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Abstract

African trypanosomiasis is a major problem for human and animal health in endemic
countries, where it threatens millions of people and affects economic development.
New drugs are needed to overcome the toxicity, administration, low efficacy, and
resistance issues of the current chemotherapy. Robust, simple, and economical high-
throughput, whole-cell-based assays are required to accelerate the identification of
novel chemical entities. With this aim, we generated a bioluminescent cell line of the
bloodstream stage of Trypanosoma brucei brucei and established a screening assay.
Trypanosomes were stably transfected to constitutively express a thermostable red-
shifted luciferase. The growth phenotype and drug sensitivity of the reporter cell line
were essentially identical to that of the parental cell line. The endogenous luciferase
activity, measured by a simple bioluminescence assay, proved to be proportional to
parasite number and metabolic status. The assay, optimized to detect highly potent
compounds in a 96-well-plate format, was validated by screening a small compound
library (inter-assay values for Z' factor and coefficient variation were 0.77 and 5.8%,
respectively). With a hit-confirmation ratio of ~97%, the assay was potent enough to
identify several hits with ECsg < 10 pM. Preliminary tests indicated that the assay
can be scaled up to a 384-well-plate format without compromising its robustness. In
summary, we have generated reporter trypanosomes and a simple, robust, and
affordable bioluminescence screening assay with great potential to speed up the

early-phase drug discovery against African trypanosomes.
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to months or years in T. b. gambiense (Simarro et al., 2012). The dis-

ease is fatal if left untreated.

Human African trypanosomiasis (HAT) is endemic in 36 sub-Saharan
countries, where about 70 million people are at risk of infection.
Trypanosoma brucei gambiense and T. brucei rhodesiense cause sleeping
sickness, a disease that initially develops as a hematolymphatic infec-
tion and may further progress to a meningoencephalitic infection. The

duration of the first stage varies from a few weeks in T. b. rhodesiense
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Trypanosoma brucei brucei, Trypanosoma vivax, and Trypanosoma
congolense are the etiological agents of animal African trypanosomiasis
or Nagana cattle disease, which remains a major obstacle for the nutri-
tional and economic development of the rural communities from
endemic areas (Shaw, Cecchi, Wint, Mattioli, & Robinson, 2014). The
economic losses due to cattle death or productive impairment have
been estimated in several US$ billions per year.

Vaccine development is hampered by the successful mechanisms

employed by the pathogens to evade the host immune response
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(Stijlemans et al., 2016); hence, chemotherapy is the only effective
choice to fight these diseases.

The early stage of HAT is treated with pentamidine (a large aro-
matic diamidine) and suramin (a high molecular weight polysulfonated
naphthylurea). Both drugs are delivered by intramuscular injection and
their remarkable side effects account for the high rates of treatment
discontinuation, in particular for suramin.

Only melarsoprol (melaminophenyl arsenic derivative), nifurtimox
(nitrofuran derivative), and eflornithine (a-difluoromethylornithine) are
efficacious against the second stage of the disease produced by T. b.
gambiense. Despite its high toxicity (5% patients die during treatment),
melarsoprol is still used and, for decades, has been the only choice for
treating the second stage of HAT caused by T. b. rhodesiense.

In 2009, the coadministration of eflornithine and nifurtimox was
accepted for the treatment of the second stage HAT caused by T. b.
gambiense. More recently (2018), fexinidazole (a nitroimidazole) was
approved for the treatment of both stages of HAT caused by T. b.
gambiense (Mesu et al., 2018). Unfortunately, African trypanosomes
have been shown to be capable of developing cross-resistance against
nitroheterocyclic compounds such as nifurtimox and fexinidazole
(Sokolova et al., 2010).

To sum up, affordable new drugs with improved pharmacological
profile (safety, effectiveness, capacity to cross the blood brain barrier)
are needed to treat HAT.

The main approach to find new drugs relies on the phenotypic
screening against whole target cells. The bloodstream form of T. brucei
brucei, which is nonpathogenic to human and, from the genetic point of
view, almost identical or similar to T. b. rhodesiense and T. b. gambiense,
respectively, is the preferred model for in vitro and in vivo drug screen-
ing. Different high-throughput methods to assess T. brucei viability have
been established and applied to screen compounds libraries. The assays
are based on the determination of the ATP (Mackey et al., 2006; Sykes &
Avery, 2009a), nucleic acid content (Faria et al, 2015; Gould, Vu,
Seebeck, & de Koning, 2008) or the metabolic state of the cells (Sykes
et al,, 2012; Sykes & Avery, 2009b), and use luminescent or fluoromet-
ric/colorimetric reagents such as: luciferase/D-Luciferine (CellTiter-
Glo®, EnduRen™, and ONE-Glo™ from Promega), SYBR Green and
propidium iodide or Alamar Blue™, respectively. All these assays have
different limitations, such as long incubation times, accuracy, or costs.

