the Dv_Pv group. One animal in each group
reached the parasitemia threshaold for treatment of 306N
parasites/pL. blood, but 3 of the 4 monkeys in the Pv_Pv
group dnd none ol the monkeys in the Dv_Pyv group devel-
oped = 50% reduction in hematocrit. Among the maonkeys
that did not reach the parasitemia threshald, the minimum
hemalocrit levels in the 3 monkews in the Py _Pv group were
sigmificantly lower (/7 = 0037, flest on log-tramstformed val-
pes) than in the Dv_Pyv group (1Y, 21, and 23 versus 27, 29,
and 400 means of 21 and 32, respectively ).

Vaceine trial l—sceond challenge, Nine months after the
first challenpe, and & months after the st dose of melloguine,
the 24 monkeys (12 previously immunized with EBA-175, 12
previously controls) were rechatlenged with 107 2 falei-
pitrin-parasitized cryvihroeytes. During e 28-day follow-up
poeriodd, they were montored daily Tor parisitemia, bematocn
levels, and reticualocyte count {Fable 3], and they were moeni-
tored once every 3 days Tor Tp on the surfaee of their eryth-
rocyles (ATL Al |1'|L:|1]-;,-.:}r'1 becimie ]‘I.'irilh-lll_'!'l‘]i.[, but none
required treatment for parasilemia excecding SO para-
sites/L. However, | required treatment fur reduced hemat-
ocril levels; 7 ol 12 previous controbs and 4 of 12 previously
immunized with EBA-175 vaccine (77 = (022, chi-square lest).
Muean masimum parasiteni was 820 parasitesfu L (95% CL
= | M0, 77420 The mean iy onowhich maximuny parasit-
emid occurred wis divy 144 {95% CL = 1249, 13.9), The mean
minimum bematoeril level was 3006%, (U5% CL = 27,3, 33.9),
and the mean diy of minimom hematoerie level was day 213
(939 CL = 20 2280 Mean - maximuny correched reticulocyte
coHanl wis 455 (At Ol 38, 520 and the mean day of
maximuem corrected retculocyie count was day 248 {955 CL
= 22.7, 27} Direct antihody tests were perlformed on days |,
3,008 02, 16, bR, 21, 25, and 25, The 12AT was nol perlormied
apain after o monkey was treated. A DATS were nepative
for the presence ol Tpe on the surfice of erythrocyles,

Whean daily parasitemia, hematoorit levels, and reticulocy e

values were ploted for cach monkey, o patllern emenged sup-
pesting that regardless of hematoer! Jevel, reticulooybe counts
dicd et bepin Loomerease untl parasitemin density bacd Lallen
Bebow = 100 parpsites/u L, This was seen o 17 of 24 ol the
monkeys, Uwooexamples, ane Trom aomonkey teated o des
pressud hemmocrt and the other from an untreated monkey,
are shown i Figure |

[ order toeestablish o Bascline corrected reticulocy e value,
the mean of the dialy retieuloeyte counts from day 3w day 6
was caleulated Tor eoch menkey. Any reliculocyle count from
day T o day 25 that was shove thal mcan plus 2 standard
devizgtions was desipmded as Televated,” For each monkey
exhibiting elevated reticolocye counts (85 ol 24), we caleus

