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Background. Elimination of onchocerciasis and lymphatic filariasis is targeted for 2020. Given the coincident
Loa loa infections in Central Africa and the potential for drug resistance development, the need for new microfilar-
icides and macrofilaricides has never been greater. With the genomes of L. loa, Onchocerca volvulus, Wuchereria
bancrofti, and Brugia malayi available, new drug targets have been identified.

Methods. The effects of the tyrosine kinase inhibitors imatinib, nilotinib, and dasatinib on B. malayi adult males,
adult females, L3 larvae, and microfilariae were assessed using a wide dose range (0-100 pM) in vitro.

Results.  For microfilariae, median inhibitory concentrations (ICs, values) on day 6 were 6.06 pM for imatinib,
3.72 uM for dasatinib, and 81.35 uM for nilotinib; for L3 larvae, 11.27 uM, 13.64 uM, and 70.98 pM, respectively; for
adult males, 41.6 pM, 3.87 uM, and 68.22 uM, respectively; and for adult females, 42.89 uM, 9.8 pM, and >100 pM,
respectively. Three-dimensional modeling suggests how these tyrosine kinase inhibitors bind and inhibit filarial pro-

tein activity.

Conclusions. Given the safety of imatinib in humans, plans are underway for pilot clinical trials to assess its

efficacy in patients with filarial infections.
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In 2011, the World Health Organization released a
roadmap for the global elimination of the most neglect-
ed tropical diseases [1]. Lymphatic filariasis, caused by
the filarial parasites Wuchereria bancrofti, Brugia ma-
layi, and Brugia timori, and onchocerciasis, caused by
the filarial species Onchocerca volvulus, are slated for
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elimination by 2020. Approximately 157 million indi-
viduals are infected with organisms that cause either
lymphatic filariasis or onchocerciasis, which, together,
are responsible for approximately 6.3 million disabil-
ity-adjusted life-years [1].

The need for new drugs (particularly macrofilari-
cides) is crucial because the specter of ivermectin and/
or albendazole resistance has been raised, especially for
onchocerciasis, for which a single drug (ivermectin) is
available [2-4]. Of enormous concern for the mass
drug administration programs for lymphatic filariasis
and onchocerciasis in Central and West Africa is coinci-
dent Loa loa infection, in which Loa-infected individu-
als with very high levels of microfilariae have had severe
neurological adverse events (including encephalopathy
and death) following ivermectin administration. This
has led to a cessation of mass drug administration in
areas where L. loa is present. Thus, new modalities of
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treatment, not only for lymphatic filariasis and onchocerciasis,
but also for loiasis, are critically needed.

Tyrosine kinase inhibitors (TKIs) have been suggested as po-
tential treatment for a broad range of protozoan infections (due
to Trypanosoma species, Leishmania species [5], and Plasmodi-
um falciparum [6]), trematode infections (schistosomiasis), [7],
and cestode infections due to Echinococcus multilocularis [8]. c-
Abl is a ubiquitously expressed cytoplasmic protein tyrosine ki-
nase that, following phosphorylation, plays an important role in
cell proliferation and survival. Imatinib, which prevents the
phosphorylation of c-Abl, has been demonstrated to profoundly
alter both the morphology and the physiology of adult Schisto-
soma mansoni worms in vitro by influencing reproduction and
nutrient acquisition [9, 10].

Imatinib has been used extensively and safely in humans for a
variety of conditions but most notably for the treatment of
chronic myelogenous leukemia [11], for which it works through
inhibition of the oncoprotein Ber-Abl. Since the Food and Drug
Administration (FDA) approved imatinib in 2001, several next-
generation TKIs, including dasatinib and nilotinib, have
received FDA approval for treating imatinib-resistant chronic
myelogenous leukemia. Following the genomic sequencing of
the L. loa genome [12], it became clear that L. loa, as well as
several other filariae, express an Abl-like protein, which may
be susceptible to the tyrosine kinase inhibition that is seen
with Ber-Abl

Thus, the purpose of this study was to assess the ability of im-
atinib, nilotinib, and dasatinib to kill each of the mammalian
stages (adults, L3 larvae, and microfilariae) of the filarial para-
site B. malayi, the only human filarial parasite for which each of
these lifecycle stages is available for in vitro testing. We also as-
sessed the universality of this activity against the other patho-
genic filariae (L. loa, W. bancrofti, and O. volvulus) and used
3-dimensional modeling to understand the interactions
between the TKIs and the filarial Abl-like proteins.

