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Initial field malaria prophylaxis trials with azithromycin revealed insufficient efficacy against falciparum
malaria to develop azithromycin as a single agent. The objective of this in vitro study was to determine the best
drug combination(s) to evaluate for future malaria treatment and prophylaxis field trials. In vitro, azithro-
mycin was tested in combination with chloroquine against 10 representative Plasmodium falciparum isolates.
Azithromycin was also assessed in combination with eight additional antimalarial agents against two or three
multidrug-resistant P. falciparum isolates. Parasite susceptibility testing was carried out with a modification of
the semiautomated microdilution technique. The incubation period was extended from the usual 48 h to 68 h.
Fifty percent inhibitory concentrations (ICs,s) were calculated for each drug alone and for drugs in fixed
combinations of their respective IC5,s (1:1, 3:1, 1:3, 4:1, 1:4, and 5:1). These data were used to calculate
fractional inhibitory concentrations and isobolograms. Chloroquine-azithromycin studies revealed a range of
activity from additive to synergistic interactions for the eight chloroquine-resistant isolates tested, while an
additive response was seen for the two chloroquine-sensitive isolates. Quinine, tafenoquine, and primaquine
were additive to synergistic with azithromycin, while dihydroartemisinin was additive with a trend toward
antagonism. The remaining interactions appeared to be additive. These results suggest that a chloroquine-
azithromycin combination should be evaluated for malaria prophylaxis and that a quinine-azithromycin

combination should be evaluated for malaria treatment in areas of drug resistance.

The emergence of Plasmodium falciparum malaria resistant
to standard antimalarial drugs is a major threat to public health
(9). Chloroquine treatment is now ineffective in most areas of
the world. The usual replacement, pyrimethamine-sulfadoxine,
is rapidly losing efficacy in many areas (15). Compliance with
quinine is challenging, especially in the 7- to 10-day dosing
regimens commonly used for pregnant women and children in
Southeast Asia. Mefloquine remains efficacious in most areas
of the world but is associated with stillbirth in pregnancy (13),
and concerns about neuropsychiatric reactions (19) may limit
its use. Artesunate requires 5- to 7-day treatment regimens to
achieve acceptable cure rates, and it is therefore usually com-
bined with mefloquine (23). Toxicity seen in animals (7) raises
concerns about the use of artemisinin derivatives in childhood
and pregnancy. Ultimately, the choice of antimalarial drugs
depends on a cost and risk benefit analysis for each of the
alternatives.

Pregnant women and young children bear the brunt of ma-
laria-induced morbidity and mortality. They constitute a par-
ticularly difficult treatment problem because the drugs com-
monly added to the standard agents to augment efficacy, such
as doxycycline and mefloquine, are potentially hazardous for
these populations. Azithromycin is approved for use in chil-
dren (Zithromax product information, 1999; Pfizer, Inc., New
York, N.Y.), and a growing database also suggests safety for
pregnant women (8, 21).
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Combination therapy has become the standard of care for
several infectious diseases where drug resistance is a problem
(e.g., tuberculosis and human immunodeficiency virus) and
should also become standard for malaria (22). Tetracycline
derivatives have proven to be very effective for combination
treatment of malaria (20). Azithromycin, an antibiotic with
activity similar to that of tetracyclines against malaria in vitro
(24) and in vivo (1), has clear advantages for malaria-related
indications.

Three field malaria prophylaxis trials with azithromycin as a
single agent (250 mg/day or 1 g/week) have been completed in
the last 7 years (2, 16; D. G. Heppner, personal communica-
tion). Although showing high efficacy for Plasmodium vivax,
azithromycin had less than acceptable protective efficacy for
Plasmodium falciparum (~70 to 90%). Based on these results
and the clear safety advantages of azithromycin, we believed
that an assessment of drugs to use in combination with azithro-
mycin was warranted.

Canfield and colleagues established a paradigm for combi-
nation antimalarial development that rescued atovaquone as
an antimalarial agent and ultimately led to the atovaquone-
proguanil combination (Malarone) (4). With that paradigm,
this in vitro assessment was intended to choose the best partner
drugs for azithromycin in proof-of-concept malaria treatment
trials.