Taper 3

Maxima and mimma for recorded biood values of Anias nancymae
previousty infected with Plaseoadiven falciparion®
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a0 D Pw 11174 4 32 M 24 2R KT
Had v _Pw ] i7 23 27 2.0 4] 20
Mean  Dw_Pv 4833 143 287 25 2 W 20
HiHp Dv_Dwlv 1723 12 23 1% 67 27 18
U Dy DvPe 6428 14 16 19 51 25 5
o3 Dw_DwPe 1419 4 33 19 ER Y NT
Mean Dwv_DwPyv 314 133 233 AT 63 262 16.5
uik Pe_De Y52 12 a7 14 249 M KT
Pl B e 4924 15 28 23 27 26 23
uid e D 35000 15 34 21 43 27 NT
Mean Do D 3y 4 i3 217 33 253 23
034 Dec_Pele 20K 14 27 21 446 24 21
UM Pe_Pclie 624 6 27 200 45 Fa
dean  De_Pelbic 412 17 7 205 46 263 203
WAT Fv_Pw K1 n k) 25 248 27 T
i v _Pw 13549 4 3l 20 45 27 T
25 Pv_I*'w 21132 7 44 20 44 26 T
Mean Py v 1262 7 i 237 4 26,7 =
U145 Pe_ Pc R 16 23 23 289 K 21
933 Pe Pc 20308 18 23 il LB 26 0
931 Pe_Pe T 21 I 26 4.9 27 NT
hklcan Ic_l'c 10282 W3 287 233 35 AT 25
Y5 n_i 23034 15 23 22 54 27 20
s n.n B 11 26 14 45 12 NT
AT n_n KTH 14 2K 24 no2 2
Ly n.n | Hialid 14 4] 21 s 27 NT
hlean oon FEM 135 293 ) 61 258 20
AMean  Aldl A¥Mpy 44 d0n 214 45 M9 197

e wducted e whth W B fidiimenn were techallenped with
e 3 el i parasitised Ao cryihoocyes % msmths after the st ehallenge, and they
werg Telliewed for 28 abass The st eniry sdeniilics ammunogen ased ane Diesk 3 mmariza-
P, and e sovewsl cotry wdeanifics e il‘lll‘ll'.ll'u.-_f_l.'ll. of IAmungens wsed in the fuucth
immu it A monkoys rcatal edone e el ol the 2Heday followenp period wore
tvateal bt & decidave im hensatiscnil fevely il = %05 ol el o onke were toeated tor
vhenaniel prataniteieia nisn pars o asamun aerass e obe o duniog e BHday fellow-
v prersal i day = day el s parsatemisg i HOCT = minimum howatoont
vbearvead denmg e 28alay Tulloweup poniad, o oy = oy ol nimimens hemataerd; mas
Fiolm = HRAKEIR L T et caunl during the I8-day fullime-up perssl, Jdy e = alay of
s reloahey be dlav o gt ek fiar anemia; Dy = PO
LA DNA s N il dreaboad fur o Aria of decreasad benve
it bevel i reatesd pee ek gl dhe <nd s fuml M s L ERA
n = ashing; PIL =

Jsein v 104
1 b apracaen

bated the mean hematocriv Tevel nnd the mean parasitemia lor
the day hefore the elevated reticulocyie counts, We also cal-
cubated the mean hematocril and parasitemia counts for the
vy hebore cach day with o nenelevied retculocyte count.
The mepn hermatoont for days preceding anelevated reticu-
locyte count was 1759 versus 46, T% lor those diys preced-
ingu Jduy with o nonelevated reticulocyte count (F = (L00Y,
prired st Mean parasilemias for the sane days were J18
parasitesfpn . (elevated reticulocyie count) versus 507 para-
sitesd e L (nonctevated retculocyte cownt) (8 = 1LHE, pred
I-lest h

Vaecine trial 2—challenge, During the 28-day Follow-up pa-
ciond after F5 foleiparent challenge, 6 of the |8 monkeys re-
quired treatment Tor lkaw hemaloerit levels, and another 1]
werg trented Roroclevated parasitemia (Table 4)0 The mean
day for trestment Tor elevated parasitemia was day 119 (45%
CL o= 14.3,%3), amd the mean day of treatment for decreased
hematocorit was day 2008 (95% CL = 234, 183 01 = 0K,
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Fiowme [ The valaes [or parasitemia density, homtognt levels,

and reticulocyte count for 2 moskeys, one untreated (top) and one
treated with melloguine for lew hematocrit (battemd, are shows for
the 28-day period aller challenge with 10 Plasssdicn fufciparan
infected Aoty ervihrocyies, The vertical dashed hine in the botiom
panel indicates the say of melloguine treatment. o the upgper el of
each panelis the monkey number and the goimeboost immunizaton
regimen it received:

