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The occurrence of Plasmodium vivax resistance to chloroquine has been reported in several countries of Asia
and South America. However, the resistance of P. vivax is insufficiently documented for three reasons: it has
received far less attention than P. falciparum; in vivo investigations are handicapped by the existence of
hypnozoites, which make it difficult to distinguish between recrudescences due to drug failure and relapses due
to dormant forms in the liver; and in vitro studies are greatly limited by the poor growth of P. vivax. We report
on the adaptation to P. vivax of a colorimetric double-site Plasmodium lactate dehydrogenase antigen capture
enzyme-linked immunosorbent assay previously developed for P. falciparum. The assay proved remarkably
sensitive, as under optimal conditions it could detect P. vivax parasitemia levels as low as 10~%. The technique,
which relies on the detection of protein synthesis by the parasite, yielded steep drug-response curves, leading
to the precise determination of the 50% inhibitory concentrations for a high proportion of isolates. Chloro-
quine-resistant parasites were identified in an area where this phenomenon had been documented by in vivo
methods. Thus, the results indicate that the in vitro susceptibility of P. vivax can now be monitored easily and
efficiently. The data suggest that the threshold of resistance is similar to that of P. falciparum, i.e., in the range
of 100 nM for chloroquine and 15 nM for pyronaridine. However, further studies are required to precisely
define the cutoff for resistance and the sensitivity to each drug.

The resistance of human malaria parasites to antimalarial
compounds has become of considerable concern, particularly
in view of the fast speed of emergence of resistant parasites,
the fast spread of resistant parasites, and the shortage of novel
classes of antimalarial drugs. The vast majority of studies have
so far dealt with Plasmodium falciparum, the species responsi-
ble for most of the fatalities from malaria.

However, over the past decade, several reports have docu-
mented the emergence of resistance of P. vivax, at least to
chloroquine. Although P. vivax seldom Kkills, it is nevertheless
as prevalent as P. falciparum and carries a morbidity load as
large as that of P. falciparum (16, 21).

The first case of P. vivax resistance to chloroquine was re-
ported from Papua New Guinea in 1989 (22). Further cases
were observed as well in Indonesia (1, 8, 25, 26, 29, 30),
Myanmar (15, 17), India (12, 28), the Philippines (2), and
Thailand (14), as well as in South America (11, 18, 23), thereby
indicating that it may be a worldwide, yet underestimated,
problem.

The prevalence of P. vivax resistance is indeed most likely
widely underestimated for two reasons: in contrast to P. falcip-
arum, there is no method for the cultivation of P. vivax as
effective as that for the cultivation of P. falciparum that can be
used for in vitro studies; conversely, under in vivo conditions,
the reemergence of parasites following treatment is usually
attributed in primary health care centers to the reemergence of
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parasites from the liver more than to treatment failure. The
reemergence of the parasites is due to the existence of the
dormant hypnozoite stages characteristic of P. vivax, which can
resume growth and generate a new erythrocytic infection at
regular intervals. Thus, when treatment failures occur, they are
usually disregarded, due to the difficulty of distinguishing
recrudescences from relapses (except for relapses caused by
the Chesson and Panama strains, however, the interval of re-
lapse is usually longer than that of the posttreatment follow-
up). These two serious technical limitations have led to a
scarcity of studies compared to the numbers conducted with P.
falciparum, and the small number of investigations performed
constitutes a third factor that has resulted in underestimation
of the prevalence of P. vivax resistance to drugs.

We have recently described a colorimetric assay that can be
used to measure P. falciparum drug resistance (10). The assay
relies on the measurement of the synthesis of an enzyme,
parasite lactate dehydrogenase (pLDH), by growing parasites.
This assay differs from the classical [?H]hypoxanthine incorpo-
ration method, in that it assesses protein production by the
parasite and not DNA replication.