MATERIALS AND METHODS

Parasites and In Vitro Culture

Adult B. malayi females, adult males, L3 larvae, and microfilar-
iae were obtained through a contract with the University of
Georgia [11]. Prior to culture, worms were cleaned and pro-
cessed as described previously [12]. Adults and microfilariae
were cultured separately in serum-free Roswell Park Memorial
Institute 1640 medium (Invitrogen, Carlsbad, Massachusetts)
supplemented with 10 g/L glucose, 2 mM r-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin. Approximately 1000
microfilariae per well were cultured in 200-pL aliquots in
96-well plates (Costar; Corning, New York). Adult male worms
were cultured in 2 mL of medium at 2 worms/well or in 3 mL
of medium at 3 worms/well, and adult females were cultured in-
dividually in 3 mL of medium in a 12-well plate (Costar; Corning,

New York). L3 larvae were cultured in a 96-well plate (Costar;
Corning, New York) at a concentration of 10-15 L3 larvae/well
in 200 pL in supplemented minimal essential medium-alpha, as
previously described [12]. L3 larvae and adults were cultured for
24 hours to ensure viability prior to adding drug. Drug was added
on day 0 at concentrations varying from 0 pM to 100 uM per well.
All B. malayi stages were incubated at 37°C in 5% CO,. Worms
were observed daily by microscopy, with death defined as com-
plete absence of movement upon visual inspection. Medium
was not changed throughout the 6 days. Following initial experi-
ments (n = 3-5) for each drug for each B. malayi life stage, repeat
testing was performed to gather additional data at doses sur-
rounding the filaricidal dose of each drug for each life stage.
Each set of killing assays was replicated a minimum of 2 times
at each tested concentration (range, 2-12 times), and the geomet-
ric mean percentage survival across each biologic replicate condi-
tion was generated.

Drugs

Imatinib, nilotinib, and dasatinib were obtained from LC Lab-
oratories (Woburn, Massachusetts). Imatinib is water soluble
and was dissolved to a final concentration of 1 mM. Nilotinib
was dissolved in dimethyl sulfoxide (DMSO) to a final concen-
tration of 50 mg/mL and then diluted with distilled water to a
final concentration of 1 mM prior to adding to the parasites.
Dasatinib was dissolved and diluted in DMSO to a final concen-
tration of 1 mM prior to adding to B. malayi. Since DMSO
could be toxic to the worms at high concentrations, each exper-
imental condition with dasatinib had a control with DMSO
alone at corresponding concentrations.

Abl and Abl-like Kinase Structures
Filarial homologues to the human c-Abl kinase (accession no.
NP005148.2) were obtained using the protein blast database
from the National Center for Biotechnology Information
(NCBI) website (available at: http://blast.ncbi.nlm.nih.gov/Blast.
cgi). The sequence for O. volvulus Abl-like protein was obtained
using the O. volvulus blast server from the Wellcome Trust
Sanger Institute website (available at: http://www.sanger.ac.uk/
cgi-bin/blast/submitblast/o_volvulus). The protein sequences
for the Abl-like kinases of W. bancrofti (accession no. EJW86
653), B. malayi (accession no. XP001897557), L. loa (accession
no. XP003141453), and O. volvulus (accession no. OVOC3514)
were downloaded into SeqBuilder (version 9.1; DNASTAR,
Madison, Wisconsin) and aligned in MegAlign (version
11.0.0; DNASTAR), using the ClustalW method. Phylogenetic
analysis was performed with bootstrapping (1000 bootstrap
trials were performed). Putative conserved domains for Abl-
kinase were obtained from the NCBI protein blast database.
Residues 216-496, corresponding to the kinase domain of
the L. loa Abl-like sequence (accession no. EFO22616), were
submitted to the homology modeling server I-TASSER 3.0
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[13, 14] for protein structure prediction. The top model in
terms of C-score was energy minimized using the SYBYL 7.0
program (Tripos International) and the AMBER99 force field
with accompanying atom types and charges.