MATERIALS AND METHODS

Drugs. Azithromycin was tested in combination with chloroquine against 10 P.
falciparum isolates. Azithromycin was also tested in combination with eight
additional antimalarial agents against two or three multidrug-resistant P. falci-
parum isolates to screen for interactions. The eight additional drugs were qui-
nine, mefloquine, desbutylhalofantrine, dihydroartemisinin, proguanil, cipro-
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TABLE 1. Results for chloroquine-azithromycin combination”
Sum (1:1 ratio)” ICs, (ng/ml) of:
Source Parasite clone
FICs4s FICygs Chloroquine Azithromycin
Sierra Leone Do6° 1.02 = 0.19 1.24 £ 0.16 35+35 5,499.3 = 2,944.0
Kenya MF¢ 1.18 = 0.17 1.12 £ 0.03 40=1.1 7,763.0 = 3,544.0
KS021 0.63 = 0.02 0.55 £0.22 152 =34 2,229.5 = 499.9
Thailand C2A 0.68 = 0.10 0.62 £ 0.15 27.0x7.6 827.2 = 132.6
C2B 0.78 £ 0.02 0.64 = 0.09 29.7 £ 10.4 741.0 = 394.6
Indonesia 13 0.78 = 0.01 1.01 £ 0.53 342 £5.0 3,586.5 = 1,518.2
AS8121 0.90 = 0.13 0.69 = 0.17 39.7+9.2 5,328.0 = 2,261.7
114 0.88 = 0.17 0.99 = 0.18 55399 4,991.0 = 1,128.5
A9123 0.86 = 0.01 0.76 = 0.12 659 + 143 10,207.0 = 4,594.8
Vietnam w2 0.89 = 0.26 0.71 = 0.31 579 = 144 620.4 £ 595.3

“ Values are reported as means and standard deviations for assays run in duplicate on different days.

b Synergy, <1; additivity, 1; antagonism, >1.
¢ Chloroquine sensitive; 10 ng/dl is the cutoff in our laboratory.

floxacin, primaquine, and tafenoquine (WR238605). All of these drugs were
obtained from the Experimental Therapeutics Chemical Information System,
Walter Reed Army Institute of Research. Azithromycin was a gift from Pfizer,
Inc.

Parasites and drug susceptibility testing. The Sierra Leone I (D6) parasite
and Indochina I (W2; Vietnam) parasite clones were used as reference stan-
dards. D6 is sensitive to the drugs tested (with the possible exception of meflo-
quine), and W2 is resistant to chloroquine, pyrimethamine, and proguanil. Eight
isolates collected in the last decade were also assessed (Papua, Indonesia: 13, 114,
A8121, and A9123; Thailand: C2A and C2B; Kenya: MF and KS021). C2A and
C2B represent a pair of primary and recrudescent isolates from a patient who
failed to respond to atovaquone treatment. The cutoff values used for drug
resistance are as follows: chloroquine, 10 ng/ml; quinine, 20 ng/ml; and meflo-

quine, 10 to 20 ng/ml. There are no defined cutoff values for the other drugs
tested.

All isolates were maintained in continuous cultures by a modification of the
methods of Trager and Jensen (18). Each culture was maintained in 50-ml sealed
flasks in an atmosphere of 90% nitrogen, 3 to 5% oxygen, and 2.5 to 4.0% CO,
(premixed bottled gas; Potomac Airgas, Hyattsville, Md.). Each flask was filled
with 5 ml of culture medium supplemented with 10% pooled human plasma and
A" red blood cells at a hematocrit of 6%.