P. vivax can grow to a certain extent under in vitro condi-
tions, although with a very low reinvasion rate (i.e., it essen-
tially matures), but the number of reinvaded red blood cells
(RBCs) is quite low. We reasoned that the measurement of
protein synthesis, which is active during the maturation stage,
could provide a more sensitive and, hence, more reliable
marker than nucleic acid synthesis. Therefore, monoclonal an-
tibodies (MADs) able to react with P. vivax LDH were used to
measure protein synthesis during P. vivax maturation and
thereafter to assess the ability of P. vivax to be inhibited by
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effective drugs under in vitro conditions in a double-site Plas-
modium LDH antigen capture enzyme-linked immunosorbent
assay (DELI).

The results obtained in the laboratory indicate that even at
a very low density P. vivax parasites can be reliably detected by
the technique. The results obtained in the field with wild iso-
lates from an area where P. vivax isolates are chloroquine
resistant indicate that the in vitro susceptibility of P. vivax can
now be easily and efficiently monitored by this new colorimet-
ric DELI based on protein synthesis detection. In addition, the
remarkable sensitivity of the technique is well suited to the
usually low parasite densities characteristic of P. vivax infection
as well as to the modest proportion of parasites that actually
grow under in vitro conditions.

MATERIALS AND METHODS

Study area. The field study was conducted in the province of Dawae, Myan-
mar, in a region which had been the object of extensive entomological, parasi-
tological, and clinical surveys by the Department of Medical Research in collab-
oration with the authors and 12 physicians working in dispensaries or small
regional hospitals. The area is mesoendemic for P. falciparum and P. vivax, with
spleen infection rates varying from 2 to 38% and parasite prevalence ranging
from 6 to 52%, depending on the village. P. falciparum was more prevalent in
villages in the hills near the Thai border, whereas P. vivax was dominant in the
villages near the coast.

Patients. Twenty-two P. vivax isolates were obtained from patients (age range,
2 to 36 years; mean age, 17.6 years) attending the clinic in Kambauk for fever
because of a pure P. vivax infection, detected by the presence of asexual blood
stages. Thorough examination of thin and thick smears did not reveal the pres-
ence of other malaria parasite species, and the submicroscopic presence of P.
falciparum was excluded by using P. falciparum-specific MAbs in a DELI, per-
formed as described previously (10). The mean level of parasitemia was 0.36%
(range, 0.01 to 1%), with a large majority of trophozoites. None of the patients
had a history of intake of chloroquine or other antimalarials during the week
before sampling. Thirty-eight P. falciparum isolates from the same area, where
chloroquine resistance is highly prevalent, were tested in parallel.

In vitro microtest. Blood collected on heparin was washed twice in RPMI
1640 medium (Gibco BRL, Paisley, United Kingdom) and once with complete
culture medium. Complete culture medium was a 3:1 mix (vol/vol) of RPMI 1640
medium containing HEPES (25 mM), NaHCO; (25 mM), and Waymouth me-
dium (Flow Laboratories, Irvine, United Kingdom) supplemented with 12%
(vol/vol) human type AB Rhesus negative serum and hypoxanthine (10 pg/liter).
Chloroquine sulfate was obtained from Rhone Poulenc (Vitry sur Seine, France),
and pyronaridine tetraphosphate was kindly provided by WHO (Geneva, Swit-
zerland). Stock solutions of chloroquine sulfate (600 ng/ml) and pyronaridine
tetraphosphate (600 ng/ml) were prepared in sterile distilled water and were used
in twofold dilutions with the culture medium in 96-well culture microplates
(Nunc, Denmark) to obtain nine final dilutions (600 to 2.34 ng/ml for chloro-
quine) and (150 to 0.58 ng/ml for pyronaridine). Parasitized RBCs were added to
each well and to three control wells without drug to a final volume of 250 pl/well
at a 2% hematocrit. Each isolate was tested in duplicate. The plates were
incubated in a candle jar at 37°C for 48 h. At the end of the assay, the plates were
frozen and thawed three times to hemolyze the RBCs.

