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Abstract,  An Avtus—Flusmodivm falciparuns model was gsed o determing if chloro-
quing resistance could be reversed in vivo, The putative resisiance modulators tested all
reverse Chloroguing resistance in vitre and incloded verapamil, chlorpromazine, proch-
larperarine, cyproheptadine, ketotifen, o tiapamil analog (Roe 11-2933), and a chlorprom-
azine analog (SKF 21353-A) Combinatons of chloroguine plus chlorpromazine or proch-
lorperazine confirmed reversal of chlorequine resistance as exhibited by cures abtained in
six Aofuy monkeys infected with chloroguine-resistant P jaleiperum (Vielnam Smith/EE
stranny and rapid clearance of parasitemia. followed by recrodescence in six additional
monkeys. The results indicate the following order of in vivo efficacy for reversing chlo-
roguing resistance in Aefus chlorpromaring = prochlorperazine = desipramine = Ro
LL-2933 (tiapamil analog) = ketotifen. Cvproheptadine and verapamil were not cffective
in reversing chloroguine resistance and probable drug toxicity was observed with these
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drugs in combination with chloroguine.

Drespite the widespread prevalence of drog-
resistant Flasmodinm falciparwen, chlotogquine
remains an impertant drog in the reatment of
malaria in many parts of the world.! The dis-
covery that chloroguine resistance could be re-
versed in vitro by using verapamil sugpested a
novel approach 1o combination therapy and
raised hopes that the ehinical response to chla-
roguine could be restored? Numcerous com-
pounds besides verapamil have now been shown
to reverse chloroquine resistance 1 vitro, ' but
experience with resistance modulators plus chlo-
roquane in vive 5 hmited. In various mouse ma-
laria models, verapamil, cyvprohepladine, keto-
lilen, and amlodipene have been shown o reverse
chloroquine resistance.® " but primate in vivo
data versus chloroquine-resistant & foleiparim
are limited 108 single observation, " In that study,
desipramine given in combination with chloro-
quine clegred parasitemia in Aoips monkoys in0-
fected with chloroquine-resistant & filciparun,
bl in cach case the infection eventually recru-
desced. In this study, we report our resulis with
a serics of resistance modulators 10 3 Panaman-
tan Aorus=P Jafciparint model. The results con-
firm the reversal of P fgleipgarunt chloroquine

resistance in Aores and allow for comparison of

relative abilities of different compounds o re-
virse chloroogquine resistance.

MATERIALS ANT METHIORS

Malaria-naive Panamanian owl monkevs
Aodus levnurinus fesaurinnsy were used as hosts
lor chloroquine-resistant £ falciparam, and pre-
viously described procedures and husbandr
practices were followed.!! The chlorogquine-re-
sistant Vielnam Smith strain was used in the
initial experiments with chlorequine combined
with verapamil or SKF 2133-A {a chlorproma-
sine analog). In subsequent studies, a recrudes-
cent isolate from a Vietnam Smith sirain-in-
fected ders monkey treated with chloroguing
was used. This strain, designated Vietnam Smiths
RE, was more resistant 1o chloroquine as evi-
clenced by limited offeots on parasitemia in Ao
monkeys receiving 20 megdke/day of chloroguine
for scven davs.

Each monkey was inoculated intravenouwsly
with 3 2 10" trophosoites of the chloroquine-
resistant Yieltnam Smith or Vietnam Smith/RE
strain ol P f@fciparim. The inoculiem siee pro-
duced & parasitemia of at least 3 = 10%mm? by
the bfih day posunoculation, at which time treat-
ment was hegun. Steck solutions of water-soluble
drug were preparcd at appropriate concenira-
tions and maintained at 4% during the course
of treatment. A suspension of watler-insoluble
drugs was prepared in {.3% methyleellulose just
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prior to use. All drugs were administerad by gas-
ric intubation in a volume of 7.0 mi, followed
by a T-ml vinge with enther water or 0. 3% meth-
vicellulose, Chloroguine alone or in combination
with the candidate resistance maodulator drog was
given orally for either thres or S8Ven Consecunve
days. In several experiments, the ponative resis-
tance modulalor was given three times per day
(500 am, noon, and 400 e for three or soven
days, A 20 mekg dose of chloroguine, given once
a dav for either three or seven davs, was used as
a negative control in all experiments, Adminis-
tration of chloroguine in either three datly doses
ol 20 megke or seven daily doscs of 5-20 mgs
kg is effective at curing infections with chloro-
quine-susceptible parasites in Aofus however,
thess regimens are nol effective against the Vi-
elnam Smith or Vietnam Smith/RE strains 12