Inhibitor Docking

The docking of nilotinib, imatinib, and dasatinib to the L. loa
Abl model was performed using SYBYL 7.0 by first superim-
posing the L. loa model onto a homolog with bound inhibitor
(PDB ID 3CS9, 2HYY, and 2GQG, respectively; Supplementary
Materials).

Electron Microscopy

Scanning and transmission electron microscopy were per-
formed on imatinib-treated and untreated microfilariae on
day 7 following exposure to 25 uM of imatinib or to no drug.
For transmission electron microscopy, samples were fixed in
2% paraformaldehyde/distilled water, 2.5% glutaraldehyde/dis-
tilled water, and 0.1 M phosphate buffer for 24 hours and then
postfixed and processed as described elsewhere [15, 16]. For
scanning electron microscopy, samples were fixed as described
above, postfixed in 1% osmium, and processed as described pre-
viously [15].

Statistical Analyses

Unless otherwise stated, geometric means were used as a mea-
sure of central tendency. The log-rank (Mantel-Cox) test was
performed to compare each drug-exposed filarial stage to re-
spective negative controls (water for nilotinib and imatinib
and DMSO for dasatinib). Median inhibitory concentrations
(ICs values), survival curves, and statistical analyses were per-
formed using GraphPad Prism 6.0c.

RNA Sequencing Information for Filarial Abl-like Protein

RNA sequencing information for the filarial Abl-like proteins
was obtained from information in the public domain for
B. malayi (GenBank accession no. XP001897557) [11] and
for O. volvulus (sequence Ovoc3514, available at: http:/www.
wormbase.org).

RESULTS

Sequence Alignment and Phylogenetic Analyses

The sequences of the Abl-like protein for the 4 filariae were
compared with that of the human c-Abl protein (Figure 1).
All filariae showed significant homology (37.9%-38.9% identi-
ty) to the human oncogene protein sequence but even more so
to each other. Indeed, the identity of the protein sequences be-
tween the filarial species ranged from 88% to 91% across the en-
tire approximately 2400-amino acid molecule (Supplementary
Figure 1). When the putative drug-binding site was examined
specifically (Figure 1), the filarial Abl-like kinases each

demonstrated a significant degree of identity with the human
c-Abl, which ranged from 70.6% to 71.0% depending on the
particular filarial species. Phylogenetic analyses of these se-
quences showed that the Abl-like filarial sequences had signifi-
cant relatedness to the human c-Abl protein sequence; as
expected B. malayi and W. bancrofti were the most closely relat-
ed among the filarial species.

TKI In Vitro Killing Assays

Brugia malayi microfilariae were most susceptible to imatinib
and dasatinib, with lower drug concentrations being required
to kill this stage, compared with the adults and L3 larvae. In
addition, the death of microfilariae occurred with more-
rapid kinetics. Against the microfilariae stage, dasatinib (Fig-
ure 2) at 20 uM achieved 100% killing within 6 days, whereas
imatinib did so only at 50 pM. Compared with control (ie, no
drug), the killing of microfilariae by imatinib was statistically
significantly greater at all concentrations ranging from 5 to 50
uM (P <.0001). Dasatinib also showed statistically significant
killing against microfilariae over concentrations of 5-20 M
(P <.0001). Nilotinib could achieve 100% killing only at high
concentrations (100 uM); below 50 uM, it failed to signifi-
cantly affect microfilariae viability, compared with control
(P=.083).

When the effect of the TKIs was assessed against L3 larvae,
larvicidal activity was achieved by day 3 with imatinib at 50 uM
(P <.0001), in contrast to dasatinib, which required 6 days for
killing, but at a lower concentration (20 uM; P <.0001). Niloti-
nib showed significantly less activity against L3 larvae, com-
pared with imatinib and dasatinib.

Assessment of macrofilaricidal activity indicated a statisti-
cally significant killing effect of dasatinib across a wide range
of concentrations (50 uM, P <.0001; 10 uM, P <.0001; and 5
uM, P =.003) among adult males at 4 days (Figure 2). Surpris-
ingly, despite relatively reduced efficacy against the other para-
site stages, nilotinib was able to kill >90% of adult males by day
5 at 100 uM (P <.0001), with statistically significant killing also
achieved at concentrations of 50 uM (P =.0005) and 10 uM
(P =.0156). Imatinib was able to achieve >90% filaricidal activ-
ity by day 5 at 100 uM (P <.0001) and less, but still significant,
killing at 50 pM (P =.0072).