The DELI was performed as described previously by Druilhe et al. (10) for the
assay of P. falciparum, with some modifications. Briefly, 100 pl of lysate from
each well was transferred into 96-well plates (Maxisorb; Nunc, Denmark) coated
with capture MAb 6C9, which reacts with the pLDH of P. vivax, and the plates
were incubated for 1 h at 37°C. After five washings with phosphate-buffered
saline (PBS)-1% bovine serum albumin (BSA; Boehringer Mannheim, Mann-
heim, Germany) secondary biotinylated anti-pLDH MAb 19G7 (19) was added
and the plates were incubated for 1 h at 37°C. After five washings with PBS-1%
BSA, the plates were incubated with streptavidin-peroxidase (Boehringer Mann-
heim) for 30 min at room temperature. After nine washings with PBS-1% BSA,
the peroxidase substrate 3,3',5,5'-tetramethylbenzidine (Kirkegaard & Perry,
Gaithersburg, MD) was added. After 5 min at room temperature the reaction
was stopped by addition of 1 M phosphoric acid, and the yellow color that
developed was quantified with a spectrophotometer (Titertek Multiscan MCC/
340) at 450 nm. The drug sensitivity was expressed as the concentration of drug
that inhibited parasite growth by 50% (ICs,), determined from the maximal
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optical density (OD) values for the drug-free control wells compared to the OD
values for the wells containing the dilutions of drug. Additional laboratory
studies were performed with MAb 11d, which reacts only with P. vivax, as the
capture MAD in place of MAb 6C9, which is panspecific; and MAb 6C9 was used
for both the laboratory and the field studies.

The 38 P. falciparum isolates were tested with chloroquine and pyronaridine,
as described previously (10), and served as controls.

RESULTS

Development of a reliable DELI with high sensitivity for
detection of very low level P. vivax parasite densities. We relied
on two parasite-specific MADbs that had previously been se-
lected and developed for use for the detection of P. vivax and
other species by a rapid immunochromatographic (dipstick)
method. We also investigated a series of other MAbs, devel-
oped by Flow Inc. (Portland, OR); however, the combination
of MADbs 6C9 and 19G7, which are used in the dipstick assay,
or MADs 11d and 19G7 ultimately provided the best sensitivity
(data not shown).

To identify the optimal conditions of sensitivity and repro-
ducibility, blood obtained from a patient with 1% P. vivax
parasitemia was used to prepare a 10-fold series of dilutions in
RBCs from a healthy individual, resulting in levels of para-
sitemia ranging from 1073 to 10~°. The various parameters
which could influence the results of the capture enzyme-linked
immunosorbent assay (ELISA) were thereafter assessed in a
systematic manner, as previously described for the detection of
P. falciparum (10), by varying, e.g., the concentrations of the
capture MAD or the detection MAD, the type of buffer used to
coat the ELISA wells, the buffer used for dilution of the sec-
ondary biotin-labeled antibody, or the temperature used either
during the coating of the plates or during the assay run. The
conditions found to be optimal are those described in the
Materials and Methods section. The main modification com-
pared to the previous DELI (10) is the higher concentration
of the capture MADb of 5 pg/ml instead of 1 pg/ml for P.
falciparum.

The results obtained are summarized in Fig. 1, which rep-
resents the results of one of the experiments performed to
assess reproducibility. A direct relationship between the OD
values and the parasite concentrations was obtained (Fig. 1).
This result incidentally indicates that the assay can be used for
the fast and semiautomated assessment of P. vivax parasite
densities in patient blood, an important objective in view of the
usually low parasite densities found in P. vivax-infected pa-
tients. The results were very similar when either panspecific
MADb 6C9 (Fig. 1A) or P. vivax-specific MAb 11d (Fig. 1B) was
used as the capture MAD.

