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Objectives: Efficacy is determined not only by size, but also by shape, of drug exposure. Here the critical
importance of the temporal pattern of drug concentrations (pharmacokinetic profile) is examined for antitrypa-
nosomals in vitro.

Methods: An in vitro hollow-fibre cartridge system was used to study contrasting drug profiles with four clinically
used agents and two experimental candidates against the deadly parasite Trypanosoma brucei. Artificial kinetics
were employed intentionally to favour either high peak concentration or sustained duration of drug.

Results: Changing the shape of drug exposure significantly impacted drug efficacy. Suramin, melarsoprol and
pentamidine were concentration-driven and therefore more efficacious when applied as short-lived high peaks.
In contrast, difluoromethylornithine (DFMO) was time-driven, and therefore maximally effective as a constant
infusion. Kinetic preference was robust over a wide range of drug exposures. Promising clinical candidates
SCYX-7158 (acoziborole) and fexinidazole (parent and sulfone) were concentration-driven, suggesting optimal
clinical regimens would involve relatively high but intermittent dosing.

Conclusions: Antitrypanosomals have an intrinsic pharmacokinetic driver for optimal efficacy, with important
implications for clinical management and future candidate development.

Introduction

Clinical studies remain a costly and rate-limiting step in developing
and improving drugs against pathogens. A critical determinant
of drug outcome is exposure: the pharmacokinetic/pharmacody-
namic (PK/PD) relationship (reviewed in Drusano,1 Martinez et al.,2

Schmidt et al.3 and Mouton et al.4). PK describe the temporal pat-
tern of drug concentrations in vivo: as an oral dose is absorbed
blood concentration rises to a peak, then declines as the drug is
distributed, metabolized and eliminated. The area under this curve
(AUC), the integral of concentration across time, constitutes total
drug exposure. The efficacy of a drug may be impacted by the
shape of the concentration–time profile. Perhaps most notably,
the antibacterial penicillins are time-driven and require sustained
exposures to exert maximal clinical effect,5 whereas aminoglyco-
sides are driven by the total AUC and peak concentration and are
not enhanced by sustained drug exposures, which worsen their
nephrotoxicity.6,7 The kinetic driver of drug activity is determined
empirically and is not predicted by mechanism of action or time–
kill studies, although the preference for concentration or time of
exposure is usually class wide.2 In vitro studies of dynamic PK/PD
can greatly aid clinical work, allowing rational choice of dosing reg-
imens and saving valuable time, resources, and risk to human sub-
jects.8–10 We adapted a hollow-fibre cartridge for studying the

in vitro PK/PD of agents against the protozoan pathogen
Trypanosoma brucei.11 Clinical work with T. brucei is especially
challenging given invasive diagnostic procedures and the
resource-limited remote settings of this infection.

T. brucei is a flagellated and highly motile single-cell eukaryotic
parasite. It is spread by the tsetse fly vector in sub-Saharan Africa,
with subspecies causing human African trypanosomiasis (sleeping
sickness) and nagana in cattle.12 In humans these extracellular
parasites initially infect the periphery then subsequently invade
the CNS and lead to fatality if untreated.13 T. b. rhodesiense, found
in east Africa, causes an acute aggressive disease progressing
to death within a few months and sometimes just weeks. T. b.
gambiense develops more slowly, with serious symptoms
emerging months or years after infection. In the early 20th century
trypanosomiasis was a public health crisis, and epidemics killed an
estimated 800000 people before pioneering drug discovery efforts
produced several antitrypanosomals, among the very first of the
anti-infective drugs.12

Initial therapy relied on arsenicals such as atoxyl, and later
tryparsamide, somewhat effective but deadly in their own right
and causing frequent irreversible optic nerve damage.14 Suramin,
introduced in the early 1920s as Bayer 205, had fewer toxicities
and excellent results in early-stage patients but was ineffective
in CNS disease. Pentamidine followed in the 1940s, but was also
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useful only against early-stage infection. Ongoing work on the
arsenicals eventually produced melarsoprol, which was more ef-
fective and less toxic for late-stage disease, despite the fatal en-
cephalopathy it caused in 2%–10% of recipients. Melarsoprol
remains the only available therapy for CNS T. b. rhodesiense, but
was replaced in the 1980s by difluoromethylornithine (DFMO) for
treatment of late-stage T. b. gambiense. DFMO, a rationally devised
irreversible suicide substrate,15 was repurposed from the cancer
field and is now given in combination with nifurtimox. Suramin,
pentamidine, melarsoprol and DFMO (Figure 1) are all traditionally
given in lengthy and cumbersome repeated injection regimens.
Recent efforts to develop new treatments have resulted in
two orally administered compounds. The nitro-heterocycle
fexinidazole recently completed Phase II/III evaluation,16,17