The effects of the TKIs on adult females were also assessed.
As can be seen in Figure 2, dasatinib was the most efficacious
against adult females among the TKIs tested, with >80% killing
at 50 pM (P =.039), as well as significant killing at concentra-
tions as low as 10 uM (P =.0087). Imatinib was able to achieve
>90% killing of adult females at 100 uM (P <.0001) and >50%
killing at 50 uM (P =.0003). Nilotinib had the least effect on
adult females, with only 25% killing occurring at 100 uM
(P =.013) and 20% killing at 50 pM (P =.023). At lower concen-
trations (eg, 25 uM), imatinib caused the extrusion of early em-
bryo stages from the adult females (data not shown).
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Figure 1. Phylogenic interrelationships between parasite and human Abl-like kinases. A, Multiple sequence alignment of the catalytic domain of human

c-Abl, to which imatinib, nilotinib, and dasatinib bind, compared with the sequences of Abl-like proteins found in Wuchereria bancrofti, Brugia malayi, Loa
loa, Onchocerca volvulus, Schistosoma mansoni, and Echinococcus multilocularis, with black shading denoting amino acids that are identical to those found
in the human protein. B, Phylogenic tree of the human Abl and parasite Abl-like proteins. Bootstrap values are depicted. C, Percentage identities of the
filarial c-Abl-like protein sequence to the entire human protein sequence and of the filarial drug-binding pocket to the human active domain.

ICs values were calculated for each drug against each life
stage of B. malayi (Figure 3). As indicated by the representative
curve for imatinib against microfilariae, the ICsq was 6.06 uM.
When these curves were generated for each of the 3 drugs for
each of the life cycle stages and ICs, values were calculated, mi-
crofilariae and L3 larvae were most susceptible to TK inhibition
by imatinib and dasatinib, but killing could be achieved in all
stages. Moreover, dasatinib had the lowest ICs, among micro-
filariae, adult males, and adult females.

3-Dimensional Modeling

When restricted to the residues only within 3 A of the respective
inhibitors, the C-alpha atoms from the Abl-like Loa model had
the most homology to the conformation of dasatinib bound
with human c-Abl (root mean square deviation, 0.74 A), fol-
lowed by imatinib (1.29 A), and nilotinib (1.45 A). Figure 4
demonstrates the 3-dimensional Loa protein structure bound
with the respective inhibitors overlaid with human c-Abl protein

bound with the TKIs. Amino acids within 3 A of the binding
drug and residues that, based on human x-ray crystallography
data [13, 14], were found to interact are listed next to the equiv-
alent residue on the Loa model.

Electron Microscopy

To assess the functional and anatomical consequences of targeting
Abl-like kinases in filarial parasites, scanning electron microscopy
and transmission electron microscopy were performed on
microfilariae following exposure to 25 pM of imatinib and on
untreated microfilariae. Figure 5 demonstrates that imatinib-
exposed microfilariae had a shriveled, thin sheath and disrup-
ted hypodermal nuclei, compared with imatinib-untreated
microfilariae.

RNA Sequencing of Filarial Life Cycle Stages

RNA sequencing for Abl-like messenger RNA across the life
cycle stages demonstrated expression in each of these life
cycle stages (Table 1).
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Figure 2. Survival curves of Brugia malayi microfilariae (MF), L3 larvae, adult males (AM), and adult females (AF) for imatinib, nilotinib, and dasatinib.

Shown is the percentage survival of each stage following exposure to varying concentrations of imatinib, nilotinib, or dasatinib and of negative controls
(water for imatinib and nilotinib and dimethyl sulfoxide [DMSO] for dasatinib) as a function of time in days following drug administration. *P< .05, by the

log-rank test.

DISCUSSION

We demonstrate that FDA-approved, orally available TKIs were
able to kill microfilariae, L3 larvae, and adult filarial males and
females in vitro. Pharmacokinetic studies in humans have
shown that imatinib can achieve a maximum concentration of
4.3 uM in the blood following a single 400-mg dose [17] and
13.3 uM (mean maximum concentration [+SD], 7.83 + 3.8 ug/
mL) following a single 600-mg oral dose [18]; the latter was
higher than the ICs, for imatinib against the blood- and skin-
transiting stages of the parasite, microfilariae (6.06 uM) and L3
larvae (11.27 uM). Clinically, doses as high as 800 mg/day are
FDA approved, and doses even higher are used safely. However,

what levels are achievable where the adults reside—the lymphat-
ics (for W. bancrofti and Brugia spp.) or subcutaneous tissues
(for L. loa and O. volvulus)—makes it difficult to extrapolate
these in vitro findings to the in vivo state [18].