-tapled stest), Only one monkey (mwopkey HME, a0 ammu
nized animal) completed the 28-day fellow-up without reguir-
ing trealmenl [or cither elevated parasilemia or decreased
hematocril, Maximum parasitemia and minimem hematocnl
recorded any lime during the 28-day follow-up period were
correlated (@ = 0436, P = 002} The correlation strength-
encd when maximum parasilemia and odmmum hematocrit
recorded before treatment were evaluated (7 = (631, I <
0.0004). As in the first trial, high maximuwm parasilemia pre-
dicted high mimmum hematocrnit levels. The minimusy hepat-
ocrit levels of the monkeys receiving EBA-175 (31.7.95% CL
6.6, 260.7) versus those nol receiving it (3785, 93% CL 45.7,
319 were not dilferent (F = (0158, 2-tanled -1est).

The pacasilemia, hematocrit level, reticulocyle count, and
platelet count plets fur each monkey revealed thatin 12 of 18
mankeys, reticulocyle count did not begin to rise until alter
the parasitemia had fallen to - [OU parasites/pl, These fimd-
ings were consistent with those of vaccine trial |—second
challenge.

Blood counts were performed on days 2,917, amd 24 of the
posichallenpe follow-up period {Table 5). Lymphocyte and
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motoeyte counts decrensed dd' anmd 2% 0 respectively, be-
tween day 2 and day % but rebounded 1o day 2 levels by day
17. Granvlecyic and phielel counls decreased more slowly,
but more markeddy, By day 17, pronelocyie and platelel
counts dropped to 25% aod TS5 ol day 2 silues o dad el
rebownd by day 24, Because CBCs were performed less [re-
|.||.||.;|LI|}' thany were ol her ]IL‘I'I'I.'][I.FE'HE'..EL' lesis, i1 wis nol clear
whether granulocyle or plidelet counts were associated with
eller measures, buel they did ot seem closely related Lo
changes in parasilemia,

As owe descrbed above Dvaccine trial 1L second chinllenpey,
we eslablished o Baseline corrected reticulocyie value by
nreans of the mean daily reliculocvte counts from day 1o day
. As belore, soy retcolocyie count from day 7 1oday 248 that
was alwve ot mcan plus 2 stindand deviations was aria-
trarily designited as o clevated™ The mean hematovnl o
davs preceding an elevated reticulooyie counl was 41025 ver
sus 45.3% [or these davs alter o day owilh o nodelevaled
rebicwloey te conl (= 1S, poared ctestr Meonn parasilemia
[or the sine days were 3908 parnsites/fu L (elevaled reticulo-
eyle count) versus 3RY2T parasies/ el (nonclevited reticulo-
cvte count) (= UG, paired -lest)

Modificd DATs for TgGoand complement component C3d
woere performed v tiys |od0 8038 Th, 240, 24 and 28 ol e
28-day Tollow-up peried; all 1ests in ol monkeys were pegas-
tive.

[ISCLISSTENN

Acvemia is o Iregquent ond ofter senous compheston i
ferlciparaens malarin,' ' This oealaria ancmin coutd be coused by
any of 3 mechomsms: lysis ol infecied erythrocovies, lysis or
sequestration of nonmlected erythroeytes, and suppressson o
hematopoiesis, Work by others has made it clear that more
than vne of these mechanisms is involved '