Parasite susceptibility testing was done with a modification of the semiauto-
mated microdilution technique (6) in which the hematocrit was 1.5% and the
initial parasitemia was 0.5 to 0.8% (>70% ring forms). All drugs were initially
dissolved in 70% ethanol and then diluted to the desired starting concentration
in culture medium containing 10% human serum. Dilutions from ethanol were

TABLE 2. Results for Antimalarial agents in combination with azithromycin®

Sum (1:1 ratio)®

1Cs, (ng/ml) of:

Test drug Source Parasite isolate
FICsq FICy, Test drug Azithromycin
Quinine Thailand C2B 0.51 = 0.02 0.37 £ 0.05 64.8 =209 1,335.0 = 1,325.1
C2A 0.71 = 0.04 0.73 £0.27 43.2 = 18.0 763.0 = 409.1
Vietnam w2 1.00 = 0.06 0.63 = 0.12 242 *£2.6 467.3 = 165.8
Tafenoquine Thailand C2B 0.83 = 0.02 0.96 = 0.01 64.6 = 22.6 1,463.2 + 837.8
Vietnam w2 0.63 = 0.02 0.81 = 0.01 110.4 = 55.3 816.0 = 339.4
Primaquine Thailand C2B 0.67 = 0.18 1.20 = 0.34 242.7 = 40.7 1,762.9 + 1,469.4
Vietnam w2 0.80 = 0.07 1.10 = 0.37 146.1 = 14.7 3325 £ 61.5
Dihydroartemisinin Thailand C2B 1.32 = 0.30 1.02 £0.23 0.2 +0.0 886.0 + 246.1
Vietnam w2 1.03 = NA 0.79 £ NA 0.1=x01 424.0 = 407.3
Mefloquine Thailand C2B 0.96 = 0.35 0.85 = 0.12 57+ 4.6 675.6 + 538.0
Vietnam w2 1.10 = 0.20 1.02 = 0.17 1.7 0.6 795.0 = 855.6
Desbutylhalofantrine Thailand C2B 0.88 = 0.25 0.78 £ 0.17 3.0+0.1 2,103.1 = 1,796.2
Vietnam w2 0.97 = 0.08 0.90 = 0.08 03=*0.1 930.0 = 1038.0
Ciprofloxacin Thailand C2B 1.12 = 0.26 1.02 = 0.19 1,401.6 = 1,897.8 987.6 = 16.4
Vietnam w2 0.93 = 0.38 1.04 = 0.16 390.0 = 408.7 833.0 + 869.7
Proguanil Thailand C2B 1.13 = 0.15 1.01 = 0.16 58.6 = 18.0 640.5 = 153.4
Vietnam w2 0.82 = 0.04 0.60 = 0.06 1,753.9 £ 1,099.9 357.0 = 216.4

“ Values are reported as means and standard deviations for assays run on different days.

b Synergy, <1; additivity, 1; antagonism, >1.
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FIG. 1. Azithromycin and chloroquine FICs,s and FIC,s at various concentration ratios. All data points from successful assays are presented.
Isobolograms can be visually fit through the data points. A concave isobologram is consistent with synergy, a convex one is consistent with
antagonism, and a straight line is consistent with additivity. Axes are ICs,s and 1Cqy,s normalized to 1.

always greater than 1:40 to avoid a carryover effect. The starting concentration
(for serial dilutions across the microtiter plate) was assigned so that the 50%
inhibitory concentration (ICs,) of each drug would be in the center of the plate.
Each drug was tested alone and at fixed ratios of its ICs, (azithromycin/test drug
ratios of 0.5:0.5, 0.75:0.25, 0.25:0.75, 0.8:0.2, 0.2:0.8, and 0.83:0.27 [1:1, 3:1, 1:3,
4:1, 1:4, and 5:1, respectively]). Suspensions of the drugs and parasites were
incubated in 96-well microtiter plates at 37°C. Because antibiotics have a delayed
onset of action, the incubation period was extended from the usual 48 h to 68 h.
Radiolabel (*H-hypoxanthene) was added to the suspension at 48 h. Each com-
bination was assessed usually twice and up to four times (on separate days) to
confirm reproducibility.