Moreover, as was the case for P. falciparum, the sensitivity of
the antigen capture assay was impressive. Indeed, parasite den-
sities as low as 1 infected RBC in 108 RBCs could be repro-
ducibly detected under optimal laboratory conditions, i.e., at
parasite densities that are 100-fold lower than the lowest limit
of microscopic detection performed by very well trained tech-
nicians (ca. 1 infected RBC per 10° RBCs).

Assessment of drug responses in P. vivax isolates from
Myanmar. Since P. vivax cannot be cultured in the laboratory,
the ability of the technique to determine the P. vivax response
to antimalarial drugs was studied in the field near the Thai-



2114 DRUILHE ET AL.

10,00

—— P.vivax
—— Control RBC

r 1,00

0,10
9 8 7 -6 5 4 3
10,00
B
—— P.vivax
—— Control RBC
r 1,00
r 0,10
o o
0,01

-9 -8 -7 -6 -5 -4 3

FIG. 1. Correlation between ODs and P. vivax parasite densities
in the DELI. The results shown are those of a typical experiment
performed with either MAb 6C9 (A) or MAb 11d (B), in which P.
vivax-infected erythrocytes were serially diluted 10-fold with non-
infected RBCs to obtain parasite densities ranging from 1072 to
10~ and the pLDH contents in the P. vivax lysates were determined
by the DELI.

ANTIMICROB. AGENTS CHEMOTHER.

Myanmar border, one of the few areas in the world where P.
vivax resistance to chloroquine is documented.

P. vivax LDH protein synthesis by in vitro maturing parasites
was clearly detectable by the DELIL The ODs increased, on
average, 4.2-fold over the 48-h in vitro growth period (range,
3.1- to 6-fold).

Therefore, by the DELI with parasites cultured over a range
of chloroquine or pyronaridine concentrations, dose-response
curves essentially similar to those obtained by the DELI with P.
falciparum were obtained (Fig. 2). In contrast to [?H]hypoxan-
thine incorporation, the differences in OD values between
wells in which growth was fully inhibited by high drug concen-
trations and control wells without drug were marked (e.g., the
ODs increased from 0.25 to 1.18 and 0.29 to 1.11 over 48 h for
isolates 1 and 4 in Fig. 2, respectively). The curves obtained
indicated a clear drug concentration-dependent effect, leading
to precise determinations of the ICsgs. Figure 2 provides two
examples of P. vivax parasites which are likely susceptible to
chloroquine (isolates land 2; ICsgs, 5.5 and 11.9 nM, respec-
tively) and two examples of P. vivax parasites which are likely
resistant to the effect of chloroquine (e.g., isolates 3 and 4;
I1Cs0s, 89.9 and 180 nM, respectively), as indicated by the mea-
surement of P. vivax LDH synthesis. The profile of the dose-
response curve obtained also permits calculation of the I1C,,.
Although determination of the IC,,, is less precise than that of
the ICs,, as the IC,, is in the asymptotic part of the curve, it
can also be of value for epidemiological purposes, i.e., for
comparison of isolates from two areas where P. vivax resistance
is prevalent or to indicate a trend toward resistance when I1Cqys
are high, even though the ICs, remains below the threshold
value of resistance.

Of 22 P. vivax isolates cultured from samples from patients
attending the clinic at Kambauk, the measurement of P. vivax
LDH synthesis showed satisfactory dose-response curves for 17
of them. The distribution of the corresponding IC,s is shown
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FIG. 2. Dose-response to chloroquine of four P. vivax isolates from Myanmar. The inhibition of P. vivax growth by various concentrations of
chloroquine in two isolates sensitive to chloroquine and two P. vivax isolates likely resistant to chloroquine is shown. The parasites were cultured
for 48 h in the presence of each drug concentration, the contents of each duplicate well were lysed, and the P. vivax LDH antigen concentration
was determined by the DELI with MAbs 6C9 and 19G7. Since the starting levels of parasitemia differed among the four isolates, the maximal OD
values recorded without drug were adjusted to 100% and results are expressed as the percentage of decrease in the OD values obtained with the

various drug concentrations.
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FIG. 3. Distribution of IC5ys among 17 P. vivax isolates (B) and 33
P. falciparum isolates (A). P. falciparum and P. vivax isolates from
Dawae Province in Myanmar were cultured in the presence of various
concentrations of chloroquine (CQ) or pyronaridine (PRN), and the
1Csos were determined and plotted on the graph. The horizontal bars
represent the likely thresholds between sensitivity and resistance.