Different strains and subspecies of African trypanosomes have
been genetically modified to express luciferase and employed to study
in vivo and/or in vitro parasite pathogenesis and drug efficacy (Burrell-
Saward, Rodgers, Bradley, Croft, & Ward, 2015; MclLatchie et al.,
2013; Myburgh et al., 2013; Van Reet, Pyana, Rogé, Claes, & Blscher,
2013; Van Reet, Van de Vyver, Pyana, Van der Linden, & Blscher,
2014). However, none of these cell lines was used to establish and
run a high-throughput amenable, and affordable bioluminescence
screening assay.

With this goal in mind, we have engineered a bloodstream T. b.
brucei to constitutively express a red-shifted firefly luciferase (Branchini
et al., 2010) and developed a simple and robust 96-well-plate HTS phe-
notypic assay. The assay was employed successfully for the screening of

a small but structurally diverse compound library (alkaloids, rare sugars,

peptides, polyheterocyles, quinones, selenosugars, aromatic linker deriva-
tives, and singletons). The assay has the potential to be scaled up to a
384-well-plate format while the transgenic cell line, specially adapted for
tetracycline(tet)-inducible expression systems (e.g., gene RNAI silencing
or overexpression), may have applications for therapeutic efficacy and
drug target validation studies based on the in vivo imaging technology.

2 | METHODS
2.1 | Design and preparation of construct
pHD1034_VSG-RE9HLUC-TUBULIN

The vector (pTh-AMLuc) containing the codon-optimized gene of the
red-shifted Photinus pyralis luciferase (PpyRE9H or RE9HLUC;
(Branchini et al., 2010) flanked upstream by a variant surface glyco-
protein (VSG) 5-untranslated region (UTR) and downstream by a
tubulin 3-UTR (VSG-RE9HLUC-TUBULIN) (McLatchie et al., 2013)
was a kind gift of Dr. John Kelly (London School of Hygiene and Trop-
ical Medicine, London, UK). The vector selected for the constitutive
expression of the red-shifted luciferase in T. brucei was pHD1034,
which harbors a puromycin resistance gene, drives the constitutive
expression of the transgene from a ribosomal DNA (rDNA) promoter,
and integrates into the nontranscribed RRNA spacer, a multicopy loci
of the T. brucei genome (Quijada et al., 2002). Expression of the trans-
gene is mediated by the endogenous RNA Polymerase | (Zomerdijk,
Kieft, & Borst, 1991). Cloning of the VSG-RE9HLUC-TUBULIN frag-
ment (2,180 bp) into the vector pHD1034 was ordered to GenScript®
and the new construct was named pHD1034_LUC.

2.2 | Parasite culture and transfection

The bloodstream form of the monomorphic T. b. brucei strain 427, cell
line 514-1313 (parental cell line) (Alibu, Storm, Haile, Clayton, & Horn,
2005), was cultured in vitro with HMI-9 medium (Hirumi & Hirumi,
1989), supplemented with 10% fetal bovine serum, 10 U/ml penicillin
(Gibco), 10 pg/ml streptomycin (Gibco), 0.2 ug/ml bleomycin (Jena Bio-
science), and 4 pg/ml G418 disulfate salt (Sigma-Aldrich), inside a
humidified incubator (Thermo Fisher Scientific) with controlled temper-
ature (37 °C) and CO, (5%) in 25 or 75 cm? vented-cap culture-flask.
This cell line expresses constitutively the tetracycline repressor protein
(bleomycin resistance) and a T7-RNA polymerase (G418 resistance),
which allows the use of tet-inducible vectors for the down- (RNA inter-
ference; Comini et al., 2004) or up- (overexpression, dominant negative;
Manta et al., 2013) regulation of target genes.

In a total volume of 100 pl, 15 pg of DNA from pHD1034_LUC
was linearized with Notl-HF® (1 U/ul), in Cut Smart® Buffer (New
England Biolabs) at 37 °C during 14-18 hr. Thereafter, DNA was pre-
cipitated with sodium acetate (Applichem Panreac; 0.3 M final con-
centration) and isopropanol (0.7 volumes) and resuspended in 5 pl of
water. For all molecular biology procedures UltraPure™ DNase/

RNase-Free Distilled Water (Invitrogen) was used. Parasites (3 x 10)
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in the exponential growth phase were resuspended in 100 pl of Basic
Parasite Nucleofector™ Kit1 solution (Lonza) and electroporated with
an Amaxa™ Nucleofector™ Il (Lonza), program X-001 after DNA addi-
tion. The selection of transgenic clones was achieved by growing par-
asites in the presence of 0.8 pg/ml puromycin (Invitrogen). The new
transgenic cell line was called LUC.

2.3 | Counting of viable cells

The number of viable parasites in cultures from the parental and LUC
cell lines was assessed by counting cells under the light microscope
using a Neubauer chamber or by flow cytometry in a CyAn™ADP
(DakoCytomation), according to the protocol described by Maiwald
et al. (2014)).