Data analysis. ICs,s were determined for each drug alone and for drugs in
fixed concentration ratios by fitting a logistic dose-response equation to the

concentration-response curves (TableCurve 2D; SPSS Science, Chicago, Ill.).
ICsos were used to calculate 50% fractional inhibitory concentrations
(FICs0s) as previously described (3, 14). FICsys can be expressed with the
following equation (14): FICs, = (ICsq of drug A in combination/ICs, of drug
A alone) + (ICs, of drug B in combination/ICs, of drug B alone). FICss of
drug A and drug B at different concentration ratios were used to plot isobo-
lograms, which represent a plane through the center of the three-dimensional
dose-response surface. Sums of the FICsys of drug A and drug B were used
to generate the data presented in Tables 1 and 2. A sum of 1.0 represents the
line of additivity on the isobologram, a sum of less than 1.0 represents a trend
toward synergy, and a sum of greater than 1.0 represents a trend toward
antagonism. No absolute breakpoints have been characterized for P. falcipa-
rum synergy testing. Ninety percent inhibitory concentrations (ICygs) were
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FIG. 2. Azithromycin sensitivity of parasites. Boxes represent the interquartile range, and error bars represent the range. Error bars are not
present for some boxes because only two isolates are represented (see number of isolates indicated below the x axis). Data points outside of the

range represent outliers.

calculated from the ICsus and the slope of the dose-response curve by using
the following equation: 1Cqy = 1Cs0[(0.9/0.1)(V/51°P®)]. Ninety percent frac-
tional inhibitory concentrations (FICy,s) and sums of FICy,s were then cal-
culated by using the same methods as those described above for FICss. All
data generated are presented unless a clear reason for assay failure was
identified. Assay exclusion criteria were as follows: bacterial contamination,
1Csps incorrectly aligned, low counts in control wells, and inability to accu-
rately fit the logistic dose-response equation. Instead of presenting individual
representative isobolograms, we plotted all data points to represent the
complete range of interactions seen at the concentration ratios evaluated
(including repeat assessments of the same isolate on separate days). Isobo-
lograms can be estimated from these data points.

Mean FICs and ICs for each malaria parasite were used for statistical com-
parisons (Tables 1 and 2). Correlation of variation was calculated as the standard
deviation divided by the mean for each parasite FIC or IC. Ninety-five percent
confidence intervals (CI) for mean FICs and ICs were computed. The one-
sample ¢ test was used to assess whether FICs were less than one. Unpaired ¢ tests
and the Mann-Whitney U test were used to compare chloroquine-sensitive and
-resistant isolate FICs. The paired ¢ test was used to compare mean coefficients
of variation. Pearson correlation was used to assess the relationship between ICs
as well as to compare the coefficients of variation between ICs and FICs. Mul-
tiple linear regression was used to assess factors associated with IC variability.
Minitab 13 (Minitab Inc., State College, Pa.), SPSS (SPSS Science), or Cross-
Graphs 2.0 (PPD Informatics, Wilmington, N.C.) was used for statistical calcu-
lations or graphics.

RESULTS

The chloroquine-azithromycin combinations are illustrated
in Table 1 and Fig. 1. Both the table and the figure illustrate a
range of activity from additive to synergistic for the eight chlo-
roquine-resistant parasites (mean FIC,,, 0.80, and 95% CI,
0.72 to 0.89; mean FIC,,, 0.75, and 95% CI, 0.61 to 0.89) but
additive for the two chloroquine-sensitive parasites (mean
FIC,,, 1.1, and 95% CI, 0.08 to 2.1; mean FICy, 1.2, and 95%
CI, 0.42 to 1.94). The FIC estimates for the chloroquine-resis-

tant isolates were significantly less than one (FICs,, P = 0.001;
FIC,,, P = 0.004). Despite there being only two chloroquine-
sensitive isolates, a statistically significant difference was found
between the chloroquine-sensitive and -resistant isolates with
the Mann-Whitney U test (FICs,, P = 0.05; FIC,,, P = 0.05)
but only for FIC,, with the unpaired ¢ test (FICs,, P = 0.18;
FICyy, P = 0.01). There was no correlation between azithro-
mycin sensitivity and chloroquine sensitivity (r = 0.09, P =
0.80) or the degree of synergy with chloroquine sensitivity
(FICs, r = 0.23, P = 0.52; FIC,,, r = 0.34, P = 0.33) (Table
1). A trend was present for lower FICs for isolates for which
azithromycin 1Cs,s were lower (FICs,, r = 0.58, P = 0.08;
FIC,, r = 0.48, P = 0.15).