benzoxaborole SCYX-7158 (acoziborole) is in Phase II/III studies
(Figure 1), and research to produce new antitrypanosomal
agents continues.18

In this study we used our in vitro PK/PD system11 to examine
the impact of PK on efficacy for several classic antitrypanosomals
and clinical candidates. We used artificial PK conditions, which
were thus independent of in vivo tissue compartment or protein-
binding concerns, to identify the intrinsic relationship between
concentration or time of exposure and efficacy, and found that the
kinetic preference is steadfast across a wide range of AUCs.
Knowledge of PK/PD relationships provides a rational basis for
assessing and improving dosing regimens, and provides a new cri-
terion by which to evaluate drug leads.

Materials and methods

Cell culture and reagents

Unless otherwise indicated, all cartridge and microtitre plate assays were
conducted with bloodstream-form T. brucei brucei (MiTat 1.2 strain 427,
which has drug susceptibilities similar to those of human pathogenic sub-
species19,20), maintained in phenol red-free HMI9,21 10% FBS, 10% Serum
Plus (Sigma–Aldrich), at 37�C, 5% CO2, and for 24 h. Motile cells were
counted by haemocytometer and light microscope. Drug stocks were
stored aliquoted (#20�C): suramin (Mobay Chemical Corp.), pentamidine

(American Pharmaceutical Partners), D,L-DFMO [National Cancer Institute
(NCI) Developmental Therapeutics Program] in water; melarsoprol (US CDC)
in 1,2-propanediol; and SCYX-7158, fexinidazole (and sulfone) in DMSO.
Fexinidazole, fexinidazole sulfone and SCYX-7158 were synthesized using
published methods (see Supplementary Methods and spectra in Figures S1
and S2, available as Supplementary data at JAC Online).22–25 Tracers were
U[3H]suramin (42 Ci/mmol; Moravek) and [14C]pentamidine (32 mCi/mmol;
NCI).

In vitro PK/PD for antitrypanosomals
Dynamic systems were assembled as described previously.11 Briefly,
hollow-fibre cartridges (C2025, FiberCell Systems) were connected to auto-
claved tubing and reservoirs in a biosafety cabinet, and filled with HMI9 me-
dium. Non-specific drug binding to cartridges was assessed and
subsequent cartridges were pre-incubated and central reservoir volumes
adjusted to correct for this and to achieve desired PK profiles in the extra-
fibre cartridge space (Table S1).11 Suramin and pentamidine PK were deter-
mined using radiolabelled tracers and the remaining drugs were followed
by bioassay. Trypanosomes (105 cells/mL) were seeded in the extra-fibre
space (3 mL), and medium was pumped unidirectionally into the extra-
fibre space, through the walls of the fibres, then out via the fibre lumens to
a waste compartment. Flow was 0.45 mL/min, to allow optimal growth of
trypanosomes while ensuring rapid mixing of fluid to achieve faithful PK
profiles.11 Every experiment included a no-drug cartridge, and the flask of
seed culture used to inoculate cartridges was maintained alongside as a
growth control. The entire system was incubated (37�C, 5% CO2, 24 h), then
trypanosomes were harvested and counted. After each use cartridges were
extensively rinsed with ethanol (70%) and water, then stored in HMI9.
Reused cartridges were checked for reproducible trypanosome growth,
ensuring any residual drug had been cleared from previous experiments.