We observed that high doses of imatinib (100 pM) caused
significant morbidity in both adult males and females within
24 hours (Supplementary Materials). The most striking results
were the ability of imatinib to significantly damage the sheath
and internal structures of the microfilariae (Figure 5), as well
as the low concentration of imatinib (6.06 uM) required to
achieve an ICsy at this life stage. Dasatinib also demonstrated
statistically significant activity against microfilariae, L3 larvae,
and adult B. malayi and, for most parasite stages, killed at
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Figure 3. Median inhibitory concentrations (ICsq values) for imatinib,
dasatinib, and nilotinib against each of the Brugia malayi life stages. A,
Representative ICsq curve for imatinib against microfilariae (MF). B, ICsg
values and 95% confidence intervals (Cls) for B. malayi MF, L3 larvae,
and adult males and females for imatinib, dasatinib, and nilotinib at day
6 following drug administration.

much lower concentrations than those of the other drugs tested,
although lower levels are physiologically possible [19]. Dasati-
nib likely also binds the filarial homologue to human SRC (un-
published data). Interestingly, although nilotinib binds to the
same conserved site on c-Abl as its sister drugs, it performed
less well than either imatinib or dasatinib. This may be due to
its low solubility or to the subtle differences in the way nilotinib
binds the catalytic pocket of c-Abl, given that it had the highest
deviation of alpha carbons within 3 A of the drug (1.45 A),
compared with imatinib (1.29 A) and dasatinib (0.74 A).

The success of the global programs to eliminate filarial infec-
tions depends greatly on the continued ability of the drugs used
in mass drug administration to be effective. There have been
major efforts to find new macrofilaricides for lymphatic filaria-
sis and onchocerciasis, both to combat potential resistance to
the current drugs and for use in regions where L. loa infection
is coendemic. The ideal drug would have a different mechanism
of action than the drugs that are currently used and would not
elicit posttreatment reactions [20-23].

Imatinib has been safely used in humans for many years for a
variety of conditions [24-26]. It is nearly 100% bioavailable
orally [27],is partially metabolized into a biologically active me-
tabolite, and has a half-life of approximately 13 hours [17] with
an excellent safety profile. Although non-dose-limiting cytope-
nias are sometimes seen in patients with chronic myelogenous
leukemia after weeks to months of drug administration, this
is thought to be a reflection of a defective underlying bone
marrow in these patients, and it is reversible with a short

drug holiday [28-30]. Single-dose-administration trials in
healthy subjects have been instructive, as nausea is the most
common side effect in less than half the participants, with no
severe adverse events [17, 31].

In normal human cells, the c-Abl protein is in a state of in-
hibition under normal circumstances. In chronic myelogenous
leukemia, the autoinhibitory component is removed and c-Abl
becomes the constitutively active Bcr-Abl oncoprotein [32]. In
filariae and S. mansoni, this Abl-kinase and other tyrosine ki-
nases are very highly expressed under homeostatic conditions,
most notably in the worm’s reproductive tract [9]. As shown
in Table 1, the Abl-like kinase is expressed in all mammalian
stages of B. malayi [11] and O. volvulus. In B. malayi, the lowest
levels of expression were in the L3 larvae and adult males (reads
per kilobase transcript per million mapped reads [RPKM], 68
and 63, respectively), while the microfilariae had relatively high-
er levels of expression (RPKM, 125) and adult females the high-
est (RPKM, 246). The relative differences in effects on different
stages of the filarial parasites are largely not explained by differ-
ences in kinase expression. This may reflect the differing solu-
bility and relative ability of the various drugs to penetrate each
life stage, as well as differing roles the kinase plays in various life
stages. For instance, electron microscopy revealed that low-dose
imatinib (10 uM) significantly affects embryogenesis in females
(unpublished data). While this dose does not achieve complete
macrofilaricidal activity in vitro, it may have a sterilizing effect.