Giemsa-stained blood smears were prepared
from all animals and examined daily beginning
the day after inpoulation until parasitemia was
cleared and for at least seven davs therealler, Al
that tme, blood blms were examined twice a
week up to 100 davs after treatment. Thick blood
films were considered negative 10 no parasites
wers seen aller examingtion forat least five min.
Ten or less parasites on a thick blood film were
recorded as < 10, Parasitemia was enumerated
b the Earle-Perez technique®® and expressed as
number of parasites mm®, Treated animals were
observed twice a day for signs of drug toxicity,
as evidenced by abnormal behavier, anorexia,
diarrhez, or vomiting. Mecropsies were per-
formed on all animals that died, In conducting
the research deserbed in thas report, the inves-
tgators adhoered wo the Guide for the Care aned
Ciser of Laborgtory Animals. as promulgated by
the Mational Research Council.

The classification of reatment oulcomes was
adapted [rom Schmidl, " and the cutcome of cach
infeetion was compared with untreated controls
and monkevs treated with chloroguine or the
resistance modulator alone. The infection was
considered suppressed when parasilemia per-
sisted throughoet treatment, but was redoced te
less than one-Afticth the level of parasitemia in
the control on the same day postinitiation of
treatment. An infection was considerad cleared
if the parasitermia became negative by 12 davs
alter the infection became patent and remained
nepative for seven davs; clearance of parasitemia
after the infection was patent for 12 davs was
indicanive of a self-limiting infaction and was nol

attributed 102 drug affect. An infection was con-
sichered cured il the parasitemia cleared and blood
films remained negative for 100 days afler the
cnd of treatment. Infections that failed w be cured
by the initial freatment were subsequently treat-
ad with hipher doses of resistance modulator plus
chlorogquine or with mefloquine. Re-treatment
data were not considered in the analysis o drug
cfficacy because of the high rate of self-limiting
infections (73%) observed in this model," Clear
evidence of drug ellicacy can be observed through
the peak phase of parasitenia, which is up to &-
11 days from initatien of patency. Parasitemis
i self-limitng infections heging o decrense 8-
14 davs afler initiation of patenoy. !

BESULTS

Experiments designed 1o detect the ability of
verapamil to reverse chloroquine resistance in
Avtps involved using two different treatment reg-
imens, In the first experiments, verapamil was
administered at a dose of 23 or 50 me'ke once
a day for three days with or without chloroguine
(Fgure 1), In Aofuy monkevs infected with the
Yietnam Smith strain, parasitemia in two ani-
mals receiving 20 meskg of chloroquine was not
significantly affected and one died from malaria
vFigure LA Parasitemia remained high for more
than seven days subsequent to treatment with 25
me ke of verapamil alone (Figare 1B). Parasit-
cmia in cach monkey hecame negative by day
21 post-treatment; however, the rate of parasite
clearance was equal 10 that in self-limitng Vi-
etnam Smith imfections and could not be attrib-
pted 1ooa drog effect. A three-dav dosape of 50
mgdkp of verapamil alone had no effect wpon
parasitemia and both monkeys died of apparent
drug toxicity 4=5 days aller the completion of
treatment, Two animals received 25 me'kg of
verapamil plus 20 mg/ke of chloroguine (Figure
1), Parasitemia became negative in bath mon-
keys by dav 21 post-treatment, bul again at a rate
similar 1o that seen in untreated infections. Twa
monkevs received 50 mgike of verapamil plos
chloroguine and both died, one of apparent drug
toxicity and the other of malaria,

In the second series of experiments with ver-
apamil and chloroquine, the Yietnam Smith/RE
strain was used and divided doses of verapamil
were glven th reduce the toxicily observed with
higher datly doses in the lirs) caperiment, Ver-
apamil (5 mgfE) was given three times per day
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Activities of verapamitl (VER) and chloroguine (OO0 in Aoies monkevs imfected with the chlo-

roguine-resistant Viemam Smith strain of Plasmiodiv fadciparus, VER (25 or 30 mgfg) (A and C0 (20 mg!
kz) {B) were given alone or in combination (U) ence a day [or theee days, Each curve represents parasitemia of
an individual monkey, Bx = treaiment periods T = monkey treated with an inereased dose of VER plus OO or

with meflogquinge; [ = monkey died.