Drug cytotoxicity and concentration bioassays
Cytotoxicity assays in 96-well plates were performed using an acid
phosphatase-based method.26 For PK determinations, samples taken
at intervals from the extra-fibre space of a cartridge were bioassayed, com-
paring cytotoxicity of unknowns with a standard curve of drug concentra-
tions prepared in the same medium.
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Figure 1. Chemical structures of clinical and experimental antitrypanosomals.
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Time–kill and reversibility at 6 h
Cells (2%105/mL) in 24-well plates were exposed to 20%EC99 (except fexini-
dazole, 5%EC99) for 6 h then split. One population remained in the drug; the
other was washed three times with, then maintained in, drug-free medium
(.4000% drug dilution). Cells were counted at intervals over 48 h.

Statistical analysis
Data are means+ SD; error bars are only shown if data were obtained from
three or more independent experiments. Where indicated, an unpaired,
two-tailed, equal-variance Student’s t-test assessed significance. Of 120
experiments, 8 were discarded because cells in the no-drug cartridge grew
significantly less well than those in the parallel flask, by the modified
Thompson s test to identify outliers greater than two standard deviations
from the mean. Sigmoidal curves were fitted with GraphPad Prism v7.01
using a sigmoidal dose–response (variable curve) equation; median effect-
ive activity (EA50; AUC0–24 that gives 50% response) values were calculated
by interpolation.

Results

Experiment design and set-up

T. b. brucei was cultured in the extra-fibre space of a hollow-fibre
cartridge and exposed to the desired drug PK profile (Figure 2a).11

PK/PD studies comprised three cartridges: a no-drug control and
two drug-treated cartridges, with efficacy based on motile parasite
counts at 24 h. Starting density of 105 cells/mL allowed log growth
of control cells for the entire period. In no-drug control cartridges,
trypanosome growth was 77+13% (mean+SD of n"112) of the
parallel flask. Eight experiments were discarded for poor cartridge
growth based on modified Thompson’s s test (final s�s value 25.7; d
for discarded experiments, 27–60). Rather than simulate known
in vivo PK, we generated two artificial and sharply contrasting PK
shapes of the same total drug exposure, in order to diagnose the
preferred configuration for efficacy. The same AUC0–24 was given
either as a steady constant infusion (time-intensive) or as a transi-
ent high peak with t1=2 "1 h (concentration-intensive) (Figure 2a),
and the antitrypanosomal efficacy of the two regimens was then

compared in order to identify the driver as either time of exposure
or concentration. A constant infusion maximizes the time compo-
nent of an AUC, whereas a 1 h half-life bolus yields a peak, 16.8-
fold higher than the infusion concentration, that falls by 98% over
6 h (the length of one T. brucei cell cycle). To achieve accurate PK,
non-specific loss of drug to the cartridge was satisfied by pre-
incubation with concentrations calculated to produce the desired
t0 free-drug concentration (Table S1). For each drug the PK of
dynamic Cmax regimens were confirmed in samples from the
extra-fibre cartridge space (Figure 2b).

The initial AUC0–24 for study was chosen based on plate assays,
such that the time-intensive infusion was expected to be�50% ef-
fective. This maximizes the chance of detecting better or worse ef-
ficacy of the contrasting concentration-intensive regimen. It also
allows efficacy comparison of the dynamically deployed infusion
with the same concentration in microtitre plates (Figure 2c). In
24 h exposures, suramin, pentamidine, SCYX-7158 and fexinida-
zole sulfone infusions in the cartridge were more effective than the
same concentrations in plates, DFMO and melarsoprol had equiva-
lent efficacies, and fexinidazole was less effective in the cartridge.
Antitrypanosomal activity in the cartridge may be enhanced by
constant provision of fresh drug (200-fold greater total mass of
drug passes by cells in the cartridge versus in wells) and by pre-
incubation to satisfy non-specific binding, or alternatively it may be
hindered by fresh nutrients and removal of waste. In any case it is
likely that cartridge conditions more closely mimic those in vivo.

Suramin efficacy is driven by peak concentration

Suramin, an antitrypanosomal in continuous use since the 1920s,
was examined in the dynamic in vitro PK/PD system. A time-
intensive constant infusion of 0.3lM over 24 h caused 58% reduc-
tion in final cell number compared with drug-free controls. The
same total AUC0–24 applied as a 5.0lM peak with t1=2"1 h resulted in
98% reduction (Figure 3a). Thus, for the same total dose and
drug exposure, efficacy was nearly doubled by simply changing
the shape of the AUC to favour peak concentration (Figure 3a).
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Figure 2. Design and validation of in vitro PK/PD of antitrypanosomals. (a) In two cartridges, trypanosomes are exposed to the same AUC0–24

(shaded) but in contrasting (and artificial) regimens as either a constant infusion or as a high peak with t1=2"1 h. (b) Actual PK of tested drugs in sam-
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versus that of the same concentration in microtitre plate assays. Data are means; +SD is shown where n�3. This figure appears in colour in the
online version of JAC and in black and white in the print version of JAC.