The azithromycin sensitivity of the parasites is illustrated in
Table 1 and Fig. 2. The intraparasite variability in azithromycin
ICs0s could be accounted for largely by the percentage of
schizonts at the start of the assay and minor variations in the
time when the radiolabel was added (data not shown; R* =
0.95). Between-day variability was slightly higher with azithro-
mycin than with chloroquine (mean coefficients of variation:
azithromycin ICs,, 0.44; chloroquine ICs,, 0.32 [P = 0.23]).
Between-day FIC variability was lower than azithromycin ICs,,
variability (mean coefficients of variation: FICs,, 0.12 [P =
0.001]; FICy,, 0.25 [P = 0.04]).

Additivity with a trend toward synergy was identified with
quinine (mean FICs,, 0.74, and 95% CI, 0.13 to 1.35; mean
FICy, 0.58, and 95% CI, 0.115 to 1.038) and possibly with
primaquine (mean FICs,, 0.74, and 95% CI, —0.09 to 1.56;
mean FIC,,, 1.15, and 95% CI, 0.52 to 1.79) and tafenoquine
(mean FICy,, 0.73, and 95% CI, —0.54 to 2.0; mean FIC,,,
0.89, and 95% CI, —0.07 to 1.84) (Table 2 and Fig. 3 and 4).
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FIG. 3. Azithromycin and quinine FICsys and FICy,s at various
concentration ratios.

Interpretation and statistical analyses of these data are limited
by the sample size. Only the quinine FIC,, approached signif-
icance (P = 0.06). With quinine, more synergism was present
at the FIC,,, but this was not the case with primaquine or
tafenoquine (Fig. 3 and 4). Less strong trends were seen with
the remaining drugs tested (Table 2).

DISCUSSION

The in vitro data reported here suggest that azithromycin
will have clinical utility in combination with other antimalarial
agents. This in vitro work was inspired by the safety of azithro-
mycin and the partial activity that this drug demonstrated as a
single agent for malaria prophylaxis.

Canfield and colleagues rescued atovaquone as an antima-
larial drug with in vitro combination testing (4) following the
rapid emergence in vivo of P. falciparum resistant to this drug
(11). Proguanil showed moderate synergy and tetracycline
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FIG. 4. Azithromycin and tafenoquine FICs,s and FICys at vari-
ous concentration ratios.

showed mild to moderate synergy in vitro; both proved to be
efficacious combinations in vivo. Proguanil was chosen as the
partner drug because of its safety and pharmacokinetic profile.
This combination is now successfully marketed as Malarone.
The in vitro evaluations of azithromycin presented in this re-
port were designed to model the same paradigm for antima-
larial drug development.

In vitro sensitivity assessment of drug combinations for ma-
laria is used to help predict which combinations will be clini-
cally useful. Theoretically, if synergy is found in vitro, less than
50% of each of the components should achieve 100% cure
rates. The greater the synergy, the less of each drug needed.
Lower doses of one or both drugs may lead to increased tol-
erability and safety, more practical dosing regimens, and/or
decreased cost. Additionally, synergy may allow two drugs,
both less than 50% efficacious, to be combined to achieve
100% efficacy. On the other hand, if antagonism is found in
vitro, more than 50% of each of the components will be needed
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to achieve 100% cure rates. The greater the antagonism, the
more of each drug needed.