2.4 | Culture synchronization

In order to obtain a more homogenous population of cells in a similar
metabolic status and growth stage (log-phase), parasites cultures (from
the LUC or parental cell line) were synchronized by at least two con-
secutive passages every 24 hr at an initial cell density < 3 x 10* par-
asites/ml in 10 or 50 ml fresh culture medium in 25 or 75 cm?
vented-cap culture-flask, respectively. Otherwise stated, all experi-

ments were performed with samples from synchronized cultures.

2.5 | Commercial luciferase assay

The Luciferase Assay System (Cat. # E4530, Promega) was used for the
preliminary characterization of the LUC cell line. One million cells from a
synchronized culture were pelleted and carefully washed twice in
Phosphate-Buffered Saline (PBS) glucose 1% wt/vol upon centrifugation
(2000g for 10 min at room temperature). Different amounts of parasites
were lysed by resuspending them in 200 pl of Cell Culture Lysis Reagent
diluted 1:5 in distilled water and vortexing during 2 min. After clarification
(12,000g for 2.5 min at room temperature), 20 pl of the supernatants
were transferred per well to a 96-well black plate (Greiner F-BOTTOM,
655209), then 50 pl of Luciferase Assay Reagent were added per well
and the plate was incubated inside the luminometer for 2 min at 25 °C.
Blank controls corresponded to samples from culture medium alone that
were processed as indicated above. The plate was read in a LUMilstar
OPTIMA Microplate (BMG LABTECH) luminometer using the following
settings: 10 s shaking, 10 s/well acquisition, 0.2 s measurement delay,

maximum gain value (4,095 in our instrument), and 25 °C.
2.6 | Bioluminescent assay development and
optimization

For the assays described below, stock (15 mg/ml) and working (1.5 or
3 mg/ml) solutions of D-Luciferin (Perkin Elmer, Cat. # 122799) were

prepared by dissolving or diluting the reagent in PBS glucose 1%
wt/vol.

Parasites from synchronized cultures were diluted into fresh cul-
ture medium lacking bleomycin, G418, and puromycin at cell densities
ranging from 2.5 to 15 x 10* cells/ml. DMSO (2.2 ul) followed by
220 pl of the corresponding parasites” suspensions or culture medium
alone (blank control) were added per well into a 96-well culture plate.
At least three biological replicates were assayed for each condition.
The plates were incubated at 37 °C and 5% CO,, for 24 hr. Thereafter,
the samples (~ 220 pl) were transferred to a 96-well black plate and
20 pl of a solution of D-luciferin (3 mg/ml or 1.5 mg/ml) with or with-
out Triton X-100 (0.01 or 0.05% vol/vol) was added. The plate was
read in a luminometer by recording luminescence every 5 min for a
total of 55 min using the following settings: 10 s shaking, 5 s/well
acquisition, 0.2 s measurement delay, maximum gain, and 37 °C.

Whenever required, cell density of viable parasites was deter-
mined by flow cytometry as indicated above (Section 2.3). At least
triplicate samples were prepared for each condition tested.

For testing assay linearity, parasites from synchronized cultures
were harvested, concentrated, and transferred into a 96-well black
plate at cell densities ranging from 7 x 10° to 0.11 x 10° cells/ml
(twofold serial dilutions; total volume 220 pl/well). Wells containing
culture medium alone were used as blank controls. Four biological
replicates were tested. Upon addition of 20 pl/well of a D-Luciferin
(1.5 mg/ml) and Triton X-100 (0.05% vol/vol) solution, biolumines-
cence was measured using the device and acquisition settings
described above. The limit of detection was calculated as the number
of parasites equivalent to a bioluminescence signal of threefold the
SD corresponding to the blank sample.

For testing the suitability of the bioluminescent assay to be scaled
up, 60 pl of a parasite suspension (1 x 10° cells/ml from a synchro-
nized culture) or medium alone were transferred to a 384-well black
plate (Greiner 781,900) and 5.5 pl of a solution containing D-Luciferin
(3 mg/ml in PBS glucose 1% wt/vol) and Triton (0.05% vol/vol) was
added. At least 16 replicates were prepared. Bioluminescence signal

was measured with a luminometer as described above.