Studies in schistosomes have demonstrated that imatinib
causes significant structural and transcriptional changes in
pathways involved in reproduction and mobility [9, 10]. How-
ever, an S. mansoni mouse model failed to demonstrate parasite
death in the presence of imatinib [33]. These results are not nec-
essarily discouraging since, compared with the sequence of the
schistosome SmAbl1, the sequences for the Abl-like proteins of
L. loa, B. malayi, W. bancrofti, and O. volvulus all have signifi-
cantly higher homology to the human protein than do those
from S. mansoni or from cestodes (Figure 1).

Our data suggest that imatinib impairs the ability of the mi-
crofilariae to maintain their protective sheath (Figure 5A and
5B) and may alter embryogenesis in adult females. The impor-
tance of rendering the adult worm infertile as a key component
to eradication efforts is underscored by the fact that onchocer-
ciasis is still not eradicated in northern Cameroon despite 17
years of treatment with the microfilaricide ivermectin [34].
Antifilarial therapy with safe medications that are both macro-
filaricidal and microfilaricidal, such as the TKIs, would shorten
the course of treatment, thereby lessening the chance for resis-
tance developing and saving time and cost. Given the wide-
spread use and over a decade of safety data, moving directly
to human studies to assess the effects of imatinib (and dasati-
nib) in filarial infections is warranted, particularly because
there are no good permissive animal models for the pathogenic
O. volvulus, W. bancrofti, or L. loa.
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IMATINIB Residues Interacting with Imatinib
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Residues Interacting with Nilotinib
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DASATINIB Residues Interacting with Dasatinib
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Figure 4. Projected model of Loa loa Abl-like protein interacting with imatinib, nilotinib, and dasatinib. Loa protein model (red; projected) is syperim-
posed on human (blue; based on x-ray crystallography data: PDB ID 3CS9 [nilotinib], 2GQG [dasatinib], and 2HYY [imatinib]). All residues within 3A of the
inhibitor and known hinding sites for the human protein are listed next to the corresponding residue on the Loa model.
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Electron microscopy of microfilariae (MF) following imatinib administration. A and B, Scanning electron micrograph (10 000x original magni-

fication) of MF on day 7 following no drug (A) or exposure to 25 pM imatinib (B). Cand D, Transmission electron microscopy (7000x original magnification) of

MF on day 7 following no drug (C) or exposure to 25 uM imatinib (D).

Given their microfilaricidal activity, the safety of TKIs in
patients with high levels of microfilariae is still of concern. If,
however, dosing can be titrated so that there is less rapid micro-
filariae killing, it is possible that the adverse events that are
clearly microfilariae directed [20] can be mitigated. Additional-
ly, although diethylcarbamazine and ivermectin clearly possess
microfilaricidal effects in vivo, neither show activity in vitro at
therapeutic doses and therefore likely require a component of
the immune system to cause filarial death. We demonstrate

Table 1. Relative Expression, Based on RNA Sequencing of Abl-
like Proteins From Various Life Cycle Stages of Brugia malayi and
Onchocerca volvulus

Organism Microfilariae L3 Larvae Adult Male Adult Female
B. malayi 125 68 63 246
O. volvulus 1.07 58.6 5.5 14.2

Data are reads per kilobase transcript per million mapped reads.

here that, at therapeutic doses, imatinib can kill B. malayi mi-
crofilariae directly. Therefore, it is possible that, unlike ivermec-
tin and diethylcarbamazine treatment, reactions following TKI
administration may be minimized, as well.

In this study, the L. loa, O. volvulus, B. malayi, and W. ban-
crofti Abl-kinase sequences were shown to be quite homologous
(>60%) to that of the human oncogenic Bcr-Abl, with the most
highly conserved region of the protein being the active sites, in-
cluding the important competitive binding region for TKIs. The
L. loa Abl-like protein model has nearly identical residues inter-
acting with imatinib, nilotinib, and dasatinib, as does human
c-Abl (Figure 4). Given the limited expression in normal human
cells [35], the TKIs would appear to be a safe and effective
choice as novel antifilarial agents.

Our data indicate that TKIs, particularly imatinib, which has
the most extensive clinical safety data, deserve further study in
human filarial infection. While these in vitro data are a starting
point, it will be up to in vivo studies to determine the dose
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