In vitro PK/PD of antitrypanosomals JAC

2305

https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkz160#supplementary-data


We conclude that suramin is concentration-driven and does not re-
quire sustained exposures for efficacy, a finding that, as expected,
held with human pathogenic subspecies T. b. gambiense (Figure S3).
To further validate this preference, we tested a wide AUC0–24 range,
dosed either as an infusion or t1=2"1 h bolus, and generated an
exposure–response curve for each regimen (Figure 3b). The linear re-
sponse range of the curves was widely separated, systematically
favouring Cmax- over time-intensive dosing. Vertically, for the same
AUC0–24, a substantial gain was achieved by Cmax regimens: at
5 lM�h, 85% versus 15%. Horizontally, suramin was 2-fold more ‘po-
tent’ if applied to favour Cmax: EA50 values were 3.6 lM�h for Cmax but
7.2 lM�h for time, and Cmax dosing caused maximal effect at half
the total dose required for time-intensive dosing. Suramin efficacy
is optimal when the shape of exposure is a short-lived high peak.

DFMO efficacy is driven by time of exposure

DFMO at AUC0–24 2400 lM�h was 76% effective as a time-intensive
infusion, but only 55% effective as high Cmax with t1=2"1 h

(Figure 4a). Thus, in contrast to suramin, antiparasitic activity of
DFMO is driven by time of exposure rather than peak concentra-
tion. DFMO infusions had an EA50 of 600 lM�h versus 1500 for Cmax

dosing (Figure 4b), a 2.5-fold ‘potency’ difference. Both exposure–
response curves were shallow, and for the same AUC0–24 the
greatest vertical difference in efficacies was 25 points.
Interestingly, this difference was maintained at the maxima, such
that Cmax dosing at best achieved only 55% reduction in parasite
count, whereas infusion dosing reached 80%. By all measures
DFMO is most advantageously applied to maintain concentrations
over time rather than to favour peak concentration, and sustained
exposure is necessary for maximum effect.

Melarsoprol, pentamidine, SCYX-7158 and fexinidazole
are concentration-driven

The remaining antitrypanosomals studied were all significantly
more efficacious with Cmax-intensive dosing, over multiple AUCs
(Figure 5; see Figure S4 for additional AUCs). Fexinidazole in vivo is
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metabolized to a sulfoxide and then sulfone, both active. We
tested the PK driver of fexinidazole sulfone, which, like its parent,
fexinidazole, was concentration-driven (Figure 5), consistent with
the class-wide kinetic governance of other anti-infectives, includ-
ing antitrypanosomals.2,11,27

Time–kill and reversibility of drug action

As Cmax regimens have relatively transient exposures,
concentration-driven compounds likely rapidly initiate cell-inhibi-
tory activity, or have a significant post-antiparasitic effect. To as-
sess some of these factors we exposed trypanosomes in plates to
drug, with either wash-out at 6 h or maintained presence, and
determined viability periodically over 48 h by counting motile
cells (Figure 6). Exposure concentrations were high, 20-fold
the microtitre plate EC99 (approximate peak concentration of an
equivalent Cmax cartridge regimen), and reversibility was analysed

after 6 h. (Fexinidazole was just 5-fold the EC99, reflecting solubility
limit.) Viability and reversibility for a range of exposures were also
investigated with ATP and phosphatase assays (Figure S5). These
provided similar results, although as previously observed the ATP
response lagged behind motile cell counts.28

Each drug had a distinctive time–effect profile, with different
rates of growth inhibition, cell killing and post-drug effect
(Figure 6). Melarsoprol, fexinidazole sulfone, SCYX-7158, pentami-
dine and suramin (in order of onset time and log kill rate) were all
cytocidal (‘cidal) at these exposures, causing a progressive fall in
cell number whether drug concentrations were sustained for 48 h
or pulsed for 6 h then chased for 42 h. Both pentamidine and sura-
min exhibited delayed death effects. In contrast, fexinidazole and
DFMO were cytostatic (‘static’): growth resumed after drug was
washed away. In 10 mM DFMO onset of action was slow, with try-
panosomes continuing to increase for 12 h, then stopping, but not
declining. Fexinidazole caused immediate arrest and if maintained
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cell numbers slowly declined; on wash-out at 6 h there were
several further hours of post-antiparasitic effect before growth
resumed at 10 h.