I s immedinledy clear Trom the data vbiained i the Tirs)
study (repeated infections) that vsis of milvcled erythrocyies
alune cannot account for the often marked decreases in he-
matoeril, For example, in the Avins subjected 1o repeated
infection, 3 animals with oaximuam parisite densilies neved
excevding FLUU0 parasiles/ . expericnced decreases m -
maloent levels of between 305 and G T his means -
of circulating ervihrocyles were parasitized, ~ 250 Limes too
few erythrocyles to explan the removal frony civculation of
more i lall these nnimals” crvthrocyies. Mingmam el
ocrit levels were, on averige, resched Between dayvs 17 and 21
Such o rupid anset of anemia indicates thil suppression ol
bone marrow alune could not produce these demabc de
creases in hematoent. 1T all eovthropmetic activity ceased on
dav U ol the challenge, by day 20, the monkey should ave Los
only = 20% of its erythrocytes—clearly nol enough o explan
a 5U% decrease m lhe hematocrit, Becawse dyvserylhropoigss
cannof accounl for the entire duerease i e naloerii docs nal
mean, however, thal it s nol p contributing Gctor, Because
neither lysis of parasitized ervthrocyles nor dyseryviliropaiesis
seems able 10 account [or the enlire decrease in hematogril
levels, Iysis or removal of noninfected erythrooyvtes is imvakal
as Lhe major contribular to the ancmis.

[n 3 subsequent trinls witly P fafeiereen Dlood stape chal-
lenges, we evaluated e following: (1) whether immuane-
medinted Ivses of the saninfected ervihrooyles could be the
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maek hamismm deiving e sevaere decraises i hematocril in the
Avres, (20 any osseciation botween parasitenua density and
hematocrit (3 any association among parasitemin, hemato-
crit lesel, :u_'lil_'ljlm.‘j.'luwih; () and pssocition ol [arasit-
emia and anemia on other blood cell tvpes.

By wse ol Tresh whole Dlood colleeted during the challenge
phase of the rechallenge of vaccine trial |, we tesied for the
presence of leG onervthrocyle surlaces with o protem Afpro-
e O eofumn systens. Al samples from all animals were
pegative: During the chullengein vaccinge trinl 2, we tested the
erythrocytes for boah TeGoand complement Tragment Chd by
s sprecilie :|ﬁ1|lHu|j.'. Tl eases, the lests swere negilive fur
both, AT stuches of uman volamieers in malarious areas
have not been entirely consstent, Facer and others'” studied
162 Gambian chifdren with vanable malaria histories and
fowsrd Lhant = 505 ol those with past or curcent malarse infee-
el O30 TaCa, s Bt oy their eovihrooyies, There wis
mer corre o between DAT positivity and parasitemi den-
sity it Lhe time they sousht care, but they did uhserve a sig-
nificant asseciation between o positive AT aned @ hemaocent
level < 30%, Abnballa and Weatherall"™ studied 134 Gambian
children and found that 32 i positive DATS [twice as many

o A

Sdean bl coll valoes Lroma 1S menkovs i vaccine Trnl 2*

Porachulbenge Wlite slisal
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e shis b ooasnts e iz st bave 20 BT, S Mo g s s <luy
Bormctapr protenl vabies e welhopd, = 1wt siaitland doviations in a-

Pl licaes

as oo result of C3 a5 1pG ) They also found, however, that
hemoglobin fevels and reticulocyte counts were Lhe same in
These children whether they had positive or negative DATs.
Serry and uthers'? studied 83 P fafeiparion malaria paticnis
in Thaitand. There was no difference in the number of TpG
mulecules per erythrocyte between uncomplicated malarin
cases and healthy controls. The authors thought that this low
fevel of conting would notl have caused accelerated destrue-
tion of these cells. They also found no association belween the
presence of 10 on the surface of erythrocytes and anemia.