2.7 | Standardized bioluminescence assay

A suspension of 1 x 10° LUC parasites/ml from a synchronized cul-
ture is added (220 pl/well) to a 96-well culture plate containing 2.2 pl/
well DMSO (negative control) or drugs/compounds dissolved in
DMSO at different concentrations (see next sections). Wells con-
taining culture medium (220 pl) and DMSO (2.2 pl) corresponded to
blank controls. At least triplicate samples were tested. The plates were
incubated at 37 °C and 5% CO, for 24 hr. Next, ~220 pl from each
well is transferred to a 96-well black plate and 20 pl of a solution con-
taining D-Luciferin (1.5 mg/ml in PBS glucose 1% wt/vol) and Triton
X-100 (0.05% vol/vol) was added. Bioluminescence signal was mea-
sured every 8 min for a total of 32 min in a LUMIstar OPTIMA Micro-
plate luminometer using the following settings: 10 s shaking, 5 s/well

acquisition, 0.2 s measurement delay, maximum gain, and 37 °C.
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2.8 | Drug sensitivity assays

The half maximal effective concentration (ECso) of nifurtimox
(Lampit®, Bayer), suramin (Sigma), and diminazene aceturate (DAC,
Santa Cruz Biotechnology) was determined for the LUC cell line using
the Standardized bioluminescence assay. Stock and serial dilutions from
each drug were prepared in 100% vol/vol DMSO. For each drug, para-
site viability at 2 x, 1 x, and 0.5 x ECso values was assessed for both
the LUC and the parental cell lines using flow cytometry analysis. The
experimental setup was identical to that described for the Standard-
ized bioluminescence assay except that instead of determining lumines-
cence, the samples were processed for flow cytometry analysis as
indicated in Maiwald et al. (2014). At least three biological replicates

were assayed for each sample and control.

2.9 | Screening assay

The screening of a library of 141 compounds was performed
according to the Standardized bioluminescence assay protocol. The
compounds (prepared at 1 mM in 100% vol/vol DMSO) were assayed
at a final concentration of 10 uM (1% vol/vol DMSO) and in three bio-
logical replicates. According to guidelines from The Drugs for
Neglected Diseases initiative (DNDi), an organization leading early dis-
covery strategies for neglected diseases, a hit compound for human
African trypanosomiasis must have an ECsp < 10 uM against the
bloodstream form of T. brucei subspecies (Don & loset, 2014). For a
subset of hits (i.e.,, compounds reducing parasite viability to <50%)
identified by the primary screening (see Section 3.4), a concentration-
response analysis for at least seven different concentrations of the
compounds was performed applying the same assay protocol. For all
experiments, nifurtimox (added at its ECso of 6 uM) and DMSO (1%
vol/vol) were included as positive and negative controls, respectively.
The ECso values were calculated from the concentration-response

curves as indicated below.

210 | Data analysis
For the bioluminescence assay, parasite viability was calculated
according to the following formula: Viability (%) = (BLcpq ~ BLpiank)/
(BLheg = BLpiank) X 100, where BL refers to the mean of biolumines-
cence signal corresponding to the tested compound (p4), the blank
(blank, cOmMplete media containing 1% vol/vol DMSO), or the negative
control (neg, parasites treated with 1% vol/vol DMSO). The coefficient
of variation (CV) was calculated from the negative control wells as:
CV = (SDpeg / Blneg) X 100. The Z” factor was determined from the
formula: Z” factor = [1 - (3 X SDpjank + 3 X SDpeg)/(BLneg = BLpiank)]
(Zhang, 1999). The signal-to-background (S/B) ratio was estimated as
BLueg/BLoiank.

ECso values were determined from concentration-response cur-
ves fitted to a four-parameter sigmoid equation using the GraphPad

Prism software (version 6.0). All errors are expressed as one SD.

3 | RESULTS
3.1 | Characterization of luciferase-reporter cell
line of monomorphic bloodstream T. b. brucei

We decided to generate a luciferase-reporter cell line of the monomor-
phic bloodstream T. b. brucei because it is easy to cultivate in vitro, it is
safe for humans, it shows a high virulence in vivo, and it is a good model
of species pathogenic for mammals. As a drawback, the monomorphic
parasites are not competent to differentiate to the stage capable to col-
onize the insect vector. In order to extend the application of the
reporter trypanosomes toward gene function studies, we selected a
parental cell line of T. b. brucei suitable for genetic manipulation by tet-
inducible systems depending on endogenous or T7-RNA Pol.

Despite transfections with the vector pTb-AMLuc (Mclatchie
et al., 2013) yielded parasites resistant to the selection antibiotic, none
of the several clones analyzed expressed active luciferase (not shown).
The technical or molecular reasons behind this result are unknown and
were not investigated. Thus, the sequence encoding the red-shifted
luciferase flanked by UTRs that were reported to yield maximal lucifer-
ase expression (Mclatchie et al., 2013) was inserted downstream the
rDNA promoter sequence of the vector pHD1034. The clone showing
highest luciferase signal (not shown) was characterized.

First, the stability of the genomic reporter gene integration was
evaluated by culturing the LUC clone in the absence of selection anti-
biotics for 60 days (Figure S1). The removal of the selective pressure
increased the growth rate of the parasites (doubling time of 5.5
vs. 7 hr in the absence vs. presence of antibiotics, respectively) but
did not affect the level of luciferase activity (Figure S1). The LUC cell
line recultured in the presence of antibiotics retained full resistance to
them, further confirming the highly stable genomic integration of the
reporter DNA-cassette.