Discussion

Dynamic in vitro PK/PD allowed us to assign intrinsic drivers of ac-
tivity for both classic and proposed antitrypanosomals. We chose
to use artificial kinetics so as to generate sharply contrasting
shapes of exposure. Plotting AUC–response curves based on the
shape of exposure (Figures 3b and 4b) captured information unob-
tainable through conventional in vitro assays, and not readily
obtained in vivo. Across a wide range of AUCs the preferred driver
remained consistent and clearly evident. Importantly, maximal ef-
ficacy is achieved with lower total AUC when the kinetic driver is
favoured. Indeed, time-intensive dosing was necessary for DFMO
to achieve maximal activity, perhaps reflecting its inability to eradi-
cate parasites (Figures 4 and 6). Vertical separation of AUC–
response curves highlights the efficacy gain from an optimally
shaped exposure. Horizontal separation reflects differences in po-
tency: the exposure required for equi-efficacy. The shape of the
AUC determines both ‘potency’ and efficacy of a drug.

For all drugs studied we observed a statistically significant sep-
aration between the efficacies of Cmax- or time-intensive regimens
(Figures 3–5); however, the extent of separation differed, and it is
possible that for some drugs there would be insignificant separ-
ation. Suramin, melarsoprol, pentamidine, SCYX-7158 and fexini-
dazole all had greater activity when deployed as a concentration-
intensive regimen (Figures 3 and 5). Though most of these drugs
were cidal with a short 6 h exposure, they differed dramatically in
temporal response (Figure 6). Also concentration-driven, fexinida-
zole was static, not cidal, in the time–kill studies, demonstrating
that for antitrypanosomals, as for antibacterials,2 concentration-
or time-driven efficacy does not equate with cidal or static activity.
Interestingly, fexinidazole sulfone, like its parent, fexinidazole, was
concentration-driven, but unlike its parent it was cidal on short
exposures (Figures 5 and 6). Growth dynamics after exposure to
fixed concentrations of drug do not readily predict a kinetic driver.
Our experimental approach of testing a single AUC in two contrast-
ing shapes allows efficient diagnosis of the preferred kinetic driver.
Full exposure–response curves provide even greater insight.

Intrinsic kinetic drivers of antitrypanosomal activity indicate
that for each agent there are ideal PK properties for optimal po-
tency and efficacy. In vitro PK/PD is therefore a valuable tool for
drug development. The intrinsic kinetic driver of a lead compound
can be determined, and used either to optimize PK properties or al-
ternatively to help inform a decision about its translational poten-
tial. The antitrypanosomals we studied are already in use or in
clinical trials and their in vivo PK properties are fixed. However,
knowledge of the optimal shape of exposure is also useful as a
simple and powerful guide for dosing regimen design and im-
provement within the constraints of in vivo PK and clinically achiev-
able AUCs. Intrinsically time-driven drugs should be dosed to
sustain exposure. Concentration-driven drugs can be dosed inter-
mittently, in large but tolerable amounts that achieve transient
high peaks. In any optimization of dosing, the PK/PD relationship
for efficacy must be balanced with those for toxicities, and when
possible discrepant drivers should be exploited to favour efficacy
and minimize side effects. For any anti-infective drug the

emergence of resistance is another important consideration; how-
ever, the substantially longer replication time, lower attainable cell
densities and lower mutation rate of eukaryote trypanosomes
(versus bacteria, for example) make drug resistance less of a con-
cern (and less readily studied) in relatively short-lived in vitro PK/PD
studies of African trypanosomes.