In their study of anemia in young Gambian children, Ab-
dalla and others® were able to divide the subjects into 3
grovupst avute malaria (briel history, high parasitemia, hemao-
glabiy = 8 gidL), anemic-aoute malaria (briel history, high
pearasitemiin, hemoglobin < ¥ pidL), and chronic malaria (no
hiﬁlnt‘}. ol acnte dlness, low 17.|I':|nil|_'mi=|., and hemoglobing < &
efdl ) The expormental modare induced an the Aedey in this
study maost closely parallels the fisst group, Maonkeys being
chatlenped for e first lime become i‘.-;-.r.;'|'1i'|;:;'|ai|.‘ rapadly, and
mast required drug therapy by day 12 as o result of parasit-
einins excecding LAY parasites/pl, In those animals nal
receiving treatment [or elevated parasitemia, the lowest he-
matoeril bevel recorded ocecurred — 6 10 9 days Toter than the
masimum parasiteming. Simple linear regression analysis sug-
gosted that monkeys with hich mnximum parasitemins tended
for haave less anemia, buat this assessment is badly conlownded
by the fact thal monkeys with high parasiteimas were treated,
whereas those with low parasitenmias were not, This means
theat only animals with low parasitemias remain parasitemic
after approsimately day 12, and this may pccount for the
differences in incidence and inlensity of anemia. Carvillbe
and others'™ also had a case of severe anemia among § Aems
irtfecfuiies infected with P fafciparnes, Three aof the animals
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were jntact, and 2 were splencclomived. The 2 splenceto-
mized animals papidly developed high porasitemias (= 8% ) by
day 10 and required treatment; Chey did not become anemic,
The one intact animal thad controlled its parasitemia such that
iodidd not reguire freatment developed a profound anemia
Chematocrit of 13%).

Splenic enlarpement, often associaled with nonacule para-
sitemias, may isedl play o part in the mduction of anemia,
Looareesuwan and others'™ showed that clearance of nonin:
fected radiolabeled ervihrocytes was increased i /% fafed-
parmm-infected humans only when splenomegaly was
present. [nfected humans {ree of splenomepaly bad normal
clearance rales wnless treated with antimalarial drogs, and
then clearance of noninfected cells also increased.

Reliculocyle counts i vaccine trial [—second chullenge
were associated statistically with botly hematoenl and pira-
silemia, particalarly the latter. The mean hematoerit level
caleulated Tor days with normal reticulocyte counts was aboul
5 percentage points higher than the mean hematocrit caleu-
lated lrom days with elevated reticulocyie counts (46,7 versus
41.7 and 453 versus 40.2 in the 2 stwdies) In both studies m
which reticulocyie count data were collected. the mean par-
asitermia on days with elevated reticulocyie counts was muach
lower {(4.3- or 6.5-Told) than on days with nonelevated reticu
locytes. [n addition, in 29 [69%:) of 42 monkeys ocooss 2 dif-
lerenl studies, reticulooyie counts did nol rise above normal
until the parasitemia had dropped below ~ L parasitesfel
irrespective of heimatocrit levels, The most abvious explan-
tion for this is that a high parasitemin suppresses either the
production or the release of reticulocytes in spite of the pres.
ence of an anemia driving reticuloeyte release,

The appearance of the reticulocylosis was similar o that
documented by Abdalla and others.® Those patients they clas-
sified as having “acute malaria” (short history and high par-
asitemia) expericnced a drop in hemoglobin when parasites
disappearcd as a result of drug teeatment, They alse observed
that reticulocytosis developed 5 days alter treatment—Lthat is,
after parasitemia bad fallen, They also stucied the bome mar-
row of the patients with acute malara and found Lthe relative
number of erythroid precursors o be normal or low, and
erythropoiesis 10 be normablastic. Booe marrow from pa-
tienls with chronic malaria, on the other hand, showed sig-
nificant evidence of dyservthropoicsis,

CBC data, collected at 4 points during the 28-day follow-up
period in vaccine trial 2, showed changes in white blood cell
populations. Lymphocytes and monocyle counts dropped
modestly between days 2 and 9, but they recovered by day 17.
Granulocyte and platelet fevels, on the other hand, showed
marked drops through day 17, with no or incomplete recovery
by day 24. Kakoma and others™ studied changes in bloodcell
values in Aates sentcyiiad monkeys infected with P falel-
parnm, They lested the animals on day 0. 7, and 14 alter
challenge, and we tested on days 2,917, and 24. They alzo
noted severe thrombocytopenia, particulacly on day 14, This
is similar lo our finding of signiflicant thrombocytopenia on
day 17 alter challenge. They noted, as did we. that lymphocyle
numbers decreased carlier than platelets and rebounded by
14 or 17 days. In a study of radiolabeled platelet distribution
in humans, Aster® found that a significant [raction of the
platelets can pool in the spleen. In cases of hypersplenism
(Aotus experience enlarged spleens when infected with P
Jaleiparnny), that fraction can increase o 50% or even 90%.