Furthermore, the growth phenotype of the LUC trypanosomes
was almost identical to that of the parental cell line (Figure 1a), dem-
onstrating that genetic manipulation and expression of the reporter
gene did not entail major phenotypic changes. As expected for a pro-
tein expressed constitutively and whose activity depends on the level
of cellular ATP, luciferase activity showed a good correlation with the
growth phase/metabolic status of the transgenic trypanosomes
(Figure 1b). For instance, parasites in mid-log phase presented maxi-
mal bioluminescence, whereas cells in late-log, stationary, and death
phase, all of which undergo energy deprivation, showed a drastic
decrease (>70%) in bioluminescence signal. In addition, the biolumi-
nescence of mid-log LUC trypanosomes showed to be proportional to
parasite number (Figure 1c).

Taken together, these data demonstrate that LUC trypanosomes
can report very reliably parasite viability and number.

3.2 | Bioluminescence assay development

Although highly sensitive luciferase kits are commercially available,

they are expensive and some of them have technical drawbacks
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FIGURE 1 Phenotypic characterization of LUC cell line. (a) Growth

phenotype. Synchronized bloodstream parasites from the parental
(squares) and reporter (LUC; circles) cell lines cultured for 60 days in the
absence of selection antibiotics were seeded at 4 x 10* cells/ml (Day 0)
in a 96-well culture plate and cell density assessed every 24 hr by flow
cytometry. Errors are expressed as one standard deviation. (b) Cell
growth phase and bioluminescence. The bioluminescence produced by
1 x 10° LUC parasites grown in culture flask and harvested at different
growth phases was measured employing the Luciferase Assay System
(Promega). The bioluminescence signal is expressed as percentage
relative to the highest signal obtained, which corresponds to samples
from mid-log phase parasites, and errors refer to one standard deviation
of the mean values. (c) Signal versus parasite number. The
bioluminescence signal of different amounts of mid-log phase LUC
parasites (synchronized cultures) was measured employing the
Luciferase Assay System (Promega). RLU, Relative Light Units. Fitting
the full set of data to a linear regression equation yielded an r? = .9975
(red line). Errors are expressed as one SD [Color figure can be viewed at
wileyonlinelibrary.com]

Signal (RLU x 10%)
D

0I"''l""l""l""l""l"'

0.0 0.5 1.0 1.5 2.0 25
Parasites (millions/mL)

FIGURE 2 Cell growth and bioluminescence signal of LUC cell
line in a 96-well plate. Synchronized LUC trypanosomes were seeded
at 0.25,0.5, 1.0, 1.25, 1.5 x 10° cells/ml in a 96-well culture plate and
after 24 hr incubation, bioluminescence (250 pg/ml D-Luciferin) and
cell density assessed. RLU, relative light units. Fitting the full set of
data to a linear regression equation yielded an r? = .984 (red line).
Errors are expressed as one SD [Color figure can be viewed at
wileyonlinelibrary.com]

(e.g., signal stability, buffer-for-medium exchange). The bioassay was
rationalized to test parasite viability upon 24 hr incubation in a
96-well plate and optimized to measure bioluminescence with a pro-
tocol that avoids washing steps, uses a homemade reagent, and has a
reasonable readout time for HTS.

First, in order to identify the cell density of LUC trypanosomes
that yields optimal bioluminescence and assay performance upon
24 hr growth in a 96-well plate, different initial inocula were tested.
As shown in Figure 2, a good linearity between signal and cell density
was obtained within the range 0.6-2.2 x 10° parasites/ml, which cor-
responds to initial inocula from 0.25 to 1.25 x 10° parasites/ml. This
linear correlation is lost for samples from late-log phase parasites
(2.5 x 10° cells/ml), which agrees with the results obtained for LUC
trypanosomes grown in flasks (Figure 1b) and data reported in the lit-
erature (Mackey et al., 2006; Sykes & Avery, 2009a). This finding is
relevant for phenotypic assays that assess viability by measuring cell
metabolic status, since metabolically stressed cells may bias the
results.

The following inocula yielded satisfactory quality parameters:
0.5 x 10° parasites/ml (i.e., S/B = 4.2, Z" factor = 0.78, CV = 5.2%, sig-
nal/cell ratio = 5x 10~ RLU/cell), 1.0 x 10° parasites/ml (i.e., S/
B = 6.5, Z" factor = 0.85, CV = 3.8% and signal/cell ratio = 4 x 10°2
RLU/cell), and 1.25 x 10° parasites/ml (i.e., S/B = 7.8, Z" factor = 0.87,
CV = 3.4% and signal/cell ratio = 3 x 102 RLU/cell). Based on this
analysis, and on the fact that parasites seeded at the latest inoculum
are close to enter into late-log phase, we preferred starting the assay
with an inoculum of 1.0 x 10° parasites/ml.