in Fig. 3B, together with results obtained for 33 of the 38 P.
falciparum isolates from the same area (Fig. 3A). The results
show a range of various levels of susceptibility of P. vivax to
chloroquine, with the ICs4s for two isolates being above the
cutoff value of 100 nM and those for two isolates reaching this
value; the last two isolates were thus borderline susceptible and
all four isolates had reduced susceptibilities to chloroquine.
The responses obtained with pyronaridine indicated suscepti-
bility to low concentrations of this drug, as is the case for P.
falciparum. The response by one isolate was above the thresh-
old determined for the latter species (20); i.e., it may have been
resistant. Altogether the results indicate that P. vivax growth
can be monitored precisely by determination of pLDH synthe-
sis and suggest that P. vivax response to drugs can be evaluated
by this new technique, yielding results essentially similar to
those obtained for P. falciparum by the same technique.

DISCUSSION

There are now numerous indications that P. vivax resistance
to antimalarial drugs is prevalent in various regions of Asia and
South America, at least to chloroquine and at least in those
locations where it has been investigated.

However, the assessment of resistance in P. vivax remains
difficult. There is a severe shortage of reliable methods for
monitoring of the phenomenon. The techniques that have
been available to date have substantial drawbacks and there-
fore have not been widely used.

Under in vivo conditions, the follow-up of drug-treated P.
vivax cases frequently shows the reemergence of parasites;
however, recrudescences due to drug failure cannot be distin-
guished with certainty from relapses due to the presence of
hypnozoites. However, as the relapse interval in this area of the
world is usually =10 weeks, evidence for resistance had been
based on either the persistence or the recurrence of an asexual
parasitemia within 4 weeks after chloroquine treatment, to-
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gether with an effective blood level of drug (3). The only
reliable method actually requires detection of cases in individ-
uals under prophylaxis with the drug to be tested. Baird (4)
reported 29% and 61% rates of resistance of P. vivax measured
in this manner in a cohorts of 94 individuals and in another
cohort of 41 individuals, respectively, undergoing medically
controlled chloroquine prophylaxis (5 mg/kg of body weight/
week) for 18 to 52 weeks and monitored medically and by the
use of thick smears. Comparative studies in the same area led
to the determination that following radical cure, cases in whom
parasites persisted for more than 4 days after treatment or
recrudesced before day 35 posttreatment were likely to be
infected with parasites resistant to chloroquine (4).

Under in vitro conditions the proportion of P. vivax parasites
that successfully grow is usually very low. Among the parasites
put into culture, only a few parasites actually mature; and when
they do, few of the released merozoites reinvade new RBCs,
usually leading to decreasing levels of parasitemia over time.
This, in turn, implies that the effect of a given drug against only
a small proportion of the parasites initially put into culture can
be observed. The difficulty is increased by the lower level of
parasitemia due to P. vivax than to P. falciparum, and so the
proportion of isolates that can actually be studied is very small.

By microscopy, successful growth and successful determination
of the ICs,s were obtainable for only 5 to 15% of the isolates (6).
The measurement of drug inhibition by microscopy is trouble-
some and requires the differential counting of each stage of
schizogonic development, not just the total level of parasitemia.
By the [*H]hypoxanthine incorporation method, similar values
were obtained for P. vivax and P. ovale (5). Moreover, the differ-
ence between wells with growing and inhibited parasites was very
low; i.e., the counts were usually too low for the reliable deter-
mination of an ICs,. This ratio was in the range of 2 in our hands
for not more than 15 to 25% of the isolates tested (unpublished
material). A picogreen assay has recently been proposed, al-
though it was not claimed to result in a major improvement over
microscopy (13).