Twenty-five (ML) ol 82 ol the 1Y fferprarnr infections
Aoy deseribed in this study eesulied inoo = S0% decrense in
hematocnl, Lysis of infected ervilhrvevies is msulficient Lo
cxplain the removal of somany erythroeeyvtes from circulation.
Iy fact, I8 of the 32 numkeys experiencing = 50% deereases
nt hematocrit had parasitemin that pever exceeded 00N
parasilesfpl or = 2% of ervthrocyies mfected, This = = 15
orders of magnitude tow few e expdang thie remeoval of 50 of
circulating ervthrocytes: o the repeated-infection expuri-
ment, 3 ol & monkeys caperienced o = 500 decrease m he-
matocrit bevels, vet mo maximm parasiteim excecded | I
parasilesfl, 2.5 orders ol mapmilode oo few infocted ervth-
rocyles to explon e ancnia Althoogh e mean dav of
maximunm parasitemi for the "2 inlections was diy 12,5 (95%,
CL = 190 13 the mean day of minimuom hemalocrit ocs
curred Iater ab doy I8 (Y5% CL. = |78 1948 This is 100
soon for marrow suppression o explain the obscrved lpss of
cryvthrocyles.

Because netther Iysis of infected erythroovies nor nurrow
SLEPYIrL SN J!IIIZIIH.‘. cakn L"I‘]'llilil'l lt'll.,‘ SITUTINGA, WL ‘i.'.lﬁj:i..'!‘i'. That
lysis of uninfecled erythrocyles is the major contributor (o L
anemia. The falure to hod cather antibody or complement on
the surlace of erythrocyies harvested while the monkeys were
infected indicates that an amtebods-mediated o C3d-
mediated fvsis was nol occurring, Although dvsis ol infected
and noninfecled ervihroeyles scems o be the mogor conletbu-
loe Lo he anema tere s evidence of manrow suppression,
The appearance of & retieubocytosis hal eorrelined only with
lowe, and not high, parasite densities, indicating that high para
site densilies suppress 1he development or release of relicu-
lacytes from the marrow. This suppression may alse explaon
e thrombocytope iz scen m sooe of the mankeys. The dra-
matic decrease i platclets miy also be caused by poolig in
the enlarped spleens olten scen i £ fwleipuein=inlected Ae-
Iy monkeys,

Beoause mast of the £ faloipennn infections occurred in
the contest of EBASTS vacoinge tials, we lowked [ar s as-
sociation between this specific vaccine immunogen and ane
mia, but we did not Tind vne In addition, an cllicacy trial in
Aoty ol another vaccine immunogen (nrenesoile surfasee proo-
tein 1) showed similar instances of moarked anemin,® Alsu,
some of the cases of ancpun reported here were seen i mon-
keys nol immunized with o specific vaccite immunogen, bl
rather in animals subjected only 1o repeated infection with 2
Selciparnen, 105 our view Uit aoneniin onsel s related 1w the
acguisition by the monkey of sullicient inmunily 1o partially
cottrol its parasitemia. We believe it this partial control
resulis ina continuing low-level parasiteniia that is the proxi
mate cause of the anema, This woubd mean tat the aeenu
could be induced by any antipen or agent capable ol inducing
& modicum of imeoeanity and that the aneme 15 nol assoceted
with one ar another specific immunogen. The mechansm we
propose here may be o mapor contribtor o the e seen
in children in Africa al the end of the inlense transmission
seasan.”® If this is the case, it will be extremely important to
monitor hemoglobin status during trials of malori vaccines
that arc designed not Lo prevent hlood stage infection, but
rather 1o lmit jr.
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