In order to further improve the performance of the biolumines-
cence assay, a time-course analysis of luciferase activity at different

concentrations of D-Luciferin and the detergent Triton X-100 was
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FIGURE 3 Optimization of 96-well bioluminescence assay. (a) Time-course analysis of bioluminescence. The bioluminescence signal
produced by ~1.8 x 10° parasites/ml was evaluated at different concentrations of D-Luciferin (125 and 250 pg/ml) and of Triton X-100

(0, 0.0008 and 0.004% vol/vol) during a total of 55 min upon addition of reagents. Errors are expressed as one standard deviation.

(b) Bioluminescence assay linearity. The bioluminescence signal produced by different amounts of mid-log phase LUC trypanosomes was
evaluated at the standard assay conditions (D-Luciferin 125 pg/ml, Triton X-100 0.004% vol/vol, 37 °C for 20 min) Bioluminescence signal is
expressed as Relative Light Units (RLU) with errors corresponding to one standard deviation of the mean values. Fitting the full set of data to a
linear regression equation yielded r? = .999 [Color figure can be viewed at wileyonlinelibrary.com]

performed. In nonpermeabilized cells (black symbols, Figure 3a), dou-
bling luciferin concentration from 125 to 250 pg/ml produced a minor
and nonsignificant increase of bioluminescence. In contrast, addition
of the detergent led to a significant increase in signal with kinetics
and maximum values that were proportional to luciferin and Triton
concentrations. For instance, compared to the condition with
250 pg/ml 250 pg/ml  lucif-
erin/0.004% vol/vol Triton increased by 3.5-fold and 2 4-fold the sig-
nal maximum and increase-rate (estimated for the 0-5 min window

luciferin alone, the combination

time) values, respectively. The kinetic of bioluminescence decay was
also accelerated at the highest Triton concentration (0.004% vol/vol),
whereas signal remained more stable for mildly permeabilized
(0.0008% vol/vol Triton) and nonpermeabilized cells. Nonetheless, in
the presence of detergent and independently of the combination
tested, bioluminescence attained maximum values (i.e., > 90% signal)
between 15 and 25 min upon addition of reagent, with a peak at time
point 20 min. For endpoint HTS-based assays, these conditions pro-
vide a reasonable time window (10 min) for reliable measurements.

Although the combination 250 pg/ml luciferin/0.004% vol/vol
Triton showed higher signal-to-background ratio (S/B = 22) than that
calculated for the combination 125 pg/ml luciferin/0.004% vol/vol
Triton (S/B = 15), the last one showed excellent average values for Z'
factor (0.9) and CV (3.0%) for the 15-25 min time window. On this
basis and taking into account that D-Luciferin has a major impact in
the assay's costs, the combination D-luciferin 125 pg/ml and Triton
0.004% vol/vol was selected for further assay development.

Under this condition and for mid-log phase trypanosomes, the assay
displayed a broad linearity range (from 0.22 to >7 million parasites/ml)
and a low limit of detection of about 4 x 10* parasites/ml (Figure 3b).

Finally, a preliminary approximation to miniaturize the assay to a
384-well-plate format showed that it is possible as long as the final

concentration of D-Luciferin is increased to 250 pug/ml. Under these

-o- Nifurtimox =+~ Suramin -- DAC
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FIGURE 4 Drug sensitivity of LUC trypanosomes. Concentration-
response curves obtained for LUC trypanosomes treated with
different clinical or veterinary drugs. Parasite viability was assessed
using the Standardized bioluminescence assay (see Materials and
Methods). The ECsq values (5.31 £ 0.44 uM for nifurtimox, 0.36

+ 0.03 pM for suramin and 0.43 + 0.07 uM for diminazene aceturate:
DAC) were determined by fitting the data to a four-parameter
sigmoidal equation. Errors are expressed as one SD [Color figure can
be viewed at wileyonlinelibrary.com]

conditions, the assay presented an acceptable performance with esti-
mated values of S/B = 4.5, Z" factor = 0.66, and CV = 7.4% (n = 16).

3.3 | Drug sensitivity analysis
Although the LUC cell line displayed a growth behavior that was
undistinguishable from that of the parental cell line (Figure 1a), a com-

parative analysis of drug sensitivity was performed for both cell lines
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with the aim to verify whether the integration and expression of the
reporter gene alter parasite physiology. Three drugs, namely
nifurtimox, suramin, and DAC, that are in clinical or veterinary use
against African trypanosomiasis and that exert their anti-trypanosomal
action by different modes were selected for this study.