(800 aM, noon, and 400 e and chloraguineg
(20 mgfkg) was given onoe g day (500 AmM) for
three davs (Figure 2], Parasitemiz was notl sig-
mbcantly affected in two monkevs given 3 med
kg of verapamil {13 mg/kg/dav) plas chloroquine
orin pwo monkevs given chlorogquine alone, Mo
TESPOTISS N paTasilemia was seen in monkeys
administered the same doses of veraparmil alone.

An analog of tapamil (Ro 11-2933) that was
previously shown o reverse chloroguing resis-
tance in vitro® was tested in a modified seven-
day regimen. This analog (20 me/ke) was given
three times per day for seven davs and chloro-
auing (20 mgdkp) was administered once a day
for three days (Figure 3A), Parasitemia was sup-
pressed in both monkevs receiving the combi-
naticn treatment, but it beean to incrcase by the
seventh day of reatment,

A chlorpromazine analog (SKE 2123-A) that
reverses chloroguine and guinine resistance in
vitre® was tested in combination with chloro-
quineg in sty monkeys (Figure 38). Parasitemia
was not affected by treatment with either 3 or 10
mgke of SKTF 2133-A plus 20 mg'ke of chio-
roguinge given once 4 day for three days,

Twao additional phenothiazines, chlorproma-
Fine and prochlorperazine, were evaluated in
combination with chloroguing over a seven-day

treatment regimen (Fipure 43, The low dose of

chlorpromazine (10 meg/kg) plus chloroguine (20
mg kel cleared the parasitemia in four of four
mankevs and cured the infection in one animal

(Figurg 4E). The 20 me/ks dose of chlorprom-
arine plus chloroguine Cleared parasitemia in four
af four treated monkeys, and cured the infections
in three aof these (Figure 4F). The results were
stmitlar when prochlorperazine plus chlorcquine
was used in the same seven-day treatment regi-
men (Figure 413 and Oy Two of twe monkevs
were cleared ol parasitemia after receiving 10
mg ke of prochlorperaane and 20 mpke of chlo-
roquine (Fipure 4B). Parasitemia in both mon-
kevs recrudesced by day 18 post-treatment. The
higher dose of prochlorperazine (20 me'ka) plus
chloroguine cleared and cured infections of the
chloroguine-resistant Smith/RE strain in 1wo
monkevs (Figure 40, Mo response in parasit-
emia was cbserved when chlorpromazine,
prochlorperazinge, or chloroquine were admin-
istered alone (Figure 4By,

The antihistaminic agents cyproheptadine and
ketotifen were evaluated in combination with
chloroguing in a seven-day treatment regimen.
Mo signifivant reduction in parasilemia was seen
when cither cvproheptadine, ketatifen, or chlo-
roquine were given alone (Figure 3B and ). In
addition, no response was noted when cvpro-
Peptading (10 or 20 mpdkg) plus chloroguine (20
mgkg) were given in combination onge a day
for seven days (Figure 5C). One monkey died of
apparent cardiac toxicity on day 3 of treatment
when given 20 me/ka of cvproheptadine plus
chloroguine. A slight decrease in parasitemia in
one of two monkeys was seen with 10 mg'ke of
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Froume 2. Activities aof verapamil (VER} and chloe-
roquing (CO0 in doss monkevs infected with the chilo-
roguine-resistant Viewmam Smith/RE strain of Flas-
madinee fxlviparn, VER (5 madke given at 8:00 s
noen, and 400 pa, 13 me ke/day) and OO (20 madkg
given &l 8000 am) were admimstered alone (A) o in
combination (B) for three days, Each curvee represents
parasitenyiz af an mdividoal monkey. Rx = teatment
period: T = mankey treated with an increased dose of
VER plus OO or with mefloquine; I = monkey died.

ketotifen plus chloroguine, whereas suppression
was observed in one of two animals receiving 210
mg ke of ketotifen plus chloroquine. WNe mon-
kevs were cleared of parasitemia or cured of in-
fection after receiving any combination ol either
cyproheptadine or ketotifen plus chloroguine.