In contrast, in the P. vivax DELI, protein synthesis by the
parasite under in vitro conditions was sufficient to yield dose-
response curves with steep slopes. The clear difference in OD
values for protein synthesis between wells with chloroquine-
inhibited and noninhibited parasites led to dose-effect re-
sponse curves from which the ICs,s and the IC,y,s could be
determined for P. vivax as precisely as they are for P. falcipa-
rum by the same technique (10).

Another major advantage of the colorimetric DELI com-
pared to previously used techniques is the proportion of iso-
lates for which an ICs, can be determined. By assessment of
pLDH protein synthesis, the proportion of isolates which
showed a clear dose-response to chloroquine, 17 of 22 (77%),
was remarkably high. This success rate is not markedly differ-
ent from that obtained with 38 P. falciparum isolates tested in
the same location, which reached 86% for chloroquine and
pyronaridine.

The distribution of the ICj, for chloroquine assessed in this
manner in Myanmar showed that 15 of the 17 isolates (88.2%)
that were successfully cultured had ICs,s below the 100 nM
threshold of sensitivity (9), whereas 2 isolates had ICs,s above
that value and could be considered resistant to chloroquine
and 2 isolates had borderline values; thus, 4 isolates (23%)
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showed reduced susceptibilities to chloroquine (Fig. 2). For
pyronaridine, 13 of the 14 isolates (92.8%) successfully tested
had ICs,s below the threshold of 15 nM/liter (20), and only one
could be considered resistant (Fig. 2).

The Thai-Myanmar border is one of the areas where P.
falciparum parasites have the highest levels of multidrug resis-
tance and is one of the few areas, together with Indonesia,
where P. vivax resistance to chloroquine has already been doc-
umented (15, 17). We have confirmed these results in the area
of Kanbauk, Myanmar, by using an in vivo protocol of prophy-
laxis: the emergence of P. vivax resistant parasites was ob-
served in 3 of 60 individuals who received 100 mg of chloro-
quine prophylaxis daily for 3 months and in whom adequate
blood chloroquine concentrations were determined (unpub-
lished). We therefore chose to study the responses of P. vivax
parasites from that area to assess the value of the new assay.

The percentage of P. vivax isolates resistant to chloroquine
in the area of Kanbauk determined by the DELI is in agree-
ment with the proportion determined by in vivo methods in the
same area by Myint Oo and colleagues (15) and by our chlo-
roquine prophylaxis studies. In contrast, P. vivax isolates stud-
ied by the DELI in Sri Lanka in 1999 were all found to be
sensitive, i.e., with IC5,s below 100 nM and in agreement with
the fact that resistance of P. vivax to chloroquine has not been
reported in Sri Lanka (S. Handunnetti et al., unpublished
results). However, further studies are clearly required to more
precisely determine the cutoff between resistance and sensitiv-
ity for data generated by the P. vivax DELI. The data presented
here and those reported by others who used microscopic meth-
ods (7, 24, 27) would support the idea that the threshold is
similar to that for P. falciparum, i.e., in the range of 80 to 100
nM for chloroquine and 15 nM for pyronaridine (20).

In summary, the results obtained in the laboratory as well as
in the field indicate that the DELI has the potential to deter-
mine the in vitro susceptibility of P. vivax and is well suited to
the low parasite densities characteristic of P. vivax. It could be
of value for the high-throughput detection of low-grade P.
vivax infections in human populations for epidemiological pur-
poses. Finally, it also provide a means to assess the effects of
novel compounds on the second most important malaria par-
asite species in the world, P. vivax, before such compounds are
subjected to costly clinical development efforts.
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