Many other factors also need to be considered when com-
bining antimalarial agents. First and foremost, drugs with dif-
ferent mechanisms of action used in combination greatly re-
duce the probability that resistance will emerge (22). Ideally, to
prevent the emergence of drug resistance, fully curative regi-
mens of each agent alone should be used. Some antimalarial
agents act rapidly and never have early (RIII) treatment fail-
ures (e.g., artesunate and quinine), while others act slowly
(e.g., doxycycline and azithromycin) or have high-grade treat-
ment failures in areas of resistance (chloroquine and py-
rimethamine-sulfadoxine). These factors must be taken into
consideration when designing treatment regimens in order to
prevent early (RIII) treatment failures (17). For drugs that
have dose-related toxicity (e.g., quinine), combination treat-
ment could result in relatively lower or fewer doses without a
loss of efficacy. Synergistic or additive toxicity must also be
evaluated when combining drugs in vivo. Finally, a drug regi-
men’s complexity will affect compliance and must also be con-
sidered.

The antimicrobial activity of azithromycin in a Streptococcus
pneumoniae infection model correlated best with the ratio of
the area under the serum concentration-time curve to the MIC
(5). It is unknown which pharmacokinetic parameter of
azithromycin correlates with efficacy against malaria. It is clear
that with weekly dosing, substantial activity was maintained for
aweek in a semi-immune population (2). Future studies should
elucidate pharmacokinetic-pharmacodynamic profiles for
azithromycin against malaria in order to optimize dosing reg-
imens and to characterize the activity-time profile. Since
azithromycin appears synergistic at all concentration ratios
(symmetric isobolograms), doses used in clinics should not
affect the level of synergy present.

Parasites from the various locations showed substantial vari-
ability. The two Thai isolates appear to have significantly lower
ICs0s (Fig. 2). We suspect that this finding occurred only by
chance due to the small sample size. Malaria prophylaxis stud-
ies have revealed similar protective efficacies of azithromycin
(250 mg/day) against P. falciparum in Thailand (69%; 95% CI,
0 to 89%), Indonesia (72%; 95% CI, 50 to 84%), and Kenya
(83%; 95% CI, 68.5 to 91.1%) (2, 16; Heppner, personal com-
munication).

In vitro sensitivity assays are limited in general by substantial
between-day and between-laboratory variabilities in the ICs,
or I1C,, results reported. ICs,s or ICy,s have not been shown to
predict treatment failure with most antimalarial drugs in a
given individual. They do, however, reflect population trends
toward drug resistance. The intent of assessing antimalarial
combinations is to help select combinations that will be clini-
cally useful. While this paradigm needs further validation, it
was successful with atovaquone-proguanil (4). We have at-
tempted to achieve a high standard for data reporting in this
article, including duplicate assays on separate days and pre-
sentation of all of the data points instead of just representative
assays. We encourage uniformity in the conduct and reporting
of in vitro combination studies so that pooled data can be
compared with results of clinical trials. The data presented in
this article contribute to a growing body of evidence suggesting
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that in vitro combination results will help predict in vivo out-
comes.

Three trials have assessed the in vivo efficacy of azithromycin
in combination with artemisinin derivatives for falciparum ma-
laria (10, 12; P. I. de Vries, N. H. Le, T. D. Le, P. L. Ho, V. N.
Nguyen, K. A. Trinh, and P. A. Kager, Letter, Trop Med. Int.
Health 4:407-408, 1999). All revealed very limited efficacy of
azithromycin at doses of between 50 and 500 mg daily for 3
days. Azithromycin-artesunate was found to be additive with a
trend toward antagonism in vitro in this study (Table 2).

We have recently completed phase II dose-ranging studies
with larger doses of azithromycin (1,000 to 1,500 mg/day for 3
days) in combination with additive to synergistic antimalarial
agents (chloroquine and quinine). These phase II studies were
initiated based on the results presented in this report. Prelim-
inary results with 3-day regimens revealed very high cure rates
for quinine in Thailand and chloroquine in India (Robert Scott
Miller and Michael Dunne, personal communication). Ulti-
mately, we plan to evaluate the best combinations in phase III
clinical trials with pregnant women and children, patient
groups that bear the brunt of the morbidity and mortality
attributed to P. falciparum infections.
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