HSCLISSRNN

A Panamanian At monkes=" Gloiparin
made] has been vsed to determine if the reversal
of chlorogquine resistance could be confirmed in
vivg with a series of resistance modulators. A
previous study demonstraled that the comin-
nation of desipramine (30 medke on day one and
23 meke on days two and three) plos chloro-
quing (20 mg'ke for three davs) could clear in-
fection with the Vietnam Smith/RE strain; how-
ever, ineach case parasitemia recrudesced by day
fourteen post-treatment, ™ In this stady, the com-
pination of chlorequine plus chlorpromazine or
prochlorperazine confirmed reversal of chloro-
gquing resisiance in Aejus. This efect was dein-
onstrated by clearance of parasitemia and by cures
obtained in six Aodies monkeys infected with the
chloroquine-resistant ¥ietnam Smith/BEE strain.
Clearance of parasitemia, followed by recrodes-
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Froose 3, Activibies of Ro L1-2033 (Ra) and SKF

2133-A (SKF) alone or in combingtion with chloero-
cuine (00 m Aoy monckevs mfecied with the chlo-
raguing-resisiant Yicinam Smith/HE strain ol Phas-
weesdenen fideiparan, Bo (20 mp ke was given farsoven
days (A) and SKF (3 or 10 mg'ke) was adminisiered
for three davs (B, chloragquing (20 medkg) was given
for throe davs moboth expeniments. Each curve rep-
resents parasitemia of an individual monkey, Ba =
trepiment penod; T = monkey weated with increased
dose of Ro or SKEF plus 0 or with meloguine.

cenece on davs 10-21 post-treatment, was ob-
served in six other monkeys. Thes represents the
first report of cures inoan in vive study using
resistance modulziors plus chloroguing against
chlorogquine-resistant £ faloiparum.

Although treatment repimens varied. the pro-
nounced differences in treatment cutcemes allow
for comparison of the relative abalities of can-
didate resistance medulators to reverse chloro-
guine reststance in Aoris, Two phenothiasines,
chlorpromazine and prochlorperasine, wers the
st effeciive al reversing resistance in the Aoves-
P tadcipariom model. Combinations of these two
phencthiazines plus chloroquine resulted i 1he
only cures obtainaed, An analog of chlorproma-
sing (SEEF Z1033-A) that reverses chloroguine
resislance in vitro was not cffective in this model.
The optimal response with ketotifen and 2 tia-
pamil analog (Bo 11-2933) in combination with
chlercquine was the suppression of parasitemia
i Aeius monkevs, Verapamil and cyvprohepta-
dine. both potent reversing agents in vitro, ™ *
were not effective in reversing chloroguing re-
sistance and probable drug toxicity was ob-
served, 1 is notl known why verapamil and cy-
prohepladine did not reverse chlaroguine
resistance in Aoty monkeyvs, but it coald be due
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Froure 4. Activities of prochlorperazing (PCPE) and chlorpromacne (OPZ) alone or 1o combication with

chloraguime (OO0 Aoty monkeys infected wiith the chlotogquine-resistant Vicinam Smith/RE strzin of Flas-
madiym fadcioarin, Monkeys were given 10 ar 20 mpke of PCPZ or CPF alone (C and D) or in combination
with 20 madke of OO (B, O, E, and F) once 2 day for seven days. Untreated monkevs (A} and anmals treated
with CO} zlone (B} were wsed as controls. BEach curve represents parasitemnia of an imdividueal monkev. BRx =
rreatment period; T = monkey treated with an incregsed dose of POPY or CPF plus OO [ = monkey died.