Concentration-response curves with satisfactory fitting to sigmoi-
dal equations were obtained for all three drugs tested against the LUC
cell line by the bioluminescence assay (Figure 4). The corresponding
ECso values were 5.31 + 0.44 uM for nifurtimox, 0.36 + 0.03 uM for
suramin, and 0.43 + 0.07 pM for DAC. These values are similar to
those determined by other methods—ECso for DAC = 0.66 pM in
Sykes and Avery (2009a); ECso for nifurtimox = 15 pM in Maiwald
et al. (2014); and ECsq for suramin = 78 nM in Franco et al. (2017).
More relevant, trypanosomes from the parental and LUC cell lines
exposed to different concentrations (2x, 1x, and 0.5x ECsp) of these
drugs for 24 hr displayed an almost identical sensitivity (Table S1).
This result confirms that the reporter transgene does not affect
T. brucei physiology.

(@) J030B4 Z
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Plate number

FIGURE 5 Performance of 96-well bioluminescence assay in a
screening campaign. The coefficient of variation (CV %; square) and Z'
factor (circle) values obtained for each assay plate (n = 24) analyzed
during the screening campaign are shown. Plate 16 did not meet
assay's quality control (see Section 3.4). Excluding this outlier plate,
the Z' factor and CV presented average values of 0.77 and 5.8%,
respectively [Color figure can be viewed at wileyonlinelibrary.com]

3.4 | Assay validation in a HTS setting
The bioluminescence assay was validated by screening a library of
141 compounds, belonging to different families (41 alkaloids, 5 rare
sugars, 14 peptides, 25 polyheterocyles, 22 quinones, 6 selenosugars,
16 aromatic linker derivatives, and 12 singletons), in a 96-well format.
The quality parameters Z” factor and CV obtained during the screen-
ing campaign (Figure 5) presented mean values of 0.77 and of 5.8%,
respectively, which met the assay quality criteria defined as Z'
factor > 0.5 and CV <17% (Zhang, 1999; Sui, 2007).

Worth noting, and adding value to the relevance of cell culture
synchronization prior to assay, only one plate (plate 16, Figure 5) pres-
ented outlier values for Z” factor (< 0) and CV (29%), as a conse-

guence of working with nonsynchronized parasite' cultures.
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FIGURE 7 ECso determination for selected hits. Concentration-

response curve analysis was performed for 35 randomly selected hits
from the primary screening. A single compound showed an ECsg
higher than 10 pM (gray bar), which gives a hit confirmation rate for
the assay of 97%. Errors are expressed as one SD [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 6 Primary screening using LUC trypanosomes. A library of 141 compounds was screened at a fixed concentration of 10 pM against

LUC trypanosomes using the Standardized bioluminescence assay. Compounds reducing cell viability to <50% with respect to vehicle-treated
(DMSO 1% vol/vol) parasites were considered hits. The error average expressed as one SD was 5% [Color figure can be viewed at

wileyonlinelibrary.com]
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TABLE 1
CellTiter-Glo*

Total assay time 72 hr
Compound incubation time 48 hr
Readout time 12 min
Cost of readout reagent per plate (US$) 2454
Z' factor 0.65
Coefficient of variation (%) 3.7
Signal to background 646
Parasites/ml at the screening time point 6% 10°
Detection limit (10* parasites/ml) < 0.1k

Main features and performance of cell viability assays employed in screening campaigns against Trypanosoma brucei

Alamar Blue® SYBR Green® Bioluminescence®
96 hr 73 hr 48 hr

72 hr 72 hr 24 hr

24 hr 1hr 32 min

1.77 (12.7) 1.06 1.178 (2.57)"

0.67 £ 0.06 (0.81)" 0.7 0.771(0.66)"
7.7+19 2309 5.8 %24 (7.4
9-12/ NR 7.71(4.5)"

2.4 x 10* 6x10° 1x10°

7.77 + 601 2.05+0.31 4

Note: Data reported in the literature for assays used in 384-well format is compared to the assay of the present study (Bioluminescence).

3Sykes et al., 2012.

PFaria et al., 2015.

“This study, 96-well format assay.
dCellTiter-Glo® from Promega.

€Alamar Blue™ from Thermo-Fisher, using the resazurine reagent may reduce the cost by a factor of 100-fold.

fSYBR green from Thermo-Fisher.

&D-Luciferin from Perkin Elmer.

"Values estimated for the 384-well-plate assay.

iSykes & Avery 2009a.

JInter-assay average values obtained from the primary screening.
Value inferred from data reported in the study.

The primary screening performed at a fixed compound concentra-
tion of 10 uM yielded 66 hits (cell viability <50%) and a hit rate of
47% (Figure 6). Except for one compound, concentration-response
analysis performed for 35 randomly selected hits revealed ECsq values
lower than 10 pM (Figure 7), which yields a hit confirmatory rate
of 97%.