DFMO was the only time-driven drug in our experiments, and
reported results from in vivo studies reflect this property. Multiple-
day dosing of DFMO in the drinking water is required for cure in a
mouse model.29,30 The inopportune 3.5 h half-life of DFMO in
humans requires frequent dosing to maintain concentrations,31

and early efforts with monotherapy to dose every 12 h instead of
6 h resulted in greater frequency of relapse.32 DFMO is now given
every 12 h in combination with nifurtimox.33 In conjunction with
in vitro findings that DFMO resistance can be selected with low
concentrations and that nifurtimox and DFMO are antagonistic,34

our results suggest that more frequent dosing of the DFMO compo-
nent may reduce the risk of efficacy failure or emergence of
resistance.

The classic drugs suramin, pentamidine and melarsoprol were
originally established with lengthy dosing regimens and little PK/
PD knowledge.35 Concentration-driven efficacy provides a ration-
ale for reassessing these regimens, suggesting that attention
should be paid to the peak concentration required for activity,
rather than trough levels. Suramin and pentamidine have rapid
distribution phases to tissues and long terminal elimination
half-lives.36,37 Our results of concentration-driven efficacy are con-
sistent with the reported clearance of parasites from blood after
just a single dose in vivo,38–40 and suggest activity in blood may
stem from peak concentrations during the early distribution
phases. However, the PK likely achieved in tissues are suboptimal
for concentration-driven efficacy. Melarsoprol is used against CNS
infection, and the original regimen has been improved to just 10
consecutive daily doses.41 Our findings suggest efficacy might be
maintained by even fewer but larger doses; however, toxicity is a
key concern and will have its own PK/PD. Intriguingly, doubling the
starting dose of melarsoprol from 1.8 to 3.6 mg/kg decreased
the incidence of toxic reactive encephalopathy in a trypanosomia-
sis clinical trial,42 implying there may be a margin for further dose
increases.

The oxaborole SCYX-7158, which is in clinical development, was
best dosed by Cmax-intensive regimens in the cartridge (Figure 5).
This is seemingly inconsistent with previous time–kill results in
microtitre plates, in which an AUC of 41 lM�h given as 1.7 lM for
24 h was irreversible (at 72 h), whereas as 6.8 lM for 6 h was re-
versible.20,43 However, higher concentrations of SCYX-7158 can be
cidal on exposures of�6 h (Figure 6).20 In the cartridge an AUC0–24

of just 24lM�h distributed as a 17 lM peak with t1=2"1 h caused
maximal effect (Figure 5), highlighting the importance of dynamic
AUC shapes. SCYX-7158 has a long in vivo half-life, 26 h in mice and
16 days in humans, making a short-lived peak impossible,18,20 and
therefore entailing a greater total exposure than would be required
if Cmax-intensive dosing were possible.

Fexinidazole has shown good efficacy in Phase II/III trials.16 We
found that both parent and active sulfone metabolite are concen-
tration driven (Figure 5). Consonant with this and despite the short
half-lives (�2 h) of fexinidazole and its metabolites in mouse
plasma (and likely in brain), in the mouse chronic infection model
once-daily dosing with 200 mg/kg achieves greater cures than
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does twice-daily dosing with 100 mg/kg.19,44 Plasma half-lives in
humans are longer:�10 h for fexinidazole and sulfoxide, and 25 h
for the subsequent sulfone.45 The Phase II/III regimen of once-
daily doses leads to accumulation of, and sustained exposure to,
the sulfone (simulated in Figure S6).45 Unfortunately, in mice the
sulfone has the least brain penetration of the three moieties.44,46

Given our finding that high peaks are more effective than sus-
tained exposures, the regimen may better be deployed as larger
doses on intermittent and fewer days, if tolerability allows. This
would optimize the shape of exposure of all three compounds
(simulations shown in Figure S6).

Dynamic in vitro PK/PD studies, with trypanosome viability as an
endpoint, can efficiently establish the intrinsic kinetic driver of effi-
cacy. The system is versatile and could also be used to simulate
animal or human PK, evaluate multiple dose regimens or explore
different PD endpoints. Our findings with five clinical and two can-
didate antitrypanosomals are consistent with reported in vivo
results and have implications for ideal drug management. Given
the expense and challenge of clinical studies, dynamic in vitro PK/
PD is a powerful tool that can inform all stages of drug develop-
ment and clinical use.
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