1o pharmacokinetics or drug metabolism in the
host. These results and those previously
published™ indicate the tollowing order of 1n vivo
eilicacy of veversing chloroguine resistance in the

Aoty moedel; chlorpromazine = prochlorpera-
sine 2 desipramine == Ko 11-2%33 = ketotifen.
These results sugpest that siructure-activity re-

lattonships for phenothiazines and tricychic an-
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(000 in dary mombkeys infected with the chloroquinc-resistant Victnam Smith/RE strain of Mlasmadiiom il
vigaarary, Monkeys were given 1O of 20 mg/ke ol COYP or KT alone (B and I o io combinatien withe 20 mgs
kg of OO C, E, and F) once a dav for seven davs, An untreated animal (A) and 8 monkey tresied wiih £0)
glone (BY were psed as contrels. Each curve represents parasitemia of an individual ammal. Bx — reatment
period; T = monkey treated with anoinereassd doss of CYEF or KTF plus OO 12 = monkey dicd.

tidepressants should be conducted. The goal
would be to identify potent resistance modula-
tars that lack pronounced activities as anlipsy-
chotics or antideprassanis,

The results obtained in this study with antih-
istaminics and verapamil contrast with the re-
versal ol chloroguine resistance demonstrated in
Two mouse malaria models.' " % In the chloro-



quine-resistant & voedt medel, verapamil, oy-
proqheptadine, and ketotifen each reverse chlo-
roequine resistance. " Verapamil alse reverses
chlorogquine resistance in P chabougdi * The con-
trasting results o Aofus and mice could be at-
tributed to differences in the pharmacokinetics
ofthe drug combinations, differences in the roule
ol driog administration {oral in monkeys versus
subcutaneows in miceh, differences in the mech-
anismis) of chloroguinge resistance in P ffoip-
aruni, Foyeelli, and P chabandi, or (o a com-
bination of these factors. The negative results of
thig study with the combination of chloroguineg
plus cyproheplading are simular o those ob-
served 1na chinical study conducted 1n Africa.?
Therefore. in both humans and Aofey, the com-
bination of chloroguine plus cyproheptadine was
not effective in reversing chlorogquing resislance.
This lack of elfect could be attributed 10 very low
lewels of cvproheptadine or ovproheptadine mc-
tabolites found in plasma following oral admin-
istranion of the drug.'*

The in vive conficmation of the reversal of
chloroguinge resistance in Aoty reported here 15
cncouraging and supporis the possibility that
eventually resistance modulaters mav be useful
clinically for the treatment af chloroquine-resis-
tant malaria; howsever, these data should not be
comstrued as supporting immediale initiation of
clinical trials with chlorpromaxine, prochlorper-
arine, or other resistance modulatars with chlo-
roguinge. [Mrect extrapolation of data from the
Aovus=. faleiparury model e humans 35 un-
warranted withoul determining 1 the pharma-
cokinelics of the drugs in combination are sim-
ilar in both hosts. In addition. the doses of
priochlorperazine used in this study are much
higher than those used in humans and the doses
ol chlorpromarine used are close w the highest
doses used in paticnts.

The possibility for toxic consequences with re-
sistance modulater therapy have been suggestod
lor the treatment ol cancer and malara, '™ ™ An
example of this has been shown o schizophrenic
paticnts in Africa receiving chloroguine and
chlorpramazine. Pretreatiment with chloroquing
markedly increases plasma levels of chlorprom-
arine and a4 major metabolite (7-hyvdroxyehlor-
promazing) in patients 1o potentially toxic levels
and influences urinary excretion of the dug.**
[n this study, the results of trials with verapamil
and cvprobeptadine suggest that combined drug
toxicily can nol be excluded as a cause for deaths

FEYLE AN OTHERS

in several owl monkevs. The reascns for the
deaths of Amtus monkevs 4-0 davs after treat-
ment with verapamil alone or in combination
with chloroguine are unkonown, A cardiac-active
drug such as verapamil would be expected to
produce mare acute toxic efects. Clearly, thor-
ough studies of pharmacokinetics and acule 1ox-
wology are neaded with chloreguing plus resis-
tance modulator combinations before procecding
to clindcal trials,
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