4 | DISCUSSION

Several methods used to assess cell viability have been successfully
adapted for high-throughput whole-cell assays in the field of drug discov-
ery against African trypanosomes (Bowling, Mercer, Don, Jacobs, & Nare,
2012; Faria et al., 2015; Lim, Zahari, Amanah, Zainuddin, & Adenan,
2016; Mackey et al., 2006; Mackey, Koupparis, Nishino, & McKerrow,
2011; Maiwald et al., 2014; Raz, Iten, Grether-Buhler, Kaminsky, & Brun,
1997; Suganuma, Allamanda, Hakimi, Zhou, & Angeles, 2014; Suganuma,
Molefe, & Inoue, 2017; Sykes et al., 2012; Sykes & Avery, 2009b; Van
Reet et al., 2013).

One of the most widely used methods is the resazurin-based
assay (i.e., Alamar Blue™), for which the irreversible reduction of res-
azurin to resorufin (fluorescent product) is an indicator of cell
metabolism/viability. Although the resazurin-assay is cost-effective,
major drawbacks are related to its chemical nature (Eichler, 1934;
O'Brien, Wilson, Orton, & Pognan, 2000; Priitz, Butler, & Land,
1996) and the long incubation times (from several hours to days)
required for product formation (Pace & Burg, 2015). In fact, res-

azurin alone has been shown to exert an antiproliferative activity

against T. brucei and mammalian cells or, in combination with com-
pounds, to enhance or even ameliorate their cytotoxic effects (Faria
et al., 2015; Gould et al., 2008; O'Brien et al., 2000; Sykes & Avery,
2009b). This explains the higher false-positive rate reported for
Alamar Blue™
et al., 2015).

T. brucei proliferation could also be assessed reliably in a 96- or

in a multimethod comparative study (Faria

384-well format (~72 hr incubation time) by quantifying the content
of nucleic acids using propidium iodide (Gould et al., 2008) or the
cyanine-based dye SYBR Green (Faria et al., 2015). The SYBR Green
assay displays a lower detection limit (2 x 10 parasites/ml) than the
Pl-based method (<10° parasites/ml) (Table 1). Both assays are afford-
able and proved suitable to detect cytocidal and, though with a lower
sensitivity, also cytostatic drugs or compounds.

Flow cytometry-based assays are statistically robust and suitable
for multiparametric or high-content analysis (Franco et al., 2017;
Franco, Medeiros, et al., 2017). However, it is a mid-throughput
method (e.g., data acquisition and analysis) that needs costly instru-
mental and, thus, appears more suitable for the screening of small or
target-focused libraries (Maiwald et al., 2014; Voyton, Morris,
Ackroyd, Morris, & Christensen, 2018).

CellTiter-Glo® is an alternative endpoint assay that quantifies
intracellular ATP by using recombinant luciferase and D-Luciferin. The
assay is very sensitive, able to detect slow-killing inhibitors, and has a
fast readout (Faria et al., 2015). The major limitations of this assay are
its comparatively lower Z' factor and the reagents' costs (Sykes &
Avery, 2009a), which, in part, preclude their implementation in large
HTS campaigns (Table 1).
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Here we reported the generation of a cell line from the infective
stage of T. b. brucei with a stably integrated red-shifted luciferase gene
(Branchini et al., 2010), and the development of a robust and sensitive
HTS bioluminescence assay. In agreement with early observations
employing a different T. b. brucei cell line (McLatchie et al., 2013), con-
stitutive expression of luciferase proved stable for up to 2 months and
did not entail alterations in the growth and drug-sensitivity phenotype
of the transgenic trypanosomes. Bioluminescence signal proved to be a
reliable measurement of parasite viability and number because, under
the conditions tested, it is determined mostly by the intracellular energy
status (ATP availability) and luciferase level. The quality parameters of
the bioluminescence assay obtained in a 96-well screening campaign
(S/B, CV, and Z' inter-assay values of 7.7, 0.77, and 5.8%, respectively)
were equivalent to those from other methods (Table 1). The assay
proved highly robust to identify true active compounds (97% hit ratio).
The assay setup was primarily designed to favor the discovery of highly
potent compounds (e.g., 1 x 10° parasites, with a doubling time of 7 hr,
are incubated with compounds for 24 hr); however, by adjusting the ini-
tial cell density and extending the exposure time, the assay may be
adapted for identifying slow-killing hits.

Scaling up of the assay from a 96- to a 384-well format was pos-
sible at the expense of increasing D-Luciferin concentration from
125 to 250 pg/ml, condition that yielded acceptable performance
parameters (S/B = 4.5, Z" factor = 0.66, and CV = 7.4%).

The bioluminescence assay here presented can be rated as a cost-
effective and robust method for hit identification and hit-to-lead opti-
mization applications. In addition, the genetic background of the LUC
trypanosomes allows the use of tet-inducible vectors for the up- or
down-regulation of specific genes. This bioluminescent-reporter cell line
appears as a valuable tool to address all the stages of the early-phase
drug discovery process, from target validation in vitro and in vivo
(e.g., RNAI, dominant-negative or conditional KO approaches), through

compound screening and up to drug efficacy test in